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I. Introduction

The scientific study of equilibrium phenomena has
attained a state of considerable maturity. Well-
developed experimental procedures and unambiguous
theoretical frameworks (equilibrium thermodynamics,
statistical mechanics, quantum mechanics) permit a
greater understanding of equilibrium phenomena.
Consequently such phenomena are now well under-
stood. However, in natural processes an equilibrium
is the exception rather than the rule. Living systems
and biological processes are typical examples of non-
equilibrium phenomena. During the latter half of this
century thanks to the contribution of people such as
Onsager,5 Meixner,® Casimir,” deGroot,® and Prigogine,?
nonequilibrium thermodynamics has evolved as a
discipline for the treatment of nonequilibrium phe-
nomena. It has proven most useful in the study of
coupled phenomena in the steady state when the
phenomenological relations between fluxes and forces
are linear. In spite of its limitations, it has given new
direction on how to go beyond the linear range as well
as stimulated understanding of the far equilibrium
region. New knowledge accumulated in this process
has visibly influenced physics, chemistry, mathematics,
applied sciences, engineering, and medicine. Dynamics
and stability theory, together with the subservient role
of the thermodynamics of irreversible processes has
helped in exploring the far-from equilibrium region. It
can be predicted that future developments in nonlinear
dynamics will be far reaching.
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Electrokinetic phenomena are a good example of the
study of the wider region of the nonequilibrium domain,
due to the fact that they provide a variety of examples
of nonequilibrium steady states which can be conve-
niently explored. Electrokinetic phenomena can be
broadly classified under the following headings:

(1) Electroosmotic phenomena: electroosmotic pres-
sure and electroosmosis (electroosmotic efficiency).

(2) Streaming phenomena: streaming current and
streaming potential.

(3) Electrophoretic phenomena: electrophoresis.

(4) Sedimentation phenomena: sedimentation po-
tential and sedimentation current.

Furthermore, in the case of such phenomena we are
dealing with an open system (as far as the chambers
separated by the membranes are concerned) such as a
continuously stirred tank chemical reactor (CSTR). Just
as in the case of chemical reactors, the system can be
maintained at a definite distance from the equilibrium;
in the same manner, electrokinetic systems can also be
maintained at a definite distance from equilibrium by
controlling the magnitude of the forces or fluxes. Thus,
the stability of steady states in the near equilibrium
and in the far equilibrium regions can be investigated.
In fact dynamic instability in the form of bistability
and oscillations is also observed in nonlinear situations.

Electrokinetic phenomena particularly electroos-
motic phenomena provide a very wide spectrum of
nonequilibria regions which are easily accessible ex-
perimentally and hence one can expect that these may
provide a good basis for deeper understanding of exotic
phenomena in the far-from equilibrium region.

As the name implies, in the linear domain of
nonequilibrium thermodynamics, linear equations of
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motion (phenomenological relations between fluxes and
forces) are considered, and the Gibb’s entropy equation,
which is utilized to make the proper choice of the
conjugate pairs of fluxes and forces, and the Onsager’s
reciprocal relations are obeyed. Since the domain of
validity for Gibbs’ equation is larger than those for both
linear phenomenological relations and Onsager’s rela-
tions*1% attempts have been made to explore the
nonlinear region by considering nonlinear relationships
between fluxes and forces which of course are chosen
using the Gibbs entropy equation. Thus, this nonlinear
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region is certainly within the domain of validity for the
Gibbs equation. Thus we have far-from-equilibrium
regions where the linear thermodynamics of irreversible
processes is no longer applicable. In this region, we
observe exotic phenomena of dynamic instability.l1-13
It may be noted that this division is not a clearcut one.
Some nonlinear systems may be very far from the
equilibrium (for example when they have high dissi-
pation) without being unstable, and some may have
instabilities and/or multiple steady states as soon as
the first nonlinearity appears.

The purpose of this article is to review the experi-
mental and theoretical studies on electrokinetic phe-
nomena in (1) the near-equilibrium linear range (2) the
beyond linear range but within the domain of validity
of the Gibbs equation, and (3) the nonlinear region
beyond the validity of the Gibbs equation and (4) the
far-from-equilibrium region. In the context of linear
thermodynamics of irreversible processes, the emphasis
would be on (a) the verification of linear phenomeno-
logical relations, (b) the verification of Onsager’s
reciprocal relation, (c) the test of steady-state relations,
and (d) the approach to steady states. Experimental
studies yielding nonlinear flux equations for 2 are also
examined. Bistability and electrokinetic oscillations
are discussed including (i) the nature of stability, (ii)
the locus of steady states, (iii) the approach to equi-
librium/steady states, as indicated in Figure 1.

A second objective of this review is to consolidate
studies on electrokinetic phenomena in soil-water
systems, plant—water systems, and systems of biological
and physiological relevance.

I1. General Formalism

A. Thermodynamic Formalism for Steady States
in the Linear Region

As an example we shall consider electroosmotic and
streaming phenomena as represented in Figure 2. Let
us consider the isothermal case. The pressure, con-
centration, and potentials are different in the two
chambers. Accordingly thereis a volume flow of solvent,
J, a flow of current, I and a flow of solute, J,, which
can be coupled. Just as in continuously stirred tank
reactor (CSTR), one can keep the reaction system at
a fixed level from equilibrium by controlling the flow
rate; similarly an external electrical current can act as
a bifurcating parameter for an electrokinetic system
such as Teorell’s oscillator.41 An additional advantage
in the case of the electrokinetic system is that we can
easily move from the equilibrium state to the far-from-
equilibrium state by systematically increasing the
magnitude of the pressure difference, the potential
difference or the concentration difference between the
two chambers.

In the system described in Figure 2 the forces are the
pressure difference, AP, the potential difference, A¢,
and the concentration difference AC. By following the
usual procedure described in the standard texts!é on
nonequilibrium thermodynamics, the linear phenom-
enological equations for the simultaneous flow of matter
and current can be written as!” in eqs 1-3. (For a
detailed derivation see ref 17.)

J, =L ;(AP - AIl) + L,;,A¢ + L ,(AIL/C) (1)
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I =L, (AP - AIl) + Ly,A¢ + Lyg(AIL/C)  (2)

J, =Ly, (AP - AT) + Ly,A¢ + Lop(AIL/C)  (3)
since, the entropy production ¢ is given by

To = J (AP - AIl) + IA¢ + J,(AIL/C,)  (4)

where C, = (C; - C1)/In (Co/Cy) and C, > C;. Further-
more,

AIl = osmotic pressure difference = RTAC (5)

Inthelinear range of the thermodynamics of irreversible
processes, Onsager’s reciprocity relation exists between
the cross phenomenological coefficient L;, so that

Liy=Ly Ly=Ljy Ly=Ly (6)

Equation 4 follows from the basic equation for the
entropy production. When we consider the solutes of
the electrolyte,

To =d,Au, + dyAuy + I Ap, ¢))

where u; and u; are the electrochemical potentials of
cation and anion denoted by subscripts 1 and 2,
respectively, J; and J; are the corresponding flows, J
isthe flow of the solvent water denoted by the subscript
w and uy, is the chemical potential of water. Equation
7 can be transformed into a more general form (eq 8)
to include the case of nonelectrolytes as well, i.e.

To=d,0u,+ J Au, + IA0 8)

and finally to eq 4. In deriving eq 7, 8, and 4 the
following relations have been used:

ATl = Al + AIL 9)
Apg, = V(AP - AT (10)
Ap, = VAP + (AIL/C,) (11)

where V,, and V, are the partial molar specific volumes
of water and solute, respectively. Furthermore, ATl is
the osmotic pressure difference of the permeable solute
and AIl; the somotic pressure of the impermeable solute.
In fact AIL/C; is better represented by

(AIL/C) = RTA(In a,) (12)

where a,is the activity of the solute which, for simplicity,
can be equated to the concentration.

A more rigorous derivation of entropy production
has been attempted by a number of workers particularly
from the point of view of (a) the frame of reference and
(b) the local formulation of irreversible thermodyna-
mics. The frame of reference for membranes can be (1)
the local center of mass, (2) the local center of volume,
(8) any of the individual components of the system, in
particular the solvent, or (4) the membrane. It is
obvious that for membrane transport, the most con-
venient frame of reference is the membrane itself. This
is possible when the radii of the pores of the membrane
are larger when compared to the mean free path of the
permeating molecules. Whatever the nature of the
reference frame, it is desirable that Onsager’s symmetry
inthelocal phenomenological coefficients be preserved.
It has been shown that this is so when the gradients
across the membranes are all linear.! However, Kirk-
wood et al.!? claimed that in certain circumstances,
transforming the reference frame to the walls of the
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t— Chamber 11-~Mj-~— Chamber | —]
[]
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deS N ¢2 ¢1 ~ Exchange of
Energy
C204¢

Figure 2. Schematic representation of the electrokinetic
system. The figure is labeled as follows: ¢ = potential; C =
concentration, subscript 1 and 2 represent chambers I and II,
respectively; M = membrane.

container does not result in symmetrical coefficients.
On the other hand Schiégl!® showed that the symmetry
is preserved when (a) the fluid is homogeneous over the
pore cross section and (b) the electrical space charge
per unit volume of fluid is constant over the pore cross
section. Againthe treatment by Kobatake and Fujita?
shows that the local phenomenological equations re-
lating to a streamline within a pore are not symmetrical
when referred to a membrane. However, Mikulecky
and Caplan?! removed this discrepancy by a correct
averaging procedure involving the use of average flows
over the plane of membrane which avoids the problem
of velocity gradient.

When we disregard the possibility of chemical re-
action, the local entropy production ¢ at any point
within the membrane in the notation of de Groot and
Mazur! is given by

n~1 -
To=-) Jpligrad (u,-py)lr-F,+ F,]-1IL
=1

grad V + 2P% (13)

where n represents the number of components present
including the membrane. The Jj are the flows relative
to the local center of mass, v is the barycentric velocity,
and u and F;, are, respectively, the chemical potential
of the kth component and the external force acting on
it. With the correct substitution eq 13 reduces to

n-1 n

To = —;Jhm-(grad ) + vegrad p - ;kawV - 1:
=1 =1

grad v + 2P%» (14)
where

(grad By = (gl‘ad B~ Fk (15)
J," = J, + p, v = flows relative to membrane (16)

where p; denotes the mass per unit volume of component
k and

n

Zpk(grad u)r = grad p (17

k=1
It has to be noted that the membrane does not move.
Furthermore, II stands for the transposed viscous
pressure tensor. P#, the axial vector representing the
antisymmetrical part of the total pressure tensor P,
and w, mean angular velocity of the constituent particles.
If ¢ = To which we may call the dissipation function,
the average local dissipation function at a depth x within
the membrane, ¢, is given by

Chemical Reviews, 1993, Vol. 93, No. 6 1949

8. =WV [, ,,,dr (18)
where dr is the volume element in the slab:
dr=v,.dA 19)
Noting that
3,2 =1/4) [, d,"dA (20)

A being the area of cross section of the membrane, so
that

n-1

¢, =-) J,™ (grad ii,) (21)
; k R/T

and is equivalent to eq 7. In deriving eq 21 different
tensorial orders of forces and flows have been ignored
since these cannot couple among themselves. Hence,
the tensorial character of the pressure as such will not
complicate the thermodynamics of the flow processes
in the electrokinetic experiments.

One may start with the following expression for J;,
the diffusional flows of ions (relative to the local center
of mass) along any streamline,

2 i
3, =)Ly 0f/dx) = =) _Ly;le(dy/dx) +

i=1 i=1
v,(dp/dx) + du;°/dx] (22)

where k and i represent either the cation or anion (1
or 2 respectively), dy/dx is the potential gradient at any
point, e; is the specific charge of the species i, u;° is the
concentration-dependent part of the electrochemical
potential u;—the partial specific Gibbs free energy of
the species i, and v; is the partial specific volume of
speciesi. Aftersuitable transformation and noting that

I=ed, +ed, (23)

one can write the corresponding expression for I also.

Caplan and Mikulecky?! show that these equations
can be easily transformed into the following form after
some work:

Jsm =-[a; + a2psz/8’7] (al“sc/ax) - la, + (é{sps/21l'a2)]
(8y/0x) - [a®p,/8n1[3(p — vRTps/M,)/3x] (24)
I, = -lay + (ep,/27a)](3p,/9x) - [ay, — (¢/27a)®
(/2)1(39/9x) - [e§/27a*1[0(p - vRTp,/M,)/3x1 (25)

v = —[a%p./81](Ius/ 9x)—[ e/ 2ma?] (6¢/Bx)~

[a%/89][6(p-vRTp/ M,)/3x] (26)
so that the Onsager’s reciprocity relation is satisfied,
where

ef/2ma® = 1?/2

and B = —(ce/n) (¢ kt/4rle,|le,) /2

and p, is the salt concentration. Ineq 26 v istheaverage
barycentric velocity. It follows that the cross coeffi-
cients depend on the salt concentration and these can
superimpose nonlinearity in a complex manner since
the integrals cannot be correctly evaluated. The above
relations are based on a solution obtained through
simplified assumptions.
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In addition to Caplan and Mikulecky’s critical
account?! of linear thermodynamics of transport pro-
cesses, readers are encouraged to also consult the recent
review by Boronowski.22 Juo et al.22 and Castillo et
al.2 have also attempted to extend nonequilibrium
thermodynamics to membrane transport.

In order to have a formal understanding of steady
states in electrokinetic phenomena, let us consider the
case where there are no concentration differences i.e.
AC = 0. Following the usual procedure the linear
phenomenological equations for the simultaneous flow
of matter and electricity are written as!-416

J, =L, AP+ L,A¢ @7)
I=L, AP+ L,A¢ (28)

where I and J, are the flow of electricity and matter
(volume flow) respectively, A¢ and AP are the electrical
potential and pressure differences, respectively, and
L, are the phenomenological coefficients. Since the
electroosmotic systems are isothermal in nature, the
coefficients Ly, which are independent of the magnitude
of the thermodynamic forces, A¢ and AP, in the linear
region, are expected to be temperature sensitive. The
equality (eq 29) i.e.

Liy=1Ly (29)

takes into account of Onsager’s theorem and the
inequality LiiLg2 > LioLs; holds on account of the
definite positive character of entropy production.
Steady states would be obtained, when any of the
variables J,, I, AP, or A¢ attain zero value.
According to Prigogine’s theorem!- in which the
linear region stationary states are the states of minimum
entropy production, the equation for entropy produc-
tion ¢, in the linear region, is given by the equation

c=1A¢ + J,AP =L ,(AP)® + (L., + L,)APA¢ +
Lyy(A¢)* (30)

If we represent AP, A¢, and ¢ on the rectangular
coordinate axes as x, y, and z, respectively, eq 30 would
represent an elliptic paraboloid with vertex at ¢ = 0.
The major and minor axes would be inclined to the
axes of x and y by an angle 8 given by the equation,

= (3r/2) +1/2tan'(2L,/L,, - Lyy)  (81)

One can easily get a geometrical picture when the
constraint AP = constant is imposed on the system.
The plane corresponding to AP = constant would then
intersect the paraboloid, and the section would be a
parabola given by the equation

0 = Log(Ad)? + B(A¢) + C (32)

where B = 2L;AP and C = L;;(AP)% The vertex of the
parabola, which represents a new minimum in ¢
corresponds to the stationary state. It should be noted
that a minimum in the value of ¢, when no constraint
is imposed, is nothing but the equilibrium state
corresponding to ¢ =0. The equilibrium state is known
as the stationary state of zero order, whereas the state
of (6)min When one constraint is imposed on the system
is called the stationary state of first order.

The coordinates of the vertex of the parabola rep-
resented by eq 32 are given by

Rastogi et al.

Oyat = (AP (L1 Ly = LypLy))/ Ly (33)

and
Adyray = —(Lgy/Log) AP (34)

which represent the values of these parameters in the
stationary state. The latus rectum of the parabola
would then be equal to 1/Ly. Thus, there are two
stationary states possible, consistent with the con-
straints AP = constant and A¢ = constant. When the
variables are changed and similar constraints are
imposed even then only two stationary states would be
obtained.

Since, from a mathematical standpoint, it is entirely
irrelevent which of the variables are called flows and
which are called forces in the case of the a-variables
(unaffected by time reversal), it follows that any
mathematical theorem deduced from eqs 27 and 28 will
remain valid when the variables are interchanged. In
simple terms, a similar exercise can be done by writing
the phenomenological eqs 27 and 28 in the inverted
matrix form. The values of different variables in the
stationary states can be obtained by calculating the
coordinates of the vertex of the parabola.25:26:29

On account of Onsager’s reciprocal relations the
following equations automatically follow from eqs 27
and 28:

(AP/A¢)JV-0 = _(I/JV)A¢=0 (35)
(A¢/AP)1=0 = _(Jv/I)AP=0 (36)
(J/A¢)Ap=0 = (I/AP)A¢=0 (37

Equation 35 is the well-known Saxen’s relation.?’
Although the Saxen’s relation attracted the attention
of thermodynamicists in 1951, Mazur and Overbeek?8
had already proved that they can be deduced in a general
way from the phenomenological relations (eqs 27 and
28). The geometrical interpretation of the equation
for the entropy production in the stationary state was
suggested by Rastogi and Srivastava.? Anothernotable
contribution to the early development of nonequilib-
rium thermodynamics of electrokinetic phenomena was
that of Staverman and associates.3%3!

A schematic arrangement for the measurements of
parameters in the various stationary states is depicted
in Figure 3, parts a—d.

A similar exercise can be carried out for the stationary
states in electrophoretic phenomena.

B. The Composite Membrane System

The linear phenomenological equations (eqs 27 and
28) are for a single membrane, and the coefficients Ly
are the various permeability coefficients for the system.
It would be worthwhile to develop a similar formalism
for complex membranes such as biological membranes.
Biological membranes are composite structures and are
built in an infinite number of ways from their constit-
uent elements. Two tissues made from the same
proportion of collagen, elastin, and ground substance
may behave quite differently depending on how these
basic elements are put together.3? The urinary bladder
is an example of transitional epithelial tissue which
has elastic muscular walls and membraneous folds.? It
has been suggested that cells in urinary bladder
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Figure 3. Schematic arrangements for the measurement of
various steady-state effects.

membrane are essentially coupled in series® and the
relation between cell length and bladder radius deviates
from linearity at a very small bladder volume. A series
membrane may be composed of a number of solid or
liquid layers, some of these layers may be intermediate
solutions.

Thus, composite membranes are complex systems in
which the constituent membrane elements can be
arranged in an infinite number of ways with regard to
the nature of the constituent membrane elements, the
fraction of the area covered by each element, and the
geometrical array. However, these complex arrange-
ments may be analyzed in terms of two fundamental
cases viz. (a) the parallel membrane and (b) the series
membrane. The theory of the permeability of the
parallel composite membrane and the series composite
membrane has been developed by Kedem and Katch-
alsky.17:35,3

Analysis of the permeability of parallel composite
membranes3® consisting of, say, two homogeneous
constituent membrane elements is based on the fol-
lowing assumptions: (1) Linear phenomenological
relations between fluxes and forces hold good for the
parallel composite membrane as well as for the con-
stituent membrane elements. (2) The flows are assumed
to be parallel to the x coordinate, i.e. perpendicular to
the membrane surface. (3) The driving forces are
considered to be potential differences acting across the
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membrane. (4) Since the same compartment maintains
contact with both constituent membrane elements on
eachside of the membrane, the same forces that operate
on the composite membrane are also operative on both
the constituent membrane elements. This means that
the forces are perpendicular to the membrane surface
and that no lateral forces and hence no lateral flows
creating internal circulation need to be taken into
account. Thus, the total flow through the composite
membrane is built up additively from their elementary
contributions.

Similarly, analysis®® of the permeability of a series
composite membrane assumes that (1) the same flow
passes by all the elements and the partial elementary
flow equals the observable external flow, (2) all flows
passing through the membrane are perpendicular to
the membrane surface, (3) flows through the series
composite membrane and also through the constituent
membrane elements are adequately described by the
linear phenomenological relations between fluxes and
forces, and (4) the potentials of the thermodynamic
driving forces are continuous across all boundaries in
the system. This condition of continuity, first formu-
lated by Kirkwood,?” means that approaching any point
x in the system from the right or the left leads to the
same potential. The compelling reason for invoking
this assumption is that if the transition layer between
the two neighboring phases (e.g. the two constituent
membrane elements) is infinitely thin its resistance to
flow will be zero. If the potential difference across the
transition layer does not vanish, infinite local flow will
develop. Whatisimplied, therefore, is that there cannot
be a potential drop across the transition boundary
within the series composite membrane. As a conse-
quence of this assumption, the thermodynamic forces
X® acting across the series membrane are equal to the
sum of the forces acting across the constituent mem-
brane elements, i.e.

X=X (38)

In practice, however, it is likely that there will be a
jump in potential at each membrane-solution and
membrane-membrane interface because of the differ-
ences in the standard free energy and single ion activity
coefficients of the individual ions in each phase and
because of the fixed charges (Donnan potentials).
Therefore, the last assumption leading to eq 38 would
not necessarily be valid.

Since the assumptions made in the analysis of parallel
and series membrane, have a striking similarity to the
postulates of the network theory, the methods of
network thermodynamics?¥3® have been utilized to
construct equivalent electrical networks of the parallel
and the series composite membranes.#? The parallel
and the series composite membranes, their schematic
and network representation, and combination rules etc.
aresummarized in Figure 4. By using the combinations
rules (Figure 4) it is possible to write the expressions
for electroosmotic and streaming effects for the com-
posite membrane in terms of the expressions for the
constituent membrane elements.

C. Double-Layer Considerations

Since the nonequilibrium thermodynamic derivation
of electrokinetic effects does not make use of any model,
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it is generally applicable. This generality however can
be a serious limitation unless the phenomenological
coefficients are translated in to mechanistic parameter
terms. If this is not done the phenomenological
coefficients remain mere coefficients or constants which
will yield no information except in describing or
predicting trends in the electrokinetic data. The
traditional treatment of electrokinetic phenomena is
based on a double-layer model first proposed by
Helmholtz#! and later modified by Gouy,*2 Chapman,*3
and Stern.¥ Comparing the expressions for various
electroosmotic effects obtained from the double-layer
theory, particularly the Helmholtz theory, with the
corresponding expressions obtained from the nonequi-
librium thermodynamic treatment, one can write?45

L,, = nxr*/8yl (39)
Ly, = nxrik/l (40)
Ly, = ner’f/dnl = L, (41)

In eqs 39-41, r is the radius and ! the length of the
capillary, nis the viscosity coefficient and ¢ the dielectric
constant of the liquid, & is the specific conductance of
the liquid, » is the number of capillaries, and { is the
zeta potential. These equations can be similarly
modified by considering modified versions of the
double-layer theory. In fact it is the determination of
the cross coefficients Li, and or Lg; which is quite
important in colloid chemistry because it leads to the
determination of the zeta potential. Since the mech-
anism of electrokinetic phenomena involves a double
layer it would be expected, prima facie, that noncon-
stancy of the phenomenological coefficients leading to
nonlinear electrokinetic effects would be related to
modifications in the structure of the double layer under
the conditions responsible for the breakdown of line-
arity. Efforts made in that direction will be discussed
later in this article when we come to the nonlinear region.

Sorenson and Koefoed* have theoretically dealt with
electrokinetic effects in charged capillary tubes. They
have developed reasonably general relationships for the
electrokinetic phenomenological coefficients of volume

and charge transport through narrow tubes with steady
laminar flow. The tubes were considered to be filled
with uniform Newtonian electrolyte solutions and to
carry a fixed charge per unit of inside surface area
stemming from fixed ionizable groups. The electro-
kinetic phenomenological coefficients for such elec-
trolyte-filled narrow tubes were calculated by solving
the linearized Poisson-Boltzmann equation just as in
the classical electrolyte theory of Debye and Hiickel.4?
The expressions for the phenomenological coefficients
found in this manner have been shown to fulfill
Onsager’s recprocity relations in the whole range of
values of the dimensionless radius of the tube, i.e. tube
radius divided by the Debye-Hiickel length. It has
been shown that these coefficient expressions, in the
limit of large pores, reduce to those in the classical
formulae due to Helmholtz. In fact the fulfillment of
the reciprocity relations is not the characteristic of any
special charge distribution. Rather it originates from
the general feature of the hydrodynamic and electro-
static differential equations and the boundary condi-
tions. It has been shown that the treatment can be
generalized to any arbitrary cross section with an
arbitrary charge distribution. Serensen and Koefoed’s*
treatment is more general and straightforward than
the earlier treatments where either the radius of the
tube is much larger than the thickness of the double
layer* or the double-layer description is completely
eliminated by use of the argument that the pore’s radius
is so small that the charge density in the electrolyte can
be considered to be uniform in the whole pore.#-5

Rastogi et al.?52 have outlined a method for esti-
mating the average pore’s radius 7 of a membrane, using

eqs 39 and 41:
- (26_;22)1/2
w Ly,

In classical physiology work described in the litera-
ture,5354 the pore’s radius expressed in simple terms
without corrections for steric hindrance and molecular
sieving is given by

(42)
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r = [84L,,(1/A),1** (43)

where A is the pore area for the passage of water, w.
Lakshminarayaniah5® has commented on the use of eq
42 vis a vis eq 43 for estimating the value of the average
pore’s radius of a membrane. He considers eq 43 more
convenient in comparison to eq 42 because the former
requires three measurements, viz. Ly, L, and ¢,
whereas eq 43 requires only two measurements, viz. Ly,
and (1/A)y. In both cases the values of € and n for the
pore liquid may be assumed to be equivalent for the
bulk liquid although this may not be strictly true. In
our opinion, this advantage is only marginal. Moreover,
by implication, the term (1/A)w in eq 43 contains r and
hence the uncertainties associated with it. For a precise
determination of r it would have been much better if
the right-hand side of eq 43 did not contain a term in
which r is implied. Thus, eq 42 in which n has been
eliminated, using eqs 39 and 41, has this advantage.

As pointed out, Lakshminarayaniah has suggested
that the zeta-potential values derived from electro-
phoretic measurements,® need not be substituted in
eq 42. In fact the zeta-potential values to be used in
eq 42 should be obtained from electroosmotic exper-
iments (i.e. from Ly5). In classical work, however, it is
considered that the electrophoretic velocity is equal to
the velocity of electroosmosis both obeying the equation
of Helmholtz-Smoluchowski.5” Lakshminarayaniah
has suggested® that hydrodynamic and electroosmotic
permeability measurements alone are sufficient to
derive a value of r. Using these considerations, he
deduced a relationship equivalent to eq 43 for com-
puting the value of r. The value of r, thus computed
using eq 43 for the Pyrex sinter membrane, works out
to be 1.7 X 10~ cm which may be compared with the
value of 3 X 10~ cm obtained by Rastogi et al.® Since
the zeta-potential values in colloid chemistry are only
estimates and not the exact values, the qualitative
agreement with regrad to the order can be considered
reasonable. Thus, eq 42 can be considered at least as
reliable as Lakshminarayaniah’s5® for the estimation
of average pore size of membranes.

D. The Frictional Formalism

Comparing the expressions for electrokinetic effects
obtained from the nonequilibrium thermodynamic
treatment with the corresponding expressions from the
consideration of the double-layer model is one way of
assigning physical meaning to various phenomenological
coefficients. The other notable attempt to interpret
the phenomenological coefficients in terms of a physical
model has been made by Hans Vink®5° who developed
a theory of electrokinetic phenomena based on the
frictional formalism of nonequilibrium thermodynamics
utilizing the earlier work by Lamm 86! Spiegler,$2 and
Kedem and Katchalsky.®® He succeeded in writing the
phenomenological coefficients in the flow equations of
the nonequilibrium thermodynamics in terms of molar
frictional coefficients and showed that the relationship
between cross-phenomenological coefficients is con-
sistent with Onsager’s reciprocal relations. The fric-
tional formalism provides a theoretical basis for the
study of mechanistic aspects of transport processes in
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porous media which otherwise is not possible when using
formal thermodynamics of irreversible processes. The
essential features of the model based on frictional
formalism are as follows.

Consider a gel system consisting of n ionic species (i),
water (w), and a stationary gel matrix (0). Letus assume
that the temperature and all concentrations are uniform
throughout the system. When an electric field or a
pressure gradient is applied to the system, flow of the
ions and water ensues. After a very short time a steady
state develops, in which the external forces are balanced
by the internal frictional forces between the components
inthe system. Inthe total balance of force, an external
electric force on the boundary of the gel matrix is also
involved.

In a coordinate system fixed in the gel matrix (with
its x axis parallel to the applied forces), the equations
for balance of force for a component at unit concen-
tration are as follows:

for the ith species

fiw (vi - vw) Cw + fio viCo + if(vi - vf)cf

= Z,FE - ¢, grad p (44)

and for water

wai (Ve = V)G, + [ v,Co =1, 8radp  (45)

where fiw, fij etc. are the molar friction coefficients
between the components specified by the subscripts
(in N m2 S mol-?), v; and v, are the average velocity (m
s-1), C; and Cy, are the concentrations (mol m-3), and #;
and Uy, are the partial molar volumes (m? mol-!) of the
respective components. E isthe electric field strength,
p is the pressure, Z; is the charge number of the ith
species, and F is the Faraday constant. Although the
molecular weight of the gel matrix may not be defined,
it is always possible to express C, in terms of the
molecular weight of a hypothetical repeating unit of
the gel matrix corresponding to its average composition.
From eqs 44 and 45 it follows that the frictional force
between the components & and [ having concentrations
C, and C, is given by

frr(vi—v) CrCy
Because of Newton’s third law, the force from k to [ is
equal but opposite to the force from [ to k. Hence the
frictional coefficients are subject to symmetry relations
fo=fy fork l=1..n,w,0 (46)

Equations 44 and 45 are also subject to constraints
imposed by the condition of electroneutrality i.e.

3z =0 47

1
Introducing into eqs 44 and 45, the fluxes of the mobile
components, i.e.

J;=Cv;, i=1l..n (48)
J,=C.v, (49)

we arrive at the following phenomenological equations
of nonequilibrium thermodynamics:
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ZR'ifJf +RJ,=Z,FE-vgradp  (50)
=1

ZR'wiJ;‘ + R J,=-U,grad p (51)

=1

where

Ry = 1/C)(fieCo + fCo + Zf GC) (62

J#1
R/ij == ij (53)
Riy=Ry = (54)
R, = /C)(fCo+ Zf,.wc,.) (55)

Obviously the Onsager’s reciprocity relations are sat-
isfied as a consequence of Newton’s third law.

Strong agreement of frictional formalism has been
provided by Hans Vink’s® experiments on the flow of
polyelectrolyte solutions in narrow capillaries. The
experiments were carried out with polystyrene sulfonate
and carboxymethyl cellulose polyelectrolyte solution
in glass capillaries with diameters in the range of 0.3
to 1.5 mm. The electrokinetic effects were very large
compared to similar effects in simple salt solutions and
could not be explained in classical theory terms of
electrokinetic phenomena. The computed value of the
zeta potential for HPSS (hydrogenated form of poly-
styrene sulfonate) was of the order of 25 V which is
many orders of magnitude higher than the value
normally considered in electrokinetics (<100 mV). The
theory developed on the basis of frictional formalism58:59
was, however, found to be adequate. Frictional for-
malism shows that the main cause of the large elec-
trokinetic effects is the high-wall friction coefficient of
the polyion, which is a manifestation of large frictional
interactions in the polyion matrix.

E. Relaxation Times

In view of the importance of the relaxation time in
the study of buildup and decay of electrokinetic steady
states such as electroosmotic pressure and streaming
potential; we now introduce a discussion of the subject.
Later we shall see that the relaxation phenomenon is
useful in understanding temporal oscillations where a
time delay has to be introduced at some stage. Haase$?
has deduced the following relationship for the time
course of the approach to the steady-state value of
electroosmotic pressure:

Inlh, - hy/h,-h]l=t/T or
In[(AP)./(AP), - (AP),] = t/7 (56)

where h. is the height level corresponding to the steady
state of electroosmotic pressure, h is the height at any
time t, and hy is the value of h at ¢t = 0. The relaxation
time 7 is related to, the density of the fluid, the cross-
sectional area, the thickness and permeability of the
diaphragm, and the cross-sectional area of the tube in
which the liquid rises during electroosmotic flow.
Blokhra et al®6” have studied the electroosmotic
relaxation time for the binary mixtures of acetonitrile
with dimethyl formamide and nitromethane.
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Kumar and Singh% have used nonequilibrium ther-
modynamic considerations to predict relaxation times
of electroosmotic pressure and streaming potential. The
validity of the derived equations which were consistent
with those Haase’s has been demonstrated by the data
obtained on the buildup and decay of electroosmotic
pressure and also of the streaming potentials for ion-
exchange membrane-methanol systems. The ion-
exchange membranes were made from Amberlite IRC
(50), and Zeokarb 225 resins. Kumar and Singh’s®
theoretical treatment may be summarized as follows:

In order to consider the buildup and decay of
electroosmotic pressure let us focus attention on eq 27.
On the right-hand side of the equality sign, the second
term represents the electroosmotic flow, i.e. (J;)ap=o,
and the first term represents the flow induced by the
pressure differences, i.e. (Jy)agmo. If it is remembered
that the directions of the pressure difference induced
flow and of the electroosmotic flow are opposite to each
other, the eq 27 for net flow at any time ¢ can be read
as

(d)0et(®) = (J) apmg = () pgumo(t) (67

At the steady state (at ¢t = «) the net flow vanishes,
therefore,

(J) ap=0 = (I pga0(*™) (58)
In view of eq 58, eq 57 can be rewritten as:
(JDnet(®) = (I) agao(®) = (J,) pgmo(t) (59)

If the radius of the electroosmotic pressure measuring
the tube/capillary is r, using eq 27, eq 59 can be
transformed to give

d t
e _LA% = L,,(AP)(=) - L;;(AP)(¢)  (60)

or

d(AP)(t) Ly,
=-—dt 61
(AP)(») = (AP)(t) #r® ©h)
Integrating eq 61 and using the initial condition that
att = 0 (AP)(t) = 0, one can then write
(AP)(¢) = (AP)(=)[1 - exp(-t/7,)] (62)

where 7, = 7r?/Ly;. 7, is the relaxation time, i.e. the
time required for the electroosmotic pressure to rise (1
- 1/e) of its steady value. During the decay of the
electroosmotic pressure i.e. when A¢ is switched off,
(Jyap=0 = 0 and therefore it follows from eq 57 that

(I net(t) = —(d) ppmo(?) (63)

or

dapP@) _ Ly
(AP)(t)  ?

Integration of eq 63 using the condition that at ¢t = 0
(AP)(t) = (AP)(=) leads to

@P)®) = (AP)(=) exp( L) ©4)

dt

Equations 63 and 64 show the time-dependent buildup

and decay of electroosmotic pressure, respectively.
For the streaming potential one has tofocus attention

on eq 28. By using similar arguments to the case of
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Figure5. Buildup and decay of electroosmotic pressure with
time for Amberlite IRC (50) membrane/methanol system:¢8
(©)A¢ =100V; () Ap =200 V.

electroosmotic pressure, eq 28 can be viewed as

(D et®) = M ggm0 = D gp=o(®) (65)

At the steady state, (I, vanishes and a stationary
electrical potential called the streaming potential
(A¢)1=0 is established. Hence

(@) gm0 = M ap=o(®) = [(Ag)(=)]/2 (66)
If R is the electrical resistance of the membrane/
permeant system, substituting eq 65 into eq 66 one can
write

Ag) (= Ad)(t
D)y = LL (0 )

And since

d
.00 = [C20100] (68)

where C is the capacitance of the membrane, it follows
from eq 67 that

dag))  _ de
(Ad)(=) - (Ap)(t) RC

Integration of eq 69 using the initial condition that at
t = 0 (Ag)(t) = 0 one gets

(A¢) (1) = (Ag)(«)[1 - exp(-t/7)] (70)
where the relaxation time
7, =1/RC (71)

Equation 71 has the familiar form of a ZC time constant
from the network theory.?®8 Equation 71 shows an
exponential buildup of streaming potential with time.

The authors® experimentally examined the impli-
cations of the derived eqs 62, 64, and 70 for Ambertile
IRC(50) membrane/methanol and Zeokarb 225/meth-
anol systems and have estimated the values of the
relaxation times 7, and 7,. A typical buildup and decay
curve is shown in Figure 5. The values of 7, estimated
using eq 62, were shown to be in agreement with those
calculated from the hydraulic conductivity data. Fur-
ther as expected, the values of 7, estimated from the
data on buildup and decay of electroosmotic pressure
were found to be in agreement and independent of the
applied potential difference across the membrane. A

(69)
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Table I. Relaxation Times Estimated from Buildup and
Decay of Electroosmotic Pressure Data for Amberlite
IRC (50) Membrane(II)/Methanol System*

7, (Min)
A¢ (V) buildup decay
100 2.60 2.55
200 2.66 2.89

¢ Taken from ref 68.

Table II. Relaxation Time Estimated from Buildup of
Streaming Potential for Zeokarb 225/Methanol System

7, (min)
AP (cm) permeant  Na*form  Ba?* form ARt form
10 0.95 0.80 0.79
30 0.95 0.81 0.81
50 0.92 0.80 0.76
70 0.93 0.82 0.77
90 0.94 0.83 0.77

@ Taken from ref 68.

similar trend is observed in the case of 7, These trends
are apparent from Tables I and II (data taken from
Kumar and Singh’s paper).8 The data obtained earlier
by Singh and Srivastava®® also support these results.

The question of the relaxation time in electroosmotic
effects, particularly streaming potential has been in-
vestigated recently by Tasaka et al.”®-"2 for the case of
polymer chains dissolved in the liquid phase of the
membrane. These authors have shown that the time
dependence of the streaming potential is caused by the
relaxation phenomena of polymer chains dissolved in
the liquid phase of the membranes rather than by either
the concentration polarization® or the relaxation due
to the establishment of a double layer.®® Tasakaetal.”
concluded that the relaxation time reflects the pro-
perties of the polymer chains of which the membrane
is made. In many cases the relaxation time was found
to be made up of the corresponding relaxation times
for the different types of polymer chains constituting
the membrane matrix. A detailed analysis of the
relaxation phenomena has been conducted by Sekiguchi
et al.”? who discovered the correlations between the
relaxation behavior and the membrane composition.
The effects of cross linking, concentration of the outer
solution, and the temperature on the relaxation behavior
of each component were also explored. These studies™e
were conducted on collodion membranes, oxidized
collodion membranes, and interpolymer membranes of
collodion and poly(acrylic acid). Subsequent studies’?®
confirmed these observations and further suggested that
the time dependence of electroosmosis and the stream-
ing potential could be correlated quantitatively. A
recent study on the streaming potential of HCI, NaCl,
and KCl solutions with ion-exchange membranes shows
that concentration polarization does play a significant
role during the buildup of the streaming potential.™

Quite recently Ibanez et al.’5 have presented a model
for the streaming potential relaxation in charged
membranes. They have compared the model with the
experimental results obtained for Nucleopore mem-
branes of 0.8-um nominal pore diameter and a dilute
aqueous solution of sodium chloride at 24.6 °C. The
structure of the model implies the validity of Onsager’s
reciprocal relation. The following significant conclu-
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sions were drawn: (i) The complete relaxation process
can be divided into two different parts or partial
relaxations. (ii) The first relaxation is the fastest and
is exponential in nature and corresponds to the sup-
pression of mechanical action (pressure difference). The
other relaxation may be due to the redistribution of
electrical charges which tend to regain the state they
were in, prior to the establishment of pressure gradient.
(iii) Relaxation studies can be utilized to determine the
phenomenological coefficients.

The relaxation time for electroosmosis has also been
investigated by many workers from the point of view
of elucidating relaxation mechanisms. This has been
ascribed to various factors, viz. (1) the bending of
membranes due to the applied electric field,’s7" (2) the
concentration polarization,’®™ and (3) the relaxation
time for the buildup of the electrical double layer%é7®
which is, of course, too short and hence cannot account
for the observed facts. The electroosmotic volume flow
through oxidized collodion membranes and interpoly-
mer membranes of collodion and poly(acrylic acid)
partially cross linked with Fe?* was measured. In all
cases the volume flux—time plots were nonlinear. The
magnitude of curvature varied from one plot to another.
The time dependence of electroosmosis was explained
with the same relaxation of polymer chains dissolved
in the liquid phase of the membranes that specifies the
time dependence of the streaming potential. The
dependence of the streaming potential on time was
measured by applying a pressure difference across
collodion poly(acrylic acid) membranes and poly-
(styrenesulfonic acid) type cation exchange membranes.
It has become apparent that the time dependence of
the streaming potential reflects the relaxation phe-
nomena of the polymer chains dissolved in the liquid
phase of the membranes.”! The number of relaxation
components depends on the number of chemical
components of which the membrane is made. The
relaxation components are assignable to each chemical
component. The relaxation time becomes longer, the
longer and more flexible the polymer chains in the liquid
phase.

It may be pointed out that relaxation studies have a
value in the context of electrokinetic oscillations where
time delay in the buildup of electroosmotic pressure
plays an important role. This aspect will be discussed
later in this article.

F. Electrokinetic Energy Conversion

On a priori grounds, electrokinetic effects can be
viewed as energy conversion devices. For example in
an electroosmotic flow or pressure, electrical energy is
converted into mechanical energy (work) and in a
streaming potential or current, mechanical energy
(work) is converted into electrical energy. The pumping
of fluid may be called the pumping mode while the
generation of electrical power may be called the
generation mode. An analysis of electrokinetic energy
conversion to explore its feasibility as an operating
device was first attempted by Osterle.”®8 In Osterle’s
formalism, the membranes in the schematic represen-
tations, shown in Figure 3, were called the capillary
tube bank, which simply means a set of n paralleled
identical capillary tubes. The double-layer phenomena,
giving rise to electrokinetic effects, were invoked. The
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charge density within the tubes in the tube bank,
established due to the selective ion adsorption mech-
anism, will be a function of the radial position within
the individual tubes. The charge density can be positive
or negative depending upon whether the tube walls
adsorb more negative ions than positive and vice versa.

Using the electrical double-layer model of a mem-
brane having parallel identical capillary tubes, Osterle
deduced the operating equations for an electrokinetic
energy converter in the pumping mode as well as in the
generation mode. Due to the linear dependence of flow
on the pressure, the maximum pumping power occurs
when the pressure is one-half the zero-flow pressure.
The maximum pumping efficiency is obtained by
dividing the value of the maximum pumping power by
the product of voltage and current. Itis found that the
maximum pumping efficiency is equal to the maximum
generating efficiency which is a consequence of On-
sager’s reciprocal relations.

The characteristics of a steady-state electrokinetic
energy converter in both the fluid pumping and
electrical generation modes of operation in the case of
a glass/water system were computed.”®® For pure
water, the maximum conversion efficiency in either
direction was found to be 0.392%. A tube bank of 100-
cm? open cross-sectional area and 1-cm length subject
to an applied voltage of 1000 V was shown to be capable
of pumping 0.07 L per second at about 0.05 atm pressure
at this efficiency. The same unitsubjected to an applied
pressure of about 1 atm was shown to be capable of
generating 0.49 W at 70 V at the same efficiency.

Osterle’s analysis™8 has been extended by Morrison
and Osterle®! who studied energy conversion analytically
utilizing the electrokinetic effect associated with the
flow of an electrolyte through ultrafine capillary tubes
constituting the tube bank. In Osterle’s earlier analysis,
a Stern-type double layer was assumed and the radii
of the tubes considered were large enough in comparison
to the thickness of the mobile part of the double layer.
Furthermore, the contribution of the surface conduc-
tivity was entirely neglected. These restrictions were
dispensed with in Morrison and Osterle’s treatment.8!
Since Osterle’s earlier analysis indicated that the
efficiency of the energy conversion is favored by small
tube radii, an extension of his theory to smaller tubes
was obviously desirable. In a numerical analysis of the
Poisson-Boltzmann equation governing the radial
potential distribution in the tubes for the case of pure
water in glass capillaries, results were obtained for the
surface conductivity and the maximum conversion
efficiency as a function of the capillary radius.

It was found that the conversion efficiency attains a
maximum of about 0.90% for a tube radius of about 1.2
X 10-"m and tails off rapidly for both smaller and larger
tubes. Using their analytical expression, Morrison and
Osterle®! evaluated the values of surface conductivity
over the range of tube radii. For tube radii from 10-%
to 108 m, the surface conductivity was shown todecrease
from about 6 X 10-? mhos to 2 X 10-® mhos. Thus it
would appear that surface conductivity has a significant
effect in tubes of radii of less than about 10~ m.

A unified theory of the steady-state energy conver-
sion, using nonequilibrium thermodynamic methods
was presented by Osterle®? and Kedem and Caplan.®
Kedem and Caplan® and Paterson® have discussed
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the phenomena of energy conversion in the context of
the phenomenon of active transport in biology. This
however lies outside the scope of this review and will
not be considered here. However, the skeleton features
of the nonequilibrium thermodynamic theory of energy
conversion in the context of electrokinetic phenomena,
are summarized below.

The efficiency of energy conversion 8 can be written
as:

[ o
8 J.X, (72)
where the subscript i and o, respectively, represent the
quantities as “input” and “output”. Since in electroos-
mosis the input force is the applied potential difference
A¢ and the output force is the consequent pressure
difference AP, for electroosmosis eq 72 would be

g = AP _ JAP
* 1A (A¢)YR

where the subscript e represents the phenomenon of
electroosmosis, J, represents the volume flux, I rep-
resents the current flow, and R is the electrical
resistance of the system. Similarly for the streaming
potential where the input force is the applied pressure
difference AP and the output force is the consequent
Ag, eq 72 would be

g =189 _ (80)/R
*~JAP  JAP

The subscript s in eq 74 represents the phenomenon of
the streaming potential.

In an electroosmosis experiment the applied potential
difference A¢ across the membrane is used to drive the
liquid uphill. Thisliquid if allowed to accumulate would
exert a hydraulic pressure difference across the mem-
brane causing a back-flow of the liquid. When AP
equals the electroosmotic pressure the net water flux
J, becomes zero. Thus, from eq 73 it is obvious that
B, would be zero when either AP = 0 or when it equals
the electroosmostic pressure which corresponds to the
condition J, = 0. It, therefore, appears that the plot
of 8. against AP for a fixed value of A¢ would pass
through a maximum when AP is varied from zero to
electroosmotic pressure. Naturally the optimum value
of B, would occur when APis less than the electroosmotic
pressure. A similar situation would apply to 3, rep-
resented by eq 74. The condition at which the
maximum value of 8. or 8; would occur can be obtained
from very simplisitic considerations.?58 Let usconsider
electroosmosis as an example.

Equation 73 in view of the phenomenological eq 27
can be written as

_ (L14¢ + L;AP)AP
e I1A¢

Treating the input power IA¢ as constant and applying
the condition

(73)

(14)

(75)

48,/0AP =0 (76)
from eq 75 for the maximum we get
(2L, AP/T) + (Lyy/T) =0 amn

since

Chemical Reviews, 1993, Vol. 93, No. 6 1957
(AP/A¢)JV=0 =-Ly/Ly
eq 77 yields
(AP) o, = 1/3(AP)g (78)

Equation 78 implies that 8, would be at a maximum
when AP, at a fixed value of A¢, equals half of the value
of the electroosmotic pressure. A similar conclusion
can be drawn for 8,. The condition given by eq 78 is
in agreement with Osterle’s conclusion.®

In their study Gross and Osterle®” considered a three
flux-three force system, the forces being AP, A¢, and
the osmotic pressure difference Aw, whereas in earlier
studies™-®! only AP and A¢ were considered. Thus the
equations developed by Gross and Osterle®” could also
include the phenomenon of osmosis in addition to
electroosmosis and the streaming potential. Previous
attempts!68889 gt relating the fluxes to forces for the
capillary model (tube bank) have either made use of
restrictive model simplifications or considered the
osmotic force inactive. These simplifications result
from the assumption that (i) the Debye length is very
small in comparison to the tube radius so that the fluid
is electrically neutral over virtually the entire cross
section of the tube and (ii) the charge on the wall is so
small that the zeta potential given by the Chapman—
Gouy equation*?43 is small enough to permit use of the
Debye—Hiickel linearization of the Poisson-Boltzmann
equation. Making only the first assumption, Osterle®
solved the capillary model for only very small values of
Ar across the membrane. Using both assumptions i
and ii, Kobatake and Fujita?® obtained a solution for
the capillary model neglecting the role of the pressure-
induced electrical current. Assumptions i and ii,
however, are untenable for many membranes for which
the capillary model is appropriate. For example, in
physiological membranes the pore sizes are too small
for assumption i to be valid and in certain membranes,
e.g. glass, the charge in the wall is too large for
assumption ii to be valid. Both Morrison and Osterle®!
and Dresner®! have solved the capillary model for
electroosmosis by assuming Ax = 0 and without making
use of either assumption i or ii. Gross and Osterle®”
obtained expressions for nine coupling coefficients (for
the three flux-three force system) in terms of properties
of the capillary and the permeating fluid which char-
acterize near equilibrium membrane transport as pre-
dicted by the capillary model. These authors?” did not
assume a small Debye length to radius (of capillary)
ratio nor did they resort to the Debye—Hiickel linear-
ization of the Poisson-Boltzmann equation. They
combined the coefficients appropriately to form di-
mensionless groups which characterize the energy
conversion efficiency of the capillary membrane in its
various modes of operation.

Considering the cases of dilute sodium chloride and
potassium chloride solutions, the computations of Gross
and Osterle®” show the following: (1) In osmosis the
capillary membrane has a value of maximum b (b being
the figure of merit defined®.%7 ag

LY LyL,- LD

u-oo

for the i, o conversion mode) of about 0.067 corre-
sponding to an efficiency of about 2% at a radius to
Debye length ratio of 1.5 for both cases. (2) In
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electroosmosis (b)max = 0.16 corresponding to an energy
conversion efficiency of 4% at a radius to Debye length
ratio = 3 for both cases. (3) In electrodialysis, b
decreases monotonically as the radius to Debye length
ratio increases from a maximum value of 103 for NaCl®”
and for KCl, corresponding to efficiencies of energy
conversion equal to about 82% and 78%, respectively.
(4) Onsager’s reciprocal relations were obeyed for all
values of radius to Debye length ratio.

Thus, the capillary membrane is found to be more
efficient in electrodialysis than in either osmosis or
electroosmosis.

Martinez et al.%2 have recently conducted a detailed
study of some electrokinetic phenomena in charged
microcapillary porous membranes, i.e. asolid membrane
consisting of parallel cylindrical pores of equal radius
perpendicular to the membrane surface and carrying
an electrical charge which is uniformly distributed over
the pore walls. These authors have improved upon the
earlier attempts of Dresner®! and Osterle and associ-
ates’l#798 who made use of the Poisson-Boltzmann and
Nernst—Planck equations under restrictive conditions
valid for specific experimental conditions.?* Martinez
et al.92 developed a numerical solution method specif-
ically designed for the problem. Predictions for the
concentration potential and solute permeability made
by the theory were experimentally verified for some
microporous polycarbonate membranes of regular po-
rous structure/electrolyte (LiCl or MgCly) systems.
Narebska and Koter® have studied the efficiency of
energy conversion in separation processes with Nafion
120 membrane from phenomenological transport co-
efficients. The equations for energy conversion in
transport of ions and water across a cation exchange
membrane were derived by treating the system as a
three-flow process and employing nonequilibrium ther-
modynamic phenomenological transport equations.

Literature data, demonstrating the validity of non-
equilibrium thermodynamic theory of electrokinetic
energy conversion, will be discussed later in this article.
Srivastava and Rastogi® have obtained equations
showing the dependence of 8, and ; on the properties
of membrane/permeant i.e. on the zeta potential,
viscosity, dielectric constant, conductance, etc.

There are not many attempts in the literature
designed toward building a device based on the principle
of electrokinetic energy conversion. One from the
Carnegie Institute of Technology®' and another by
Phillips and Mastranglelo®” report that a cascade
electroosmotic cell utilizing n-propanol in combination
with a Pyrex glass sinter produced a pressure propor-
tional to the number of stages and to the applied voltage.
Flow rates were directly proportional to the applied
voltage and were independent of the number of stages.

An important feature common to energy conversion
devices is the direct coupling between the spontaneous
process which serves as the energy source and the
output. Intitutively, a tight coupling between the
natural and unnatural process taking place simulta-
neously is necessary for effective energy conversion.
Calculations based on this definition show that the
maximum efficiency achieved with a given machine is
uniquely determined by the degree of coupling. Similar
considerations apply to biological energy conversion
—the maximum efficiency is determined by the degree
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of coupling between the chemical reaction and the
transport.

111. Studles In the Linear Reglon

A. Electroosmotic Studies

Several aspects from the view point of the linear
formalism of the nonequilibrium thermodynamics of
electrokinetic phenomena are important. These are as
follows: (i) the testing of phenomenological flux rela-
tions; (ii) the testing of steady-state thermodynamic
relations including stability; (iii) the testing of Onsager’s
reciprocity relations; and (iv) the studying of the
approach to the steady state and its stability.

The validity of Onsager’s relations also furnishes as
evidence for the internal consistency of the data. Early
attempts at demonstrating the validity of Onsager’s
relations through Saxena’s relations?” have been com-
piled by Miller®® and Hanley.?® The earliest evidence
in favor of Onsager’s relations comes from the data
obtained which demonstrates the validity of Saxen’s
relation in clay plugs/aqueous electrolytic solution
(ZnSO,, CuSO,, or CdSO, systems. Dubois and
Roberts'® proved the validity of eq 36 in glass slit/
aqueous electrolytic solution (KCl, BaCl,, or AlCly)
systems. However, Dubois and Roberts’ results are
believed to include significant experimental errors.!!
Much of the data verifying eq 37 are from data showing
that the values of the zeta potentials from electroosmotic
velocity experiments are equal to the values obtained
from the streaming potential®®102103 experiments.

The data obtained by Rutgers and deSmet!% on
electroosmotic velocity and streaming current for
isoamyl ammonium picrate in organic solvents were
also used for the verification of Onsager’s relations.
These authors found that the electroosmotic velocity
(Jy/ Ad) ap=g is dependent on the value of A¢ when the
values of the latter are high. Thus by implication, they
have drawn attention to the inadequacy of the linear
phenomenological equation in their system.

It is necessary to test the validity and domain of
validity of both Onsager’s relations and linear phe-
nomenological relations to have a complete test of the
validity of the linear formalism. In fact, it is ideal that
both these tests (Onsager’s relations and linear laws)
are carried out on the same system. None of the earlier
studies on electrokinetic phenomena summarized in
Miller’s review® (with the exception of the studies
conducted by Rutgers and deSmet!% where comments
on the validity of linear laws have been made by
implication) attempt to test the validity of the linear
laws in a direct manner. In fact, generally the validity
of linear phenomenological relations has been assumed.

A recent straightforward attempt at testing the
validity of linear phenomenological relations, in the
phenomenon of electroosmosis, was made by Rastogi
and Jha.l% The experimental setup used is depicted
in Figure 6 and is self-explanatory. The strategy
adopted in these experiments was based on the fact
that the phenomenological eq 27 can be viewed as

J, = (d)apeo + (T ag=0 (79

which means that the resultant flow J, is made up of
two terms, the electroosmotic flow (dy)ap=o and the
hydraulic flow (J,)ap=0. Since all three terms in eq 79
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Figure 6. Apparatus for the measurement of electroosmotic
pressure and electroosmotic permeability.

aredirectly and even successively measurable the linear
phenomenological eq 27 can be conveniently tested.
The test was performed on the Pyrex sinter membrane/
water system. These are quite careful experiments
wherein the validity and the domain of validity of

(d)ap=o L1540 (80)
and
(J)sp=0 = Ly, AP C1Y)

have been tested along with the validity of eq 79. The
values of the phenomenological coefficients L; and Ly
were also estimated. Although meticulously conducted,
those experiments do not provide a complete test of
the linear formalism because, in these studies, validity
of Onsager’s relations has not been demonstrated.

While discussing the temperature dependence of the
cross coefficients, these authors!® invoked the rela-
tionship (eq 41) based on the classical double-layer
model. They reported that the product (L3 - #/¢) was
more or less independent of temperature. This finding
indicates that the temperature variations related to
viscosity and dielectric constant compensate each other
and also the fact that the zeta potential in their system
was invariant with temperature in the temperature
range studied.

Blokhra et al.,198-108 on the basis of their studies on
liquid mixtures of varying dielectric constant and
viscosity, concluded that the domain of the validity of
the phenomenological equations increases with an
increase in the viscosity of the mixture and decreases
with an increase in the dielectric constant of the mixture.
They also attempted to correlate the phenomenological
coefficients with the physical properties of the liquids,
e.g. viscosity and dielectric constant, and also to the
structure-making and structure-breaking properties of
the solutes dissolved in them,10%-111

Blokhra et al.108112-118 hgye explicitly demonstrated
the validity of Onsager’s reciprocal relations within the
domain of the validity of linear phenomenological
relations in electroosmotic phenomena. In these stud-
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Table III. Values of Cross-Phenomenological
Coefficients L;s and Ly; for Different Systems

Ly X 104 Loy X 104
system (cm?®AJ-Y) (cm3AJY
25% methanols 7.06 6.90
75% methanol® 8.88 8.94
10 M KCl in DMF= 4.41 4.50
108 M KCl in H,0¢ 8.40 8.38
acetonitrile® 0.26 0.27
25% MeOH-MeCN? 0.69 0.71
75% MeOH-MeCN? 0.36 0.35

70% ethylene glycol acetonitrile—
dimethylformamide mixture

(percentage w/w of EG)

5¢ 2.90 2.83
7.5¢ 5.35 5.28
10.0¢ 3.25 3.08

ammonium chloride-ammonium nitrate

solutions?

1 %102 M NH,Cl 0.26 0.27
1x102M NH,C1 + 1 X 10-2 M NH,NOQ,4 0.84 0.84
1x10-2MNH,Cl + 1 X 10* M NHNO; 0.47 0.47
1x10-2MNHCl + 1 x 104 M NH,NO, 0.20 0.20
1 % 103 M NH,C1 0.11 0.11
1x 103 MNH,Cl + 1 x 10-2 M NH,NO; 0.41 041
1x 102 MNH,Cl +1 x 10* M NHNO; 0.14 0.14
1 x 10 M NH,Cl + 1 X 104 M NHNOQ,4 0.12 0.12
1 x 104 M NH,Cl1 0.07 0.07
1% 104 M NH,C] + 1 x 102 M NH,NO; 0.35 0.34
1% 104 M NH,CI + 1 x 10 M NH,NO, 0.14 0.14
1 X 10+ M NH,CI + 1 x 104 M NH,NO, 0.12 0.12

NH,CI-NH Br solutions®

1 X 10-2M NH,Cl 0.26 0.27
1x102MNH,Cl + 1 X 10-2M NH,Br 0.68 0.67
1X102MNHCl+1Xx10+MNH,Br 0.54 0.52
1 X 10 M NH,Cl 0.10 0.11
1x10*MNH(Cl+1 X% 10-2M NH,Br 0.60 0.62
1 X 10¥ M NH,CI + 1 x 10* M NH,Br 0.31 0.32
1 X102 MNHCl+1x104M NHBr 0.20 0.19
1% 10+ MNH(I 0.08 0.07
1% 10+MNH,Cl + 1 x 10-2 M NH,Br 0.28 0.28
1X10*MNHCl+1Xx103MNH,Br 0.13 0.13
1xX10+*MNHCl+1XxX10¢MNHBr 0.11 0.11

¢ Taken from ref 112. ® Taken from ref 113. ¢ Taken from ref
114. 4 Taken from ref 118. ¢ Taken from ref 116.

ies, the transport through a sintered glass membrane
of different porosities and also through sintered glass
disks impregnated with cellulose acetate was studied.
The liquids chosen for the electroosmotic transport
studies were either pure organic (polar) liquids or
mixtures of two organic liquids or solutions of elec-
trolytes and mixtures of electrolyticsolutions. Thedata
obtained by Blokhra et al. on some of the systems
demonstrating the validity of Onsager’s relations in the
linear region isreproduced in Table III. Intheirstudies,
Blokhra et al. have also produced data to substantiate
the conclusions from the nonequilibrium thermody-
namic theory of electrokinetic energy conversion.
Blokhra’s et al.,!!® most recent effort in this direction
involves electrolyte-dextrose solutions/inorganic ion
exchange membrane systems and acetonitrile-ni-
tromethane mixtures/sintered glass membrane sys-
tems.'?0 They!20 have also generated data to verify
Glanssorff and Prigogine’s!?! generalization related to
the rate of entropy production, which states that for
both the linear and nonlinear region and function

m=-J,X,>0 (82)

This equality holds for the stationary states.!?! Haase
deals with the question of the entropy production rate
in electroosmotic systems approaching steady states.5%122
For electroosmotic experiments the relationship (eq 82)
reads as
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Table IV. Dependence of Phenomenological
Coefficients on Direction of Flow (Cellulose Acetate
Membrane/Water System)*

flow direction

Li; (cm® dyn-s1) 2.95 X 10-10 1.69 x 10-1¢
Lz (cmd A J-H) 1.30 X 10 2.02 X 10-¢
Ly (em® A JY) 1.33 X 10 2.14 x 10-¢
Lgy; (ohm™) 1.724 X 10-5 1.724 X 10-5
& Taken from ref 85.
=—(JAP +14¢) > 0 (83)

Blokhra et al.114120 have plotted JAP at a fixed value
of A¢ (i.e. A¢p = 0) against time in the case of their
experiments with (i) an ethylene glycol in 70% dim-
ethylformamide (DMF)-30% acetonitrile (ACN) mix-
ture/sintered glass membrane system and (ii) with an
ACN-nitromethane mixture of varying composition/
sintered glass membrane!?° system and shown that the
curve asymptotically approaches the time axis in each
case. This is as it should be according to eq 83.

Srivastava and Jain® studied the electroosmosis of
water through a cellulose acetate membrane and have
produced data with a view to testing the linear
formalism. The cellulose acetate membrane was pre-
pared by a casting technique following the procedure
of Manjikian.!?® Allfour phenomenological coefficients
(Lix) were determined within the domain of validity
linear phenomenological relations. Onsager’srelations
were found to be valid. One novel finding of these
studies was that all phenomenological coefficients
excepts Lgy were found to be direction dependent
revealing the anisotropic nature of the cellulose acetate
membrane. The values of the various phenomenological
coefficients in both directions of the flow are reproduced
in Table IV and demonstrate the directional depen-
dence of the coefficients and also the validity of
Onsager’s reciprocal relations in the data for each
direction.

The anisotropy of the membrane has earlier been
explained on the basis of the fact that by following the
evaporation technique (casting technique) one is likely
to get a membrane of graded porosity,'* ie. the
membrane can be seen as consisting of layers of a large
number of membranes of increasing porosity arranged
in series. It has been suggested in recent yeargi?12
that asymmetric cellulose acetate (CA) membranes owe
their asymmetry to an incomplete evaporation of the
casting solvent (acetone) mixture with water in the top
layer. Thus it enters into a two-phase region in the
CA-water-acetone diagram phase inversion and forms
the small water droplets smallest at the top layer,
because of the high degree of supersaturation found
there, resulting in the formation of a dense skin layer.

Srivastava and Mehta!?” have utilized network ther-
modynamics®®® to illustrate the anisotropic character
of such cellulose acetate membranes.

Oster, Perelson, and Katchalsky3®have done network
modeling of an isotropic membrane by considering a
single permeant diffusing through the homogeneous
membrane. In doing this, capacitances were assigned
to the membrane as well as to the two reserviors which
the membrane separates to allow for the reversible
charging and discharging of the permeant. Since
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Figure 7. Network representation of a homogeneous mem-
brane system. & and C are the resistance and the capacitance,
respectively.127

Figure 8. Network representation of an anisotropic mem-
brane system. R;, R, Rs, and R, are resistances, and C is
the capacitance.!??

dissipation follows each flow process, aresistive element
of equal value was assigned at both the entrance and
the exit. By using these considerations the isotropic
membrane system was represented as shown in Figure
7. The bounding compartments were assumed to be so
large that they may be effectively time independent,
that is, an infinite capacitance is equivalent to a constant
effort source denote by E, E;,, and E,,; in Figure 7. In
the case of an anisotropic membrane, the following
considerations should apply: (1) Resistance to flow as
viewed from one side of the membrane should be
different as viewed from the other side. Henceresistive
elements of unequal value (say &2 and R3) should be
assigned at the entrance and at the exit. (2) Some
energy is always wasted during the flow—in the case
of an anisotropic membrane it is unequal as viewed
from the two sides of the membrane. To account for
the dissipation of energy due to this wastage, resistive
elements of unequal magnitude (say R, and &) should
be assigned at the entrance and at the exit. In view of
these considerations the equivalent electrical network
for an anisotropic membrane is represented'?” in Figure
8. It should be pointed out that in the case of flow
through a series membrane Kedem and Katchalsky?®
hinted at anisotropic behavior.

Srivastava and Jain,% have also determined the values
of the efficiency of energy conversion for both modes
of conversion (8. and 3,) for the two directions of flow.
The data has been used to verify the nonequilibrium
thermodynamic theory of energy conversion for both
directions of flow.

Recently, Benavente and Fernandez-Pineda have
conducted!?® a thorough study of electroosmosis and
the streaming potential of different concentrations of
sodium chloride solutions through commercial porous
membranes obtained from Millipore Iberica and Pall
corporation with a pore size of 0.1 um. These authors
determined all four phenomenological coefficients
occurring in eqs 27 and 28 and demonstrated the validity
of Onsager’s reciprocal relation. Proceeding onthelines
of Haase and Horff,!? they verified the inequality
(L12L9; < L11L95) which is a consequence of the positive
definite character of the dissipation function. The
concentration dependence of phenomenological coef-
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Table V. Concentration Dependence of
Phenomenoligical Coefficients for Different Liquid
Mixtures*

mass

fraction of

methanol Ly X 108 Ly X108 Lgy X 104 Lis X 104
(Zm) (ohm™) (cmfdynts?!) (cm®AJ1) (cmPAJY)

Acetone-Methanol Mixture

0.0 9.33 7.14 3.13 3.30
0.1 9.18 8.72 3.57 3.40
0.2 8.72 10.31 3.84 3.66
0.3 7.92 12.74 4.16 3.92
0.4 7.47 15.73 4,54 4,32
0.5 7.16 19.38 4.75 5.00
0.7 6.30 25.09 5.55 5.23
0.9 5.50 36.50 5.87 5.75
1.0 5.08 52.40 6.45 6.25
Methanol-Water Mixture
0.0 1.41 5.50 10.52 11.03
0.1 1.83 5.40 9.75 9.80
0.3 2.55 5.26 9.09 8.81
0.5 3.30 4.54 8.33 8.19
0.7 4.05 4.00 7.66 7.78
0.9 4,73 3.12 7.02 7.39
1.0 5.08 2.50 6.34 6.29
Acetone~-Water Mixture (xy)
0.0 9.33 7.14 3.30 3.28
0.1 8.50 7.75 3.96 3.98
0.2 7.70 8.54 4.67 477
0.3 6.92 9.52 5.20 5.28
0.4 6.15 10.94 6.02 6.16
0.6 5.35 12.48 6.79 6.69
0.8 2.95 21.87 8.77 8.92
0.9 2.30 31.46 9.43 9.56
1.0 141 50.00 10.18 10.35

% Taken from refs 132-134.

ficients has been studied and the viscous pore model!3
was utilized to estimate the avearge pore radius of the
membrane. The concentration dependence of the zeta
potential estimated from the values of the cross
coefficients was studied. The apparent transport
number of the cation was estimated from the diffusion
potential expression and the true cation transport
number and the water transport number were obtained
using the electrometric method for different solution
concentrations. The true transport number of the
cation estimated by taking into account water transport
-across the membrane showed good agreement with the
value of the true transport number of the cation
estimated electrometrically. These authors also esti-
mated the value of the fixed charge density in the
membrane using Aizawa et al.’s'%! method.

Srivastava et al.13%-13 have studied the electroosmotic
effect in a mixture organic polar liquids/sintered glass
membrane system. In addition to verifying the linear
formalism, i.e. the linear phenomenological relations
and Onsager’s relations, they also studied the concen-
tration dependence of the phenomenological coeffi-
cients and should that the trends in the concentration-
dependence data are consistent with Spiegler’s frictional
model.82 The data obtained on the concentration
dependence of phenomenological coefficients in the case
of the acetone—methanol, acetone-water and methanol-
water systems and reproduced in Table V. The validity
of Onsager’s relation is obvious from Table V.

It was shown that in the case of acetone-methanol
mixtures, the data on the concentration dependence of
the coefficients L;; and L;; can be quantitatively
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expressed as
Ly = 2,(Lys + 2Ly (84)

and

Ly = 2,(Lygs + Zy(Lyy (85)

where  stands for the mass fraction and the subscripts
A and M, respectively, indicate that the quantities are
for acetone and methanol. A similar dependence was
found to hold for other mixtures as well.132-134

The effeciencies of energy conversion for both elec-
troosmosis and the streaming potential were also
determined for various compositions of acetone—meth-
anol mixtures. The data were shown to be consistent
with the nonequilibrium thermodynamic theory of
electrokinetic energy conversion. The concentration
dependence of the maximum value of the efficiency of
energy conversion for both modes of conversion, i.e.
(Be)max OF (Bs)max, Was found to be given by the equation

(B)mu = xA(ﬁmax)A + xM(ﬂmax)M (86)

These studies were extended to acetone-water and
methanol-water systems by Srivastava and Abra-
ham,13313¢ gnd similar results were obtained. An
attempt was also made to rationalize the concentration
dependence of the phenomenological coefficients in
terms of structural modifications that occur in the
mixture.!3® For example, in the case of acetone-water
mixtures it was observed that the values of the
coefficients L; and of 1/Ly; decrease as the composition
changes from 100% acetone to 100% water while the
values of the cross coefficients increase. For this
discussion eqs 39-41 based on a double-layer model
were invoked. Equations 39-41 are written for a
membrane consisting of a parallel array of n capillaries.
The increased molecular interaction in hydrogen-
bonded systems decreases the freedom of molecular
motion and therefore tends to increase viscosity.1?® This
means that the viscosity should increase as one goes
from 100% acetone, which is a non-hydrogen-bonded
system, to 100% water which is a strongly-hydrogen-
bonded system. This explains the decreasing trend in
the values of L;; with an increase in the concentration
of water in the mixture because L;; varies inversely
with viscosity—eq 39. A similarly increasing trend in
electrical conductivity as one goes from 100% acetone
to 100% water is obviously due to an increase in
concentration of hydrogen ions.

From eq 41 it is apparent that the coefficient Ly
varies directly with ¢ and { and inversely with 7.
Although both ¢ and  increase!35136 gg %, increases, the
increase in viscosity is not expected to be as pronounced
as the increase in dielectric constant, because during
the process of flow through the restricted barrier, e.g.
sintered glass membrane, the frictional forces are likely
to break weak physical interactions and hydrogen
bonds. This results in a net increase in the value of L1
as we go from %, = 0 to X, = 1. Moreover from double-
layer considerations® it can be seen that the value of
the quantity (e{) is likely to increase because of a possible
increase in the thickness of the double layer.

Several other groups, e.g. Blokhra et al.,!%® Singh et
al.,’3" and Jain et al.,138 have studied the concentration
dependence of electrokinetic phenomenological coef-
ficients in the case of various liquid mixtures and
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Figure 9. Dependence of (Ly;/TE (curve a) and (Lyo/ T)E
(curve b) on mole fraction of water (x).1%°

attempted to explain any departures from eqs 84 and
85 in terms of the structural modifications that are likely
to occur in the mixtures. Since the eqs 84, 85, etc.
resemble the well-known mixture law in the thermo-
dynamics of solutions, where departures from ideality
are quantified in terms of excess thermodynamics
function, one is likely to be tempted to make similar
attempts in respect of eqs 84, 85, etc. Singh et al.,!%
have in fact, made such an attempt. They defined the
excess phenomenological coefficients as the difference
between the experimentally determined value of the
phenomenological coefficient and the one computed
using eqs 84, 85, etc. These authors experimented with
methanol-water mixture/sintered glass membrane sys-
tems to evaluate the values of the excess phenomeno-
logical coefficient and interpret them in terms of the
structural modifications that occur in methanol-water
mixtures. The excess phenomenological coefficients
in the case of methanol-water mixtures were written
as

LnE =Ly = [Lpwim + Lydery] (87)
L12E =Ly - [Lypwrm + Liglxy (88)

etc. where Ly; and Ly; are the experimentally determined
values of the phenomenological coefficients and the
superscript E denotes the excess coefficient. The values
of L1;E and L;,® were found to be negative, which
indicates that hydrodynamic and electroosmotic per-
meation of the mixtures has lowered values because of
interactions between the components of the mixture.
Variation of both L;E and L:F with the composition
of the mixture is depicted in Figure 9.

The correspondence between the excess phenome-
nological coefficient and the excess volume VE as
discovered by these authors is shown in Figure 10. From
the linear dependence (Figure 10), it was inferred that
an excess phenomenological coefficient predominantly
arises on account of the interaction between the
components of the mixture during transport. The
membrane~permeant interactions are not significantly
affected during permeation. Spectral studies showthat
surface—permeant interactions are significant only when
narrow pores of molecular dimensions are involved.40

The idea of excess phenomenological coefficients,
prima facie, is an attractive idea and in our opinion
merits further investigation and development. How-
ever, so far, it has not been further persued.

Rastogi et al.
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B. Electroosmotic Effects in the Context of
Water Desalination

In characterizing hyperfiltration, particularly by
polyelectrolyte membranes, the common practice has
been to rely on two coefficients determined under
pressure: the salt rejection S; defined by the equation

S, =1-(C"/C) (89)

where C’ and C” are the salt concentration in the feed
compartment and the product compartment, respec-
tively, and the hydraulic permeability.!4142 The de-
termination of other membrane characteristics, e.g. ion
selectivity and electroosmotic coefficients, has usually
been determined under conditions quite remote from
those of a hyperfiltration experiment. However, pio-
neers¥3 in the use of charged membranes for salt
filtration recognized the importance of the hyperfil-
tration streaming potential whichis related to the latter
two coefficients.** Tanny and Kedem!4 have dem-
onstrated how the streaming potential can provide
useful information on membrane structure under
pressure. These authors have furnished experimental
verification of the frictional model developed earlier.14¢

In a hyperfiltration setup, a membrane separates two
aqueous solutions of the same electrolyte, e.g. NaCl,
whose concentrations, pressures and electrical poten-
tials are different. Consequent to an applied pressure
difference AP, the flow of water (J) and of the salt
commences from the feed compartment to the product
compartment. During the stationary hyperfiltration
the product concentration is given by

"s=d,/d, (90)
with
J,=dV +JI .V, =J V_ 91

where V, and V represent the partial molar volumes
of salt and water, respectively. It has been consistently
found4L142147 in hyperfiltration systems that, with
increasing volume flow J,, the salt rejection increases
and approaches a maximum value, characteristic of the
membrane. Kedem and associates'4®14? have shown that
integration of the usual phenomenological equations
also leads to the same expectation.

By considering the hyperfiltration system as a three
flux-three force system, the three fluxes being J., J,,
and I with the corresponding conjugate forces being
(AP - AIlL,), the electroosmotic force and the difference
in chemical potential of the salt, Tanny and Kedem?!45
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Table VI. Numerical Values of the Phenomenological Coefficients in Eqs 27 and 28 for Kaolinite, Crysotile, Parallel

Composite, and Series Composite Clay Systems*

phenomenological parallel composite series composite
coefficients kaolinite crysotile membrane membrane
Ly; X 10! (m® s-! N-1) 0.2193 £ 0.0034 0.2482 @ 0.0065 0.46 + 0.0158 0.1183 % 0.001
Ly X 1010 (m? A J-Y) 0.2995 £ 0.0221 1.216 £ 0.0414 1.537 £ 0.07 0.3754 £ 0.021
Ly X 10 (m3 A J-1) 0.292 £ 0.0124 1.178 £ 0.074 1.506 = 0.056 0.3706 & 0.0178
Lgs X 104 (ohm™) 0.555 % 0.005 0.77 £ 0.005 1.25 @2 0.05 0.305 % 0.005

% Taken from ref 170.

deduced a phenomenological expression for the hy-
perfiltration streaming potential. They experimented
with polyelectrolyte [collodion poly(vinylamine)] mem-
branes and obtained data on the hyperfiltration stream-
ing potential, water flow, and electroosmotic and
osmotic transport. The criteria for membrane homo-
geneity were defined using the equivalent pore radius
calculated from the electroosmotic coefficient and the
hydraulic permeability. The hyperfiltrationstreaming
potential and water flow data for the polyelectrolyte
membranes were compared to the electroosmotic and
osmotic results for the same membrane. The homo-
geneity criteria were used to show that at 1 atm, the
membranes contain parallel paths for water and ion
flow, while at elevated pressures only a single path exists
for both species. The electroosmotic coefficient which
measures the coupling between the counterion and
water in the membrane was used as a probe to detect
changes in water structure. Measurement of the
electroosmotic coefficient, as a function of tempera-
ture,!5° revealed a precipitious decline beginning in the
vicinity of 35-36 °C. This decline was attributed to a
change in water structure as suggested by Drost-
Hansen.15!

C. Studies on Soll Systems

The suggestion that nonequilibrium thermodynamics
could be a powerful tool in the analysis of the kinetics
encountered in soil water systems was made by Win-
terkorn!®? and Taylor and Cary.!5® Russel'®* made a
similar suggestion for plant systems. Philip,!%however,
had reservations and felt that this approach may be of
little value for the nonlinear soil-moisture problem. A
few good reviews on the subject are available in the
literature.156-161 However, not many studies are avail-
able on the nonequilibrium thermodynamics of elec-
trokinetic phenomena. In this subsection we will take
up such studies on electroosmosis which significantly
demonstrate the workability of nonequilibrium ther-
modynamics as a tool in the study of soil systems.
Studies on electrophoretic effects will be included in
another section.

Although several interesting studies on electroosmotic
effects—electroosmosis/streaming potential, conducted
with a view to understanding permeability character-
istics and related phenomena are documented in the
literature,'62-168 none of these shed light on the non-
equilibrium thermodynamic aspects.

The first experiments on electroosmotic effects from
the viewpoint of nonequilibrium thermodynamics were
those of Taylor and Cary.!® In these experiments
saturated soil samples of Millville silt loam were packed
intoleucite cylinders to bulk densities of approximately
1.5 g/cm3. Thermal, electrical, or salt concentration

gradients were then applied individually across the soil,
and the flows were measured.

The studies conducted by Olsen!®® are among the
few studies that are comprehensive in nature and were
intended to test the postulates of nonequilibrium
thermodynamics for the electroosmotic transport in soil
systems. The experiments were conducted on a liquid
saturated sample of sodium kaolinite consolidated
under 408 kg/cm?2. The data obtained show that the
simultaneous fluxes of liquid and charge under hy-
draulic, electrical, and electrolyte concentration gra-
dients, although they obey linear relationships, do not
conform to the usual linear phenomenological equations
ofthe form J; = £.L;;X;. The plots of experimental flux
against the driving force show definite hydraulic and
electrical potential intercepts. It was proposed that
the intercepts arise from an electrolyte concentration
gradient within the clay sample generated by differ-
ential salt filtering at the sample surfaces during the
consolidation process. This mechanism was suggested
inview of the nonsymmetrical details in the mechanical
system used to consolidate the clay sample and was
used to explain the intercepts which are disallowed in
thelinear phenomenological equations. Because of this
artifact, Olsen’s experiments did not servé the intended
purpose.

The later detailed studies planned to throw light on
nonequilibrium thermodynamics of electroosmotic ef-
fects in soil systems, in the linear region are by
Srivastava and Abraham.!” These authorsstudied the
electroosmotic effects in composite clay membranes/
water systems. The composite clay membranes con-
sisted of kaolinite and crysotile clay membrane elements
in both a parallel array and in a series array. In these
experiments,!’ the area of cross section and thickness
of the two constituent membrane elements was more
or less the same.

The linear phenomenological relations (eqs 27 and
28) were shown to be valid for the parallel composite
membrane, for the series composite membrane as well
as for the constituent membrane elements crysotile clay
and kaolinite clay membranes. Experimentally deter-
mined values of the various phenomenological coeffi-
cients for the constituent membrane elements and also
for the composite membrane systems are presented in
Table VI.

The combination rules, deduced from Kedem and
Katchalsky’s theory®538 for the permeability coefficients
of composite membrane systems are summarized in
Figure 4. Rewriting these for the kaolinite—crysotile
system we have for a parallel composite membrane

(Lij) composite membrane = (Lij)kaolinite + (Lij) crysotile (92)
and for a series composite membrane
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Table VII. Resistance Coefficients for Kaolinite, Crysotile, and Series Composite Clay Systems*

phenomenological series composite
coefficients kaolinite crysotile membrane
Ry X102 (m®s N) 4.559 = 0.075 4.029 + 0.105 8.45 £ 0.072
Ryz X 108 (m~=3 A-1 J) -0.246 % 0.002 —0.636 £ 0.038 -1.047 + 0,150
Ry X 10 (m=3 A-1J) -0.239 £ 0.014 ~0.617 £ 0.055 -1.033 £ 0.170
Rgg X 10~ (ohm) 0.170 £ 0.005 0.130 £ 0.005 0.325 £ 0.005

@ Taken from ref 170.

(Rij)composite membrane (Rij)kaolinite + (Rij)crysotile (93)
where

_ Ly
=T
in which |L| is the determinant of the matrix of the
coefficients L;j, and |L|;; is the minor of the determinant
corresponding to the term L;. The validity of the
combination rules (eqs 92 and 93) is obvious from the
data in Tables VI and VII. The validity of Onsager’s
reciprocal relations is also obvious from the data (Tables
VIand VII). Thedatawere alsoshown!"™to corroborate
the nonequilibrium thermodynamic theory of electro-
kinetic energy conversion.

Studies in the nonlinear region on soil systems will
be considered later when we come to the discussion of
the nonlinear region. Until then we will discuss
electrokineticstudies in the linear region for biologically
relevant systems.

R (94)

D. Studies on Biologically Relevant Systems

1. Model Membrane and Related System

Black liquid membranes (BLM) are the most widely
used model systems for biomembranes. Detailed ac-
count of BLM systems can be found in the excellent
monographs by Tien!"! and Jain.1”? Although electro-
kinetic phenomena are of relevance to biology no
concerted study except for a few on chloroplast BLMs,
of electrokinetic phemomena on BLM system is avail-
able. In fact, in conjunction with bifacial tension
measurements and light-induced water flow in chlo-
roplast BLMs, the observations were explained in terms
of electroosmosis and streaming potentials.171172 The
phenomena of electroosmosis and streaming potential
were observed in chloroplast BLMs.17017 Linear plots
between the net volume flow and the applied potential
difference and between the induced potential difference
and the applied pressure difference were observed.
These could, at best, be regarded as a qualitative and
partial demonstration of the linear phenomenological
equations. No effort was made to make a quantitative
comparison of the data with either the double-layer
theory or with the nonequilibrium thermodynamic
theory.

In recent years, Srivastava and associates have
attempted to develop an alternative system.174175 This
is known as the liquid membrane bilayer system, and
it has shown promise of being a mimetic system of
biomembranes. In fact quite a few illustrative mem-
brane mimetic studies have been conducted on the
liguid membrane bilayer system.176-188 Straightforward
electroosmotic studies, particularly from the point of
view of nonequilibrium thermodynamics, have been
conducted in one particular case only, that of the liquid

membrane bilayers generated by cholesterol.'’ Other
studies on photoosmosis can in fact be considered as
photoelectroosmosis studies.!6:177.180,182-18 Both of these
will be discussed in this section. But before embarking
on this discussion a brief introduction to liquid mem-
brane bilayer systems is necessary.

Liquid membrane bilayer systems are generated using
Kesting’s liquid membrane hypothesis!87-18 which was
originally propounded to account for the enhanced salt
rejection inreverse osmosis. Thisis due tothe addition
of very small amounts, of the order of a few parts per
million, of surfactants such as poly(vinyl methyl ether)
to the saline feed. The hypothesis states that, when a
surfactant is added to an aqueous phase, the surfactant
layer which forms spontaneously at the interface acts
like a liquid membrane and modifies mass transfer
across the phase boundary. It further states that as
the concentration of the surfactant is increased, the
interface gets progressively covered with the surfactant
layer liquid membrane and at the critical micelle
concentration (CMC) of the surfactant it is completely
covered. The idea of “progressive coverage” implies
that if the concentration of the surfactant is half its
CMC, the area of the interface covered with the liguid
membrane is half the total area of the interface and if
the concentration of the surfactant is three-fourths its
CMC, three-fourths of the total are of the interface is
covered with surfactant layer liquid membrane and so
on. The liquid membrane hypothesis was further
substantiated by Srivastava and Yadavi® using elec-
troosmotic transport through a hydrophobic supporting
membrane in the presence of aqueous solutions of the
surfactants such as poly(vinyl methyl ether) of varying
concentrations. Thelogic underlying these experiments
was the following:

If the idea of “progressive coverage” contained in
Kesting’s hypothesis is correct, the values of the various
conductivity coefficients occurring in the phenome-
nological eqs 27 and 28 should show a progressive
decrease with increasing concentration of the surfactant.
The decreasing trend should continue up to the CMC
of the surfactant beyond which it should become more
or less constant. Analysis in the light of the mosaic
model4819L192 shows that if concentration of the sur-
factant is n times its CMC, n being less than or equal
to 1, the value of the conductivity coefficients e.g. any
of the coefficients L;, occurring in eqs 27 and 28 should
be given by the relationship

Lik = [(1 - n)lec + nLiks] (95)

where the superscripts ¢ and s represent the bare
supporting membrane and the supporting membrane
covered completely with the surfactant layer liquid
membrane, respectively. Functionally the values of L;°
and L;® are the values of L;;, when concentration of the
surfactant is equal to zero and its CMC.



Thermodynamics of Electrokinetic Phenomena

i

Figure 11. Gross picture of the liquid membrane bilayer
within the pores of the supporting membrane.
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Srivastava and Yadav!'® investigated the domain of
validity of various electroosmotic effects predicted by
the linear phenomenological relations (eqs 27 and 28)
in the case of a liquid membrane generated by poly-
(vinyl methyl ether), in series with the supporting
membrane. Exceptinthe case of hydraulic conductivity
where a nonlinear exponential type of relationship
between J, and AP was found to be obeyed, the linear
formalism (eqs 27-29) was found to be obeyed through-
out the region studied. The variation of the conduc-
tivity coefficients L; with the concentration of the
surfactant showed a decreasing trend upto the CMC
beyond which it became more or less constant. The
values of the coefficients L;; computed using eq 95 were
shown to be in agreement with the experimentally
determined values at concentrations below the critical
micelle concentration of the surfactant.

Since at the CMC the interface is completely covered
with the surfactant layer liquid membrane it follows
that, if two cell compartments separated by a hydro-
phobic supporting membrane are each filled with the
solution of surfactant of concentration equal to its CMC,
abilayer of the surfactant layer liquid membrane would
be generated, i.e. one layer on either side of the
supporting membrane. It is also apparent that the
hydrophobic tails of the surfactant molecules in the
liquid membrane would be preferentially oriented
toward the hydrophobicsupporting membrane and the
hydrophilic moieties would be drawn outward away
from it. The following additional assumptions also
hold: (i) the pores have just the right length for a bilayer,
(ii) the hydrophobic tails are more oriented toward
themselves than toward the supporting membrane, and
(iii) surfactants adhere to the pore wall and also in the
pore. Such liquid membrane bilayers would be gen-
erated within the pores of the supporting membrane.
The gross picture resembles the one shown in Figure
11. Itis onliquid membrane bilayers generated by the
constituents of biomembranes, e.g. lecithin-cholesterol
mixtures, chloroplast extract, etc., such as these that
membrane mimetic experiments have been performed
inrecent years.1’+18 Their workability as an alternative
model/mimetic system of biomembranes is gradually
being established. A discussion of the relative merits/
demerits of this new system vis 4 vis BLM lies outside
the scope of the article.

Where electroosmotic studies are concerned, these
have been performed only on liquid membranes gen-
erated by cholesterol!74193.19 iy geries with a supporting
membrane. Cholesterol, though very slightly soluble
in water, has been shown to considerably lower the
surface tension of water.19519% Cholesterol has a max-
imum solubility!?71% of 4.7 uM in aqueous solution and
the measured surface tension of a saturated solution in
water is 33 dyn/cm. Its CMC is in the range of 25-40
nM.197.198 A]] these data indicate that cholesterol is a
very effective surfactant and hence capable of gener-
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Figure 12, Transport cell: M, supporting membrane (cel-
lulose acetate microfiltration membrane (Sartorius catalog
no. 11107); P, platinum electrode; L,L,, capillary tube; E,
and E;, electrode terminals.174

ating liquid membranes at the interface.

The all-glass cell designed!™ for electroosmotic
transport studies is depicted in Figure 12.

Two sets of experiments were performed. Inthe first,
aqueous solutions of varying concentrations of choles-
terol were put in compartment C and distilled water
was put in compartment D and the second in which
both compartments C and D were filled with cholesterol
solutions of a concentration equal to its CMC. In all
cases straight plots for various electroosmotic effects
were obtained. The values of the various conductivity
coefficients L;; obtained at different concentrations of
cholesterol are reproduced in Table VIII. The data in
Table VIII demonstrate the validity of the linear
formalism, linear laws and Onsager’s reciprocal rela-
tions.

The variation of conductivity coefficients L;; with
the concentration of cholesterol (Table VIII) was found
to be in accordance with Kesting’s hypothesis, i.e. the
values of L;; decrease with increasing concentration of
cholesterol up to the CMC, at which the complete liquid
membrane is formed in series with the supporting
membrane. Beyond the CMC the values of L;; become
more or less constant. A typical plot in the case of the
hydraulic conductivity coefficient L1, is reproduced in
Figure 13. Agreement between the computed values of
the coefficient L;, using eq 95 and the experimental
values further indicated that the data (Table VIII) are
consistent with the phenomenon of liquid membrane
formation in accordance with Kesting’s hypothesis. In
the case where both compartments C and D of the
transport cell (Figure 12) were filled with a cholesterol
solution of concentration equal to its CMC it was
possible to use the data to demonstrate the formation
of liquid membrane bilayers on the supporting mem-
brane. By using Kedem and Katchalsky’s theory of
the permeability of the series composite membrane®.19
it was possible to deduce the following relationship:17

Ry* = 2R, -R,’ (96)

where R;.* stands for the resistance coefficient of the
series composite membrane consisting of the supporting
membrane plus the two layers of the liquid membrane,
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Table VIII. Values of Phenomenological Coefficients at Different Concentrations of Cholesterol*
concentration
(nM) Lu X 108 (m3 N-1 B'l) le X ].0G (m A J_l) L21 X 106 (m A J_l) L22 X 108 (ohm4)
0.0 4.17 £.008 5.36 .03 5.36 £ .12 2.62 £ .17
9.4 3.43 .03 4.65 % .05 4.67 .03 231 .14
15.04 3.14 £ .02 3.99 £ .03 3.99 % .06 207+ .11
28.02 2.22 = .03 2.83 .02 2.85+ .04 1.78 +£ .08
30.08 (CMC) 2.11£ .04 2.62 = .04 2.60 £+ .04 1.63 £ .07
37.6 2.13 £.03 2.63 = .04 2.62 = .04 1.57 £ .06
56.4 2.14 £ .01 2.61 £.02 2.59 £ .01 1.51 % .06
b 1.34 £ .04 1.70 £ .03 1.67 £ .04 1.26 @ .04

¢ Taken from ref 17. ® Values for the system when both compartments C and D were filled with cholesterol solution of concentration

equal to its CMC.
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Figure 13. Variation of L;; with the concentration of
cholesterol.174

Table IX. Values of Various Resistance Coefficients R,
computed values

resistance coefficients using eq 96 exptl values
Ry* X 107 (m=3 N s) 710+ .16 747 £ .23
-Rio* X 10-2 (m! A1 J) 10.33 £ .31 9.79 + 42
-Rxn* X 102, (m! A-1J) 10.23 + .40 9.62 £ .36
Roo* (ohm) 8.41 .26 7.92% .25

@ Taken from ref 174.

oneon either side of it. Values of the various resistance
coefficients R;,* computed using eq 96 were shown to
be in agreement with the experimental values (Table
IX). This agreement is consistent with the formation
of the liquid membrane bilayers generated by choles-
terol.

Jain and colleagues!?3194 have also substantiated the
linear formalism of electroosmosis through liquid
membranes generated by cholesterol via their studies
on electrokinetic energy conversion. The conclusions
reached using the nonequilibrium thermodynamic
theory of electrokinetic energy conversion were verified.
In one of their papers'®® they used Srivastava and
Jakhar’s data,l’™* whereas in the other study they
generated their own data.

The electrochemical characterization of cholesterol
liquid membranes in series with a cellulose acetate
supporting membrane has been attempted by Singh
and Tiwari.200201 Singh and Tiwari?®? have also con-
ducted hydrodynamic and electroosmotic transport
studies on cholesterol liquid membranes (supported
on cellulose acetate membranes) with varying concen-
trations of sodium chloride and pH. Rizvi and Zaidi
studied electrokinetic effects using sintered glass mem-
brane impregnated with single lipid or lipid mix-
tures08-206 and verified the linear formalism of non-

equilibrium thermodynamics. However, although the
lipid filled pores of the sintered glass membranes they
used do constitute a liquid membrane system, they are
quite different from the liquid membrane systems,
discussed above, generated using Kesting’s hypothesis.
Thus, the biological relevance of the liquid membrane
systems studied by Rizvi and Zaidi remains only
tangential. Nonetheless, these experiments constitute
another example where the nonequilibrium thermo-
dynamic formalism of electroosmotic effects has been
vindicated in the linear region.

The next important category of electroosmotic studies
using liquid membranes is on the phenomenon of
photoosmosis which, as we will, see is defacto photo-
electroosmosis.

2. Photoelectroosmosis

The first report of light-induced water permeation
was made by Tien and coworkers.!”173 These authors
experimented with chloroplast BLMs. More elaborate
studies on this phenomenon have been carried out by
other groups.!76.177.180,162,184186,207 Srivastava and asso-
ciates have experimented with liquid membrane bi-
layers generated by photoactive biological materi-
als,176,177,180,182,184,186 Rastogi and associates?®” made an
in-depth study of chlorophyll pigments incorporated
in cellulose acetate membranes, prepared using evap-
oration techniques. The former group set out to
demonstrate the workability of the liquid membrane
bilayer system as biomembrane mimetic system. Since
light-induced volume flow is mimicked on chloroplast
BLMs, Srivastava and associates tried to demonstrate
that the same can be achieved on liquid membrane
bilayer systems generated by chloroplast extract and
similar materials.

Chloroplast extract is known to be surface active in
nature?® and hence is capable of generating liquid
membranes in accordance with Kesting’s hypothesis.
The liquid membrane bilayers generated by chloroplast
extract did show photoosmosis,176177:18418 j e light-
induced volume flow. The liquid membrane bilayers
generated from hemoglobin which is structurally similar
to chlorophyll—the main light absorbing material in
chloroplast extract—is known to be surface active2%®
and photoconducting.?'%211 This observation coupled
with the data on variation of photoosmotic velocity with
the wave length of exciting light led to the suggestion
that light absorption by porphyrins, which are present
in both chloroplast extract and hemoglobin, may be
responsible for the observed phenomenon of photoos-
mosis. This being so, protoporphyrin, alone, should
not only exhibit photoosmosis but should also reproduce
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Figure 14. The photoosmosis transport cell. The thick lines 7‘

indicate the blackened portions, R, reflector; B, 100-W bulb;
F, optical filters; E; and E;, platinum electrodes; M, the
cellulose acetate microfiltration supporting membrane (Ser-
torius catalog no. 11107).177

the trends in photoosmotic velocity observed in the
case of liquid membrane bilayers generated from
chloroplast extract and from hemoglobin which in turn
should match with the trends reported in the case of
chloroplast BLMs. The liquid membrane bilayers
generated from protoporphyrin!” and also from cyto-
chrome C!¥ showed positive results. Cyanobalamin
whose central structure—the “Corrin” ring system—is
very similar to that of porphyrin also exhibited pho-
toosmosis with trends similar to those observed in case
of chloroplast extract, hemoglobin and protoporphy-
rin 177

The experimental setup used to study the phenom-
enon of photoosmosis is depicted in Figure 14. The
distance between the light source and the cell was kept
fixed. To alter the intensity of the exciting light
different voltages were fed to the light source. Wave-
lengths were varied by interposing suitable optical filters
between the light source and the cell. To measure the
photoosmotic velocity, compartments C and D of the
transport cell (Figure 14) were filled with an aqueous
solution of the photoactive material, e.g. chloroplast
extract at a concentration slightly higher than its CMCs,
along with the desired concentrations of electron donors
in compartment D and electron acceptors in compart-
ment C. Formation of liquid membrane bilayers on
the supporting membrane was demonstrated using
hydraulic permeability data.l’#!75177 The light was
switched on after ensuring that AP = 0, and the
movement of the liquid meniscus in the capillary L,L,
with time was noted. Todemonstrate that the observed
moment of the liquid meniscus in the capillary L.L,
(Figure 14) was due only to the light-induced electrical
potential difference across the membrane and not due
to the thermal gradients produced across the membrane
due to light absorption, it was shown that during
photoosmotic movement if electrodes E, and E; were
short circuited the photoosmotic movement of the
meniscus in the capillary L;L, (Figure 14) stopped
instantaneously and on reopening the short circuit it
recommenced. The fact that the observed movement
cannot be due to thermal effects is also obvious from
another observation. Assoon as the light was switched
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on, instantaneous movement of the liquid in the
capillary L;L, was noticed and as soon as the light was
switched off the flow stopped immediately. Since
establishment and abolition of thermal gradients cannot
be an instantaneous process, the observed light-induced
flow cannot be due to a thermal effect.

A general observation in these experiments was that
the direction of the photoosmotic flow was always from
the illuminated compartment to the dark compartment
which is in agreement with Tien’s observation for
chloroplast BLMs. He explained his results in terms
of semiconductor physics and classical electrokinet-
ics,17212.218 inyoking the production of electrons and
holes on asymmetric illumination of the BLM leading
eventually to a potential difference across the mem-
brane. The light-induced voltage across the BLM was
considered to be the primary driving force in photo-
osmosis,

A similar explanation was put forward in the case of
liquid membrane bilayers to account for the origin of
the effect and the direction of the flow.!”” For example,
the chloroplast liquid membrane bilayer on light
excitation ejects electrons which are captured by
electron acceptors, e.g. Fe3* ions present in the illu-
minated compartment. In these experiments the
illuminated compartment always contained an electron
acceptor and the dark compartment an electron donor.
On reduction of the Fe3* ions by photoelectrons or
hydrated electrons, an electrical double layer is gen-
erated which consists of a layer of anions in the
solution—the mobile phase of the double layer and a
layer of positively charged oxidized chloroplast in the
membrane phase. Since the illuminated compartment
where the electrons are generated due to the action of
light is negative with respect to the dark compartment,
the negatively charged mobile phase of the double layer
moves from the illuminated compartment to the dark
compartment.

The magnitude of the electrical potential difference
developed across the pigmented BLMs when it is
illuminated from one side is known?!2 to be enhanced
in asymmetrical systems, e.g. when different redox
chemicals are present in the two bathing solutions
separated by the pigmented BLM. Since the light-
induced electrical potential difference across the mem-
brane is the primary driving force for the observed
photoosmotic flux, the magnitude of the photoosmotic
velocity should vary with the choice and concentration
of the redox chemicals in the two compartments of the
transport cell. It was observed!””that: (i) The stronger
the electron acceptorisin the illuminated compartment,
the greater the value of the photoosmotic velocity. (ii)
The higher the concentration of the electron acceptor
is in the illuminated compartment, the greater the
magnitude of the photoosmotic velocity. (iii) When an
external electric field was applied across the membrane,
making the illuminated compartment positive with
respect to the dark compartment, the magnitude of the
photoosmotic velocity increased with the increase in
the value of the externally applied voltage.

All these observations are in agreement with those
reported on BLM and do not contradict Tien’s mech-
anism on the basis of semiconductor physics and
classical electrokinetics, although one may have some
reservations about the semiconductor mechanism.
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Figure 15. Model of chlorophyll membranes (a) at high pH
and (b) atlow pH; Chl* is excited chlorophyll, Chl* is positively
charged chlorophyll, PQ is plastoquinone, and PQH, is
plastohydroquinone.20?

In the case of chloroplast BLMs, the open-circuit
photovoltages (E,,) are known to vary with the intensity
(I) of exciting light in the following manner:?1

E,, = ¢logl1 + (I/L)] @7

where ¢ and L are constants for a given chloroplast
BLM at a given temperature. Under conditions of low
intensities, Eop, becomes directly proportional to I as
has indeed been found to be the case for liquid
membrane bilayers.l” One implication of this is that
the photoosmotic velocity should vary both linearly and
proportionally with the intensity of the exciting light
in regions of low intensities. This indeed was found to
be the case.l””

The variation with the wavelength of the exciting
light revealed that the magnitude of the photoosmotic
velocity was at a maximum at 400 nm which is the well-
known Soret band for porphyrins.?214215 Thig obser-
vation suggests that all substances having a porphyrin
ring in their structure should exhibit the phenomenon
of photoosmosis which indeed was found to be the case.

Rastogi and associates?®” have also studied the
phenomenon of photoelectroosmosis through cellulose
acetate membranes impregnated with chlorophyll pig-
ments and other relevant materials, e.g. 8-carotene,
xanthophyll, anthraquinone, benzoquinone, etc., as well
as measured photoinduced potential differences and
currents. The overall trends were consistent with the
trends reported in earlier studies. 1711731761717 In these
studies?’ it was also observed that the direction of flow
was always from the illuminated compartment to the
dark compartment. The major point of difference in
Rastogi et al.’s2®7 report was with respect to the
explanation offered for the origin of the effect and
direction of the flow. An alternative mechanism to
explain their observation®’ involved the pH dependence
of the photoinduced potentials and currents. Unlike
the earlier model, 171173177 Rastogi et al.27 did not
consider the simultaneous generation of an electron
and a hole (pair) necessary. Since they found photo-
potentials and photocurrents to be pH dependent they
envisaged the participation of both electrons and
hydrogen ions in the phenomenon. Their model for
charge separation is schematically depicted in Figure
15. Figure 15a represents the situation when the
membrane is in contact with an alkaline medium while
Figure 15b represents the state of affairs when the
bathing medium is acidic. Plastoquinone shown in the
scheme (Figure 15) is always present in the system as
an impurity.

Rastogi et al.

Photoosmotic studies have also been conducted on
liquid membrane bilayers generated by bacterior-
hodopsin.!® The trends observed were quite similar
to those observed on the chloroplast extract liquid
membrane bilayers.l”” The explanation offered for the
origin of the effect in the case of bacteriorhodopsin was
quite similar to that offered for chloroplast extract
liquid membrane bilayers. One difference was that,
when the bacteriorhodopsin membranes were asym-
metrically illuminated, protons were pumped into the
illuminated compartment, whereas the chloroplast
extract/chlorophyll membranes pumped electrons into
the illuminated compartment.

The phenomenon of photoosmosis is therefore a light-
induced electroosmosis (photoelectroosmosis). The
relevant nonequilibrium thermodynamics are not clear.
Since photopotential differences across the membranes
are proportional to the intensity of the exciting light
and the photoosmotic velocity is proportional to the
intensity of the exciting light one can only say that the
linear law for the photoelectroosmotic velocity is
possibly obeyed. Hence formulating linear phenom-
enological relations for photoelectroosmotic phenom-
ena, investigating their domain of validity, and dem-
onstrating the validity of Onsager’s reciprocal relations
are gaps which need to be filled.

3. Electroosmosis in Plant Physiology

The circulation of fluids in plants is a well-known
thoroughly studied phenomenon. Fensom?2!¢ was the
first to suggest that the circulation may be electroos-
motically driven. The electrical potential differences
required for the purpose are caused by the diffusion of
hydrogen ions which is metabolically regulated. Sub-
sequent studies?'” on sunflowers showed that correla-
tions do exist between transport patterns and biopo-
tential patterns and that the measured changesinliquid
flow may be interpreted in terms of prior electrical
changes. Fensom?8 argued that the production of
continuous potentials across membranes in plant tissues
is due to the circulation of hydrogen ions. Of the three
types of membranes which occur generally in plant cells,
lipoid, protein, and cellulose, a protein-coated grid of
cellulose can be envisaged as surrounding the cells. Such
membranes were suggested as having the right pore
size and properties to allow almost unfettered hydrogen
ion diffusion at the same time as permitting intercell
biopotentials to be built up. Spanner put forward a
theory?!? to account for the translocation of sugars in
sieve tubes in terms of electrokinetic forces developed
in the cytoplasm of the sieve plates. It was suggested
that potassium plays a major role responsible for both
the solution movement and for being the necessary
potential across the sieve plates. A more elaborate
account of the theory based on potassium ions is found
in Spanner’s review.220

Measurements?? on Nitella translucens showed that
there could be an electroosmotic transport of the order
of 100 mol of water per Faraday in the direction of
positive ion flow. This implies that the existence of
water filled charged pores through the plasmalemma
and tonoplast of the Nitella cell. However it was finally
concluded that the pores available for ion movement
are far too few to account for the high water permeability
of the cell membrane, and the possible extra turgor
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pressures which might be produced by electroosmotic
flow could not be more than 10~ atm. Dainty, Croghan,
and Fensom??? used nonequilibrium thermodynamic
expressions of electrokinetic phenomena and concluded
that: (i) the pressure contribution of electroosmosis to
the turgor of Nitella or Chara cells is found to be
negligible, (ii) the power used by an electroosmotic
pump can never be less than that used by a pressure
mechanism, (iii) electroosmosis may account for the
discrepancies between the calculation of membrane
conductance using tracer ion fluxes and those using
applied potential differences, and (iv) the streaming
potential developed by pressure across biological mem-
branes would be too small to detect but in large pores
such as xylem or phloem vessels or in cell walls, small
pressures would result in easily measured potentials.

Fensom et al. have collected evidence to substantiate
their viewpoint on the role of electroosmosis in the
transport of water in plants/turgidity of the cell. An
attempt was made to induce water transport in sections
of roots of lens through the application of electrical
potential differences?? using currents of between 3 and
50 pamp. The efficiency of water transport was found
to be of the order of 20 to 80 water moles per Faraday
in living roots and 4-6 times more in dead roots, the
highest efficiency coinciding with the best conductivity
inthezone of elongation. The electroosmotic transport
coefficient was shown to possess tensorial character
which, in part, appeared to be linked with the asym-
metry of the plant material. From the low magnitudes
of the electrical currents used in the electroosmosis
experiments (<10 pamp) it was concluded that the
phenomenon might persist down to the physiological
level where currents of the order of 10-7 amp cm-2 may
be expected according to bioelectrical measurements
onroots. Forexample, the results of Pilet and Meylan??
for lens, of Scott et al.225 for Viciafaba. Thus, although
Fensom et al.223 could not produce evidence to support
the view that a specialized tissue may be responsible
for conducting appreciable quantities of water elec-
troosmotically, their studies??® did indicate the possi-
bility of small quantities of water and some organic
substances moving around the cells in the living root
under the drive of natural biopotential gradients which
are already known to exist there.

Fensom and Wanless??® have estimated the pore
density in samples of Nitella (both transleucens and
flexiles) using electroosmotic transport data for water
and cations, sodium and potassium. In each species
the electroosmotic efficiency was found to be greater
with Na* ions than with K+ ions. The effect of indol-
3-ylacetic acid (IAA) on the electroosmotic efficiency
was also investigated. IAA in the concentration range
104-10-5 M tended to decrease the electroosmotic
efficiencies while IAA after a 30-min treatment pro-
duced a significant increase in water flow into the
treated end of the living cell. Calculations suggested
that about 108-10° pore sites per cm?2 exist on the surface
membranes for Na* or K* ion transport.

Investigations of the electroosmotic mechanism of
phloem transport using the formalism of nonequilib-
rium thermodynamics have been made by Fensom et
al 227228 and Spanner.2® Two theories of electroosmotic
translocation in phloem have been proposed. These
theories differ primarily in the pathway envisaged for
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the electric current. Fensom?!6218 proposed a contin-
uous circulation of “sap carrying” ions down the entire
length of the phloem tissue or at least down the length
of several sieve tubes. Spanner,?!® on the other hand,
envisaged a microcirculation of “sap carrying” ions in
which theions followed a more or less a circular pathway
between the sieve plates and companion cells which
supply the driving force. The flow dynamics of both
theories has been treated quantitatively using non-
equilibrium thermodynamics.228222 The plausibility of
the electroosmotic theory by Fensom?16:218 rests upon
the magnitude of the cross coefficient measuring of
electroosmotic velocity.

From the nonequilibrium thermodynamic analysis?2®
it appears that a high value of electroosmotic efficiency
could favor the electroosmotic theory because it could
correspond to a high value of the cross coefficient
representing electroosmotic velocity. However, this
may not always be true because, as has been shown by
Tyree and Spanner?® in Nitella cell walls, (J./I)
increases as the saline concentration decreases in spite
of the fact that the cross coefficient representing
electroosmotic velocity decreases because the straight
coefficient representing electrical conductivity decreas-
es much faster. If the electroosmotic mechanism of
the type proposed by Fensom?16.218 jg dominant and if
the distance measured downstream is taken as positive,
then the potential gradient measured in phloem in situ
must be positive. If, however, the pressure flow
mechanism is dominant, then the potential gradient in
situ should be negative. These facts, of course, should
be ascertained by independent observation. It should
be emphasized that in Fensom’s electroosmotic mech-
anism one has to consider current flux, I, down the
entire length of the phloem while in Spanner’s?19:228
electroosmotic mechanism it is postulated that a finite
microcirculation of current can exist while the potential
gradient is negative.

Tyree and Fensom?2 measured the phenomenological
coefficients on cut and uncut phloem and cut xylem
strands of Heracleum mantegazzianum and analyzed
the data using the nonequilibrium thermodynamic
formalism to check if these coefficients are indeed
constant over reasonable ranges of the thermodynamic
forces and also to check the validity of the Onsager’s
relations. They also attempted to measure the potential
gradient on conducting (but laterally detached) phloem
bundles in order to gain insight into the possible
translocation mechanism by following the reasoning
based on nonequilibrium thermodynamics. The au-
thors,228 themselves, point out that their measurements
and data are tentative since the blockage of the sieve
plates is an interfering factor. However, if these are
valid, the conclusion would be that neither a pressure
flow nor an electroosmotic flow mechanism encom-
passing a long distance current pathway can substan-
tially contribute to the transport in mature phloem.
Measurement of biopotentials along conducting, lat-
erally detached phloem bundles of Heracleum suggest,
nevertheless, that there may be a small electroosmotic
component of at least 0.1 mV cm! endogenous in the
phloem.

Spanner??® critically discusses Tyree and Fensom’s
experiments??® in the context of the electroosmotic
theory of phloem transport. He used the phenome-
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nological equations written in the inverted matrix form,
making use of Kedem and Katchalsky’s theory for the
permeability of composite membranes and Spiegler’s
frictional model.62 He claims?20:22® that his theory
“remains almost the only theory offering a plausible
suggestion for the presence of several peculiar features
of the sieve tube, in particular the slime fibrils and the
high concentration of potassium”.

Spanner has also criticized?3!232 the pressure flow
hypothesis on the grounds that there islittle foundation
for the belief that the sieve plate pores in functioning
phloem are open and quite free from obstruction.

On the other hand, Fensom et al. present eviden-
ce221.233-238 which does not corroborate the electroosmotic
theory. They propose a new theory?® in which sucrose
transport occurs in two chief modes—the first is based
on the microperistaltic movement of contractile lipo-
protein which is thought to extend axially through the
sieve tube, the second is a mass flow of the solution
around the contractile microfibrillar material but chiefly
activated by it in addition to a third small surface layer
component of translocation.

Although, the electroosmotic theory of phloem trans-
port remains to be fully clarified it is clear that as
pointed out by Tyree and Fensom,?? non-equilibrium
thermodynamics provides a powerful tool for transport
studies in plant system.

4. Electroosmosis in Animal Physiology

Electroosmosis in the axons of freshly killed squids
has been studied.2*” Nerve axons were tested within 40
min of their removal from the living animal and the
results closely approach measurements in the living
state. Electroosmotic efficiency for water molecules
was measured and the general conclusions/observations
were as follows: (i) the direction of water flow was always
toward the negative electrode, (ii) the flows were
reversible, (iii) a mean of 28 molecules of water per
positive chargeis transported at 21-22 °C (a value which
seems to be appreciably greater than the water of
hydration), (iv) the results indicate that the zeta
potential in the nerve membrane was negative, and (v)
pores do exist in nerve membranes. Experiments
indicate that the electroosmotic efficiency is constant
and the linear formalism of nonequilibrium thermo-
dynamics is applicable.

Measurements of electroosmotic flow through bio-
logical membranes have been made. Electroosmosis
has been considered as being small in biological
membranes. On the other hand, the osmotic pressure
difference has been estimated as playing an important
role in water transport. The streaming potential and
other apparent electrokinetic phenomena were inves-
tigated by Wedner and Diamond,?3 who attributed it
to unstirred layer effects. However, Hill?*® has em-
phasized the theoretical role of electroosmosis in fluid
transport in this epithelial model. There is no exper-
imental support of the model since electroosmotic
measurements are difficult. Miyamoto et al.24¢-2¢2have
measured electroosmotic flow using the oscillation
method. Inarecent experiment by Miyamoto et al.,*3
electroosmotic flow was evoked by an externally applied
oscillating field. It was measured directly using a
photodiode or indirectly using a pressure transducer.
Flow increased in proportion to the amplitude of the

Rastogl et al.

applied rectangular electric potential in the ratios 5.2
nL s!cm2V-1inskin and 11.5 nL s~ cm? V-1 in gastric
mucosa. In a pH 7.4 Ringer solution, skin behaved as
a cation exchange membrane but gastric mucosa
behaved as an anion exchange membrane. The effect
of drugs such as cimetidine and histamine on the
electroosmosis in gastric mucosa was also investigated.
In order to compare the electroosmotic driving force
with the osmotic driving force, the electroosmotic flow
was measured against the finite osmotic flow. The
balanced potentials were —241 mV/200 mosM sucrose
gradient in frog skin and 156 mV/100 mosM sucrose
gradient in gastric mucosa. The most surprising
observation was that the osmotic driving force of
milliosmolar order could be compared with the electric
driving forces of miilivolt order. Thus there is no valid
reason for ignoring electroosmotic effects. The elec-
troosmotic coupling is so large that it cannot be ignored
in discussing the water transport mechanism in epi-
thelia.2*8 Mechanosensitive currents in single neurons
have been reported recently.2#¢ However, it is not clear
whether or not it is in fact a case of the streaming
(electrokinetic) effect.

8. Iontophoresis

We have decided to include this section in view of
the considerable interest in transdermal drug delivery
and the possible relationship with electroosmosis,246-247
The electrical driving of charged molecules into tissues
is related with iontophoresis which has applications in
dentistry, ophthalmology, surgery, and general medi-
cine. There is considerable enhancement of transport
via iontophoresis over that observed in conventional
transdermal or “passive transport” of the same com-
pound.2$249 The iontophoretic transport of a negatively
charged bone resorption agent etidronate disodium
[1-hydroxyethylidenebis(phosphonicacid), EHDP] has
been investigated?® by Kasting et al. Anenhancement
factor of 5070 over passive diffusion was obtained using
a constant current density of 140 uA cm-2 and a factor
of approximately 100 was obtained using a constant
voltage of 0.5 V. Normally itis believed that enhanced
transport is the direct result of the increased driving
force resulting from the action of the electric field on
the ionic solute. However, Gangarosa et al.?1 observed
increased transport of normally neutral species on
application of an electric field. Furthermore, Burnette
et al.%52253 demonstrated enhanced transport of a neutral
thyrotropin releasing hormone and mannitol when
delivered from the anode compartment of the appa-
ratus. Electroosmotic flow was suggested as a possible
mechanism responsible for the transport of neutral
species.

As far as nonequilibrium thermodynamics is con-
cerned there is no inconsistency in the above suggestion.
Macroscopic thermodynamics does not place any re-
striction on the model. However, the hypothesis based
on electrical double-layer theory may require clarifi-
cation about the nature of the double layer. On the
other hand the frictional model, discussed earlier in
this article, could account for the observation. Further
confirmation is obviously necessary.

E. Electrophoretic Effects254-2%¢

Before we close this section on the studies in the linear
region we will describe representative studies on the
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nonequilibrium thermodynamics of electrophoresis and
sedimentation potential. The first and most repre-
sentative studies by Rastogi et al.25¢-25 gre described
below.

Consider a system having a neutral fluid between
two electrodes 1 cm apart. Insoluble solid particles of
a definite size are allowed to fall under gravity in the
medium in a tube of radius . The potential energy is
converted into electrical energy, and a sedimentation
current flows. Alternatively, when an electric field is
applied, particles move giving rise to the phenomenon
of electrophoresis.

For a two-component system, e.g. a neutral fluid and
glass particles, the change in concentration C, of
component k is given by

where p is the density and J; is the mass flow per unit
area. Itisconvenient todefineit withrespectto velocity
of the center of mass V i.e.

Jk = g (Vh - V) 99

where p;, is the density of the component k.
According to deGroot, Overbeek, and Mazur®7 en-
tropy production o is given by the equation

To=) J,°X, (100)
k=1

where the forces X, are given by

X, =¢e,E+g-(v,grad u) (101)

where ¢, is the charge per unit mass of species k, E is
the electric field, g is the gravitational field per unit
mass and y; is the chemical potential of the species k.
In eq 100 J;° are fluxes to a mean volume reference
velocity.l At a constant temperature eq 101 reduces to

X,=eE+g-(v,grad P) (102)

where v}, is the partial specific volume of component k.
Since the total volume flow through a section vanishes

n
Y v de=0 (103)
k=1

Hence for a two-component system
To = J,°{e,E1 - (v,/vy) (e;/ey) + [1 - (v,/v5)18} (104)

The subscript 1 refers to pyrex glass particles and
subscript 2 to the medium. It follows from eq 104 that
for the two fluxes, i.e. electric current density I and
mass flow J, given by the equations

I= €1J1°[1 - (01/02)(82/61)] (105)
J = J,°[1 - (0,/vy)] (106)

the corresponding conjugate forces are E and g,
respectively. Therefore, the linear phenomenological
equations can be written as

J=L,g+L,E (107)
I=L,g+Ly,E (108)

with L3 = Lg; because of Onsager’s relations. From
eqs 107 and 108 it follows that
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Ly = ~(E/8)1aolp (109)
and

Ly = J/E),m (110)

In eqs 107-110, E = (A¢/l) where A¢ is the electrical
potential difference and [ is the distance between the
two electrodes. The coefficient Ly, is related to the
conduction and hence Ls; can be estimated from the
measured values of sedimentation potential. To esti-
mate L; one can measure J using the following equation

d=m[l- (Pg/Pl)]ve (111)

where m is the mass per unit volume of the particles
suspended between the two electrodes and V, is the
electrophoretic velocity (cm s™1). If r is the radius of
the particles, n the number of particles suspended
between the two electrodes, and v the volume, m would
be equal to 4/3nxr3(1/V) provided the particles are
assumed to be spheres. Since m and V, can be known
experimentally L5 can be estimated.

Expressions for electrophoretic velocity V, and for
the sedimentation potential E, as obtained from the
classical theory based on the electrical double layer2?5®
are written as

V. = (lE)/ (4mn) (112)
and

E = [(e)/@mnN]1(/V) ¢/ar(o, - p)g (113)

where 7 is the viscosity of the medium, ¢ is its dielectric
constant, {is the zeta potential of the interface, and A
is the specific conductivity. From eqs 109-113, it follows
that25

Ly, = Ly, = [(et)/(4rm)1(n/ V) (*/ ) mr3p, [1 - (pz/pl)(lm)

showing that the classical theory is consistent with the
nonequilibrium thermodynamic theory.

Rastogi et al.254%55 have provided an experimental
proof of Onsager’s relations by measuring the sedi-
mentation potential and electrophoretic velocity. They
experimented?54265 with Pyrex—water, Pyrex—acetone,
and quartz—water systems. Since the experimental
assembly and the procedures were ingeniously designed,
they merit description.

The experiments, as the theory requires, must be
carried out on particles of same shape and size. Particles
of different size were obtained by grinding Pyrex/quartz
and passing through sieves of different mesh. These
particles were then allowed to fall through a water
column and those sedimenting at different time in-
tervals were collected. The sedimentation column, the
optical assembly, and the amplification unit used in
the measurements are shown in Figures 16-18. Inorder
to measure the sedimentation potential, the particles
were allowed to fall freely in the medium, the total
time t; taken by the weighed amount w of the particles
to flow from a particular point was noted using a
stopwatch. Since glass/quartz particles were not vis-
ually observable, their movement was noted by using
an optical assembly. A beam of light was allowed to
fall horizontally on the vertical sedimentation column
and also on the photocell which recorded the intensity
of light (Figure 17). A deflection in the galvanometer
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Figure 16. Sedimentation column. A, B, 1, 2, 3, and 4 are
ground-glass standard joints.25
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Figure 17. Assembly for the measurement of sedimentation
potential and sedimentationrate. S; and S, are light sources;
L; and L,, double convex lenses; P, and P3, photocells; and
G; and Gy, scalamp galvanometers,25

was observed when the particles passed through the
region. In this manner time ¢; was measured. The
quantity w/t; gave the rate of flow of the particles in
grams per second. Ift;isthetimetaken by the particles
to traverse the distance between two electrodes the
amount of particles suspended between them would be
(wta/ty).

The two electrodes, lower and upper, were connected
tothe potentiometer circuit. The particles were allowed
to fall in the medium. The sedimentation potential
developed immediately as the particles reached the
lower electrodes, which was measured using the po-
tentiometer with amplification units (Figure 18). The
asymmetry potentials of the electrodes were taken into
account while measuring the sedimentation potential.

Rastogi et al.
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Figure 18. Circuit diagram for amplification of sedimen-
tation current. G B is the grid battery; G, galvanometer; R,
input resistance, R,, variable impedance; P, potentiometer;
and A-F are terminals of key.?%

Table X. Test of Onsager’s Relations (Temperature 35
OC)

Loy % 1018 Ly X 1013
run number (Agcmlerg?) (Agcmterg?)
1 2.9 2.66
2 2.9 2.62
3 3.1 2.80
4 3.1 2.58
5 2.9 2.82
6 2.7 2.56
7 2.7 2.70

¢ Taken from ref 254 (from the data on electrophoretic velocity
and sedimentation potential on Pyrex~water system).

Table XI. Validity of Onsager’s Reciprocal Relation*

tempera- Ly x 1018 Ly % 1018
system ture (°C) (Agemlerg!) (Agcemlerg?)
Pyrex—acetone 30 1.16 £ 0.03 0.981 % 0.02
35 1.32 £ 0.03 1.15 # 0.02
quartz-water 35 2,26 % 0.02 1.96 £ 0.05

¢ Taken from ref 255 (from the data on electrophoretic velocity
and sedimentation potential on quartz-water system).

To measure the electrophoretic velocity a fine suspen-
sion of particles (Pyrex/quartz) of known weight was
prepared. The apparatus was half filled with this
suspension. The medium was slowly added until its
level was above the upper electrode. Great care was
taken to avoid disturbances in the liquid column during
addition of the medium to ensure the formation of a
sharp boundary. The two electrodes were connected
to an electronically operated stabilized dc power supply
and movement of the boundary in the vertical sedi-
mentation column was noted with time.

The coefficient Lo, was estimated from the specific
conductance values of the medium. The coefficient
L,; was estimated using eq 109. In the estimation of
Lg; the value of g was calculated using the formula

g =980.616 — 2.5928 cos 2¢ +
- 0.0069 cos? 2¢ ~ 0.7086h (115)

where ¢ is the latitude in degree and h is the altitude
in kilometers. The coefficients L2 and L;; were
estimated from the straight line plot of J against E the
slope gave the value of L;; and the intercept gave the
value of Ly,g in accordance with eq 107.

Values of the cross coefficients as estimated from
their experiments and recorded in Tables X and XI
show that Onsager’s relations are more or less obeyed.
Equation 107 transformed using eq 111, i.e.
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L L
.= 12 é_‘e+ 11 g (116)
m(1-pylp) 1 m(l-py/py)

was tested by plotting V. against Ag. For all three
systems studied, Pyrex—water, Pyrex-acetone, and
quartz—water, straight lines were obtained?%%%¢ showing
the validity of the linear phenomenological equation.
They also attempted to explore the domain of validity
of linear laws in their systems. For example, in the
case of the Pyrex—water system it was shown that L,
remains constant at least up to A¢ = 150 V. The
temperature dependence of the cross coefficients was
alsostudied. It was found that an equation of the type

Ly=a+bT+cT%+.. (117)

where a, b, ¢, etc. are constants, represents the data on
temperature variation. The reliability of their data25525
was tested by comparing the values of zeta potentials
estimated using their data with those reported by other
workers.

We close this section on the linear region with these
studies on electrophoresis, which are probably the only
ones from the nonequilibrium thermodynamic point of
view, and pass on to the nonlinear region. Electro-
phoretic studies in the nonlinear region will also be
included in this section.

IV. Nonlinear Reglon Studies

A. Nonlinear Flux Equations

The domain of validity of the Gibb’s equation is larger
than those of the linear laws and Onsager’s relations.
Hence, within the extended domain, the fluxes would
be a function of appropriate forces as chosen for linear
laws. Inview of this it is possible to extend the domain
of validity of nonequilibrium thermodynamics by
considering nonlinear phenomenological relations be-
tween fluxes and forces. From this point of view the
major points of investigation, therefore, have been to
discover (i) what exactly is the form of the phenom-
enological relations between fluxes and forces, (i) what
symmetry relations are obeyed by the phenomenological
coefficients, and (iii) what is the origin of nonlinearity.

Nonlinearity in the near-equilibrium region may be
of three types: (i) The linear laws may not be valid just
beyond equilibrium. The typical examples are the soil-
water system (bentonite water system) where even
Darcy’s law does not hold. (ii) Local nonlinearity, e.g.
in the case of the Wien effect observed in the case of
nonelectrolytes, where the Ohm’s law is not obeyed or
the case of chemical reactions where the linear law holds
only asymptotically. (iii) Global nonlinearity may arise
from the local phenomenological coefficients through
the medium. In this section we are concerned mainly
with global nonlinearity.

The first attempt to suggest the form of nonlinear
phenomenological relations in the case of electroosmotic
effects was made by Rastogi and Srivastava.?® It was
suggested that the nonlinearity may arise in the first
instance due to nonconstancy of the cross coefficients.
It was, intuitively suggested that nonlinear phenom-
enological equations for electroosmotic effects should
be written as

J=L,AP + Lj,Ap + a(Ap)® + ... (118)
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I1=L, AP+ LyAp+ B(AP* +...  (119)

where «, 3, etc. are constants.

L;%® using Taylor’s expansion of flows around
equilibrium, suggested that any flow J; can be expressed
as afunction of the forces X;, X, ... etc., in the following
manner:

J;=L;X;+Y,) L, X; X, +.. (120
I
where L;; and L;;, are the derivatives of various orders
of J; given by

L —(aJ") L —( &, ) 121
im\ax,), “wT\axpx), O
where the subscript o represents the value of the

derivative at equilibrium. It was shown that both
Onsager’s and the following symmetry relations
Ly=L; Ly =Ljy=Ly
L = Lijn = Lygjy = L (122)
should follow as a mathematical consequence.

The equalities eq 122 would only be valid provided
the flux equations can be expressed as a Taylor series
and the coefficients are the limiting derivatives for
equilibrium. In fact the phenomenological flux equa-
tions have to be experimentally ascertained. Even if
the flux equation is represented by a truncated power
series in forces the equalities of eq 122 may not be true
if the coefficients are not the corresponding derivatives
at equilibrium. If XdJ; dX; is a total differential, then
the above equalities (eq 122) can be deduced. No
physical justification can easily be given except for
Onsager’s symmetry. Broadlyspeaking we can express
local flows J; as a function of local forces X;, X, ...,
intensive parameters, T, P, C, and the structure factor
G as follows

J, = (X, X, s T, P, C, G) (123)

In the case of electrokinetic phenomena, G will be a
function of the length and diameter of the capillaries
constituting the membrane. For the flow of an electric
current through a solution of electrolyte, G depends on
the frequency of the alternating potential. The con-
ductance does not depend on the frequency as long as
the frequency is less than 1/6, where 0 is the relaxation
time. For the sedimentation rate and electrophoretic
velocity, G depends on the size of the particles. Itshould
be noted that, when intensive parameters are main-
tained constant, the structure factor is kept fixed, and
J; are expanded?® in the form of a Taylor’s series with
the equilibrium as reference point denoted by the
subscript o, we get eq 120.

It was suggested that phenomenological equations
for an electroosmometric situation would be

3, = Ly j(AP/T) + Liy(A¢/ T) + Y/ ,L,;, (AP/ T)? +
L, 15(APAQ/T® + /,L 150(Ae/ T)? + ... (124)
I =Ly (AP/T) + Lyy(A@/ T) + Y/ 3Ly (AP/TY? +
Ly1o(APAQ/T® + /Logs(Ae/ T)? + ... (125)

The nonlinear phenomenological eqs 124 and 125 have
been subjected to extensive experimental examination
by Rastogi and his group. The first study, was
conducted by Rastogi and Jha?®! on the electroosmosis
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Table XII. The Values of Phenomenological Coefficients*°
mem- (Lu/T') X 106 (Lu/ﬂ X 104 (Lzl/n X 104 b (lez/p) x 108

Lo/ T x 1010 (Ly11/ T®) X 104 (Ln12o/ T®) X 1012

branes (cm®dyn's?!) (cm®slV-l) (cmds!V-1) (cm3s1V?) (cmbsldyn!V-) (cm’s!dyn2V-1) (cmbs!dyn!V-2)
I 0.96 1.13 1.10 6.60 -20.2 3.64 2.12
11 1.27 0.94 0.92 10.60 ~19.1 3.26 2.28
111 0.92 0.72 0.70 9.60 -17.7 2.80 3.00
v 1.10 1.07 1.03 10.70 -13.1 0.70 6.68
\Y 1.06 0.97 0.98 12.00 -12.1 1.40 9.96

¢ For membranes I-III, values of phenomenological coefficients are calculated from J.t. measurements, and for membranes IV and
V, values of phenomenological coefficients are calculated from electroosmotic pressure measurements. ® Estimated from streaming

potential measurements. ¢ Taken from ref 56 (from the data on Pyrex sinter membrane/acetone system).

of acetone through Pyrex sinter membranes. They
tested the domain of validity of the nonlinear phe-
nomenological equations and estimated the value of
the second-order coefficients. When Ap =0, J,isgiven
by

() apmo = L1y (AP/T) + /oLy (AP/ T + ... (126)
and when AP =0
(Jv)Ap=o = ng(A(P/T') + 1/2L122(A¢/ﬂ2 +.. 127

Thus from eqs 124, 126, and 127 one can write

T otar = (F) apao + T ppmo + L11n(APAG/T?)  (128)
Similarly for electroosmotic pressure difference one can
write from eq 124.

AP
(Aqo)

Ly Lyy AP L ap L111(AP) (129)
L, 2L, T 2L, T 2L11TA

Similar information can be obtained from the mea-
surement of the streaming potential and current:

Ay
(AP)I=0
Ly Lyy AP Ly, Ag

Ly, (Aqo)

_Ca_ T AU Te120¢ 22 .. (130)
Ly 2Ly T Ly T 3L, TAP ©
and
L L
/APy = 7+ 1,25 L+

When second-order terms are negligible, eqs 130 and
131 reduce to

Agy  __Lan
I _ Ly
(&B)aveo = T (133)

The mathematical stratagem as given by eqs 126-133
was utilized by Rastogi and Jha?6! to evaluate the first-
and second-order phenomenological coefficients in an
acetone/Pyrex sinter G4 membrane system. The sec-
ond-order coefficient L;;; was evaluated using eqs 128
and 129. It was found that the range of validity of
Poiseuille’s law was so large that the coefficient L;y;
was zero. It was also discovered that up to Ay = 440
V the coefficient (Lio/T?) was 0. Imposing these
conditions and using eqs 128 and 129, (Ly15/T?) was
evaluated. The streaming potential measurement
showed that up to AP = 100 cm of acetone no

Table XIII. Phenomenological Coefficients from
Streaming Current and Streaming Potential Data
(Zeokarb 225 (Na+* Form) Membrane/Aqueous Methanol
Systems)*

mole Lay/TYy X (Le/T) X (Ln/TH X Logyo/ T?
fraction 108 (cm3 108 10 (cmbs!  (cmdst
of water sl V-1 (ohm™?) dyn-1V-1) V-

0.00 6.20° 1.20° 0b

6.30¢ 0.105¢ 1.26° 0

0.60 0.60° 1.60° ob

0.64° 0.160¢ 1.92¢ 0

1.00 4.60° ~0.60 ot

4.68¢ 0.260¢ -0.52 0°

3 Taken from ref 263.° Streaming current. ¢ Streaming
potential.

nonlinearity arose. The values of the coefficients L;,
and L,; were found to be equal, confirming Onsager’s
relations. The nonlinear phenomenological equations
were also tested by comparing the experimentally
determined values of (J)ota With those computed with
the use of eq 128, utilizing the experimentally deter-
mined values of (J;)ap=¢ and (Jv)a=0. Rastogi, Singh,
and Srivastava®® further refined their experiments on
the electroosmosis of acetone through a Pyrex sinter
G4 membrane and tested the precision of the expansion
given by eq 120. Data on electroosmotic flow (Jy)ap=0
was shown to be represented by eq 127. The total flow
J, was however represented by the equation

AP A APA Apy2
J,=L= T + L= 7? +Lyy—7p T2 £+ 1/2L122(Tv) +
(AP)2A AP(Ap)?
1/2I’1112 ,Pg ‘P 1/2L1122 T3¢ (134)

The various phenomenological coefficients occurring
inthese equations were also evaluated. From streaming
potential data for which the linear terms in eq 125 were
found to be a good enough representation (up to AP =
100 cm of acetone), the value of the coefficient Ly, was
estimated. From the coefficient values given in Table
XII, the validity of Onsager’s relations is obvious.
Rastogi et al.?6? extended their studies to the elec-
troosmosis of methanol through a porous plug made of
compressed quartz powder. They examined the validity
of the truncated form of the Li's equation in the
nonlinear region. These authors also provided a more
thorough test of second-order symmetry relations
through their data on electroosmosis, streaming po-
tential, and current on Zeokarb 225 (Na* form) mem-
brane/methanol or membrane/methanol-water mixture
systems.?83 It was found that Lijp # Lgj; and Lygy #
Loy as Tables XIIT and XIV show Onsager’s symmetry
is, however, obeyed. Therecent data by Shuklaet al. 264
also shows that second-order symmetries do not hold.
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Table XIV. Transport Coefficients Obtained from Electroosmotic Data (Zeokarb 225 (Na* Form) Membrane/Aqueous
Methanol Solution)*

mole fraction (Lu/T’) x 107 (L]_?/D X 108 (1/2 leyfp) X 108 (Luz/Tz) X 109 (Lnlz/Ta) X 1018 (Lun/Ts) X 1011
of water (cmbsldynl) (cm3slV-Y) (cm3 5! V-2) (cmSs-1dyn1V-) (cm?sldyn2V-l) (cmbs!dyn! V-?)
0.00 2.80 6.20 -0.80 0.26 -0.17 0.52
0.60 0.44 0.62 0.33 -0.05 0.05 ~0.04
1.00 0.28 4.30 0.00 0.00 0.00 0.04

¢ Taken from ref 263.

Table XV. Phenomenological Coefficients for Isotropic Membrane (Pyrex) (Temperature 35 £ 0.01 °C)

direction of flow direction of flow

mem-  (Ly/T) X105 (Lgy/T) X 105 (Lyao/T?) X 108 (Lay/Lyp) X107 (Lig/T) X 105 (Lyy/T) X 105 (L1sa/T?) X 108 (Lyy/Lg) X 107
liquid brane (cmisl1V-1) (cm3s!V-1) (cm3s1V-2) (cmds-lohm!) (ecm3slV-1) (cm3slV-l) (cmd®s1V-2)  (cm?s!ohm-1)

acetone I 9.5 9.0 6.6 9.0 9.1 5.5
I 94 9.1 5.7 8.9 8.8 5.4
I 7.7 7.8 8.3 154 7.4 8.2 6.2 14.6
methanol IV 3.8 4.0 2.7 4.1 4.2 2.7
\Y% 4.0 3.4 2.7 24 3.8 3.3 3.0 2.5
Vi 5.3 5.2 3.9 5.1 5.5 4.3
ethyl Vil 24 2.4 1.3 6.2 2.4 2.6 14 6.4
methyl VIII 2.6 2.8 14 8.4 2.6 2.6 14 8.1
ketone

¢ Taken from ref 265.

Table XVI. Phenomenological Coefficients for Anisotropic Membrane (Quartz) (Temperature 40 = 0.01 °C)
direction of flow o
mem- (Lig/D) X108 (Lyy/T) X 105 (Lysg/T?) X 108 (Lyy/Lop) X 107 (Lig/T) X 105 (Ly/T) X 105 (Lyag/T?) X 108 (Lgy/Log) X 107

direction of flow

liquid brane (cmds1V-1) (cm3s1V-1) (ecmis1V-?) (cmPs!ohm-!) (cm3stV-1) (cm?s?!V-1) (cmd¥s-1V-2)  (cmds!ohm-1)
ethyl I 0.61 0.64 1.83 1.30 0.79 0.83 1.81 1.49
methyl II 0.72 0.68 0.76 0.80
ketone III 0.74 0.70 0.82 0.84
v 0.64 0.61 0.70 0.72
acetone v 1.06 1.12 0.91 1.36 142
VI 1.04 1.08 2.90 1.28 1.34 2.87
VII 1.05 1.10 1.32 1.38
methanol VIII 1.63 1.70 1.77 0.70 1.84 1.96 1.80 0.83
X 1.66 1.72 1.87 1.92
X 1.66 1.68 1.86 1.94

% Taken from ref 265.

It has to be noted that there is no justification from the
theoretical viewpoint based on physical consideration
for second-order and higher symmetries.

Studies on the directional characteristics of elec-
troosmotic transport?®in a Pyrex and quartzmembrane
are quite interesting since membranes in living systems
are usually anisotropic. The concept of the vectorial
character of phenomenological coefficients is contained
in the well-known Curie-Prigogine principle!16:266
which has important biological implications in the
context of active transport and leads to the generali-
zation that living membranes of necessity, have to be
anisotropic membranes. Sinced,I(A¢/T),and (AP/T)
are vectors, the higher coefficients are of different ranks.

The directional characteristics of the electroosmotic
transport of acetone, methanol, and ethyl methyl ketone
through both quartz and Pyrex membranes were
investigated.?85 The former membrane was found to
be anisotropic, whereas the latter was found to behave
as an isotropic membrane. The magnitude of solvo-
dynamic flow through both membranes, Pyrex sinter
G-4 and quartz plug, was found to be independent of
the direction of flow and proportional to the pressure
difference showing that the coefficient L;; is scalar.

The electroosmotic data were shown to be represented
by the equation

—_ — — \2
J,=Ly (AT‘p) + 5L (AT“’) (135)

The data on streaming potential and current was shown
to be adequately represented by the linear phenome-
nological relation (eq 28) for I. It is clear that the
second-order symmetry is not obeyed, i.e. Lg;; # Lijs.
The experimentally determined values of the phenom-
enological coefficients for both Pyrex and quartz
membrane are reproduced in Tables XV and XVI. The
invariance of the phenomenological coefficient with the
direction of flow in the case of Pyrex membrane
demonstrates its isotropic character. However, for
quartz membranes the values of the coefficients Lo/ T
and Lg,/ T differ appreciably on reversal of the direction
of flow although, for the same direction of flow,
Onsager’s relations remain valid. The coefficient Lo/
T? remains unaltered even on reversing the direction
of flow. A summary of the qualitative results is given
in Table XVII. The membranes have a three-dimen-
sional network of capillaries and the flows J, or I normal
to a particular plane would be made up of relative
contributions along the three axes. In real anisotropic
media each spatial component of Ag and each spatial
component of AP would couple to produce each spatial
component of J, and each spatial component of I. This
would result in a common second-order tensor repre-
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Table XVII. Directional Dependence of
Phenomenological Coefficients*

quartz plug Pyrex sinter
L™ Ly Ly = Lu
Z;l e 5;1 Ij;x = i;l
_1_4;;2 =<_L<;2 _{‘;2 iL:;z
=Ly In=La
Ly Ly Ly, Lzz

¢ Taken from ref 265.

sented by 6 X 6 numbers (phenomenological coeffi-
cients) in a given coordinate system. In physical terms,
the difference may arise because in a solvodynamic flow
the radial velocity gradient is maximum in the central
region of the capillary, whereas in electroosmosis and
streaming current, the flow is initiated at the walls of
the capillary. Naturally the surface characteristics of
the capillary at the entrance and exit would affect the
electroosmotic flow rather than the solvodynamic flow.

Rastogi et al.2%5 have tried to suggest the reason for
asymmetric behavior in the case of a quartz membrane.
The asymmetry in the behavior of electroosmosis and
streaming current has to arise on account of the
difference in molecular character of the surface at the
entrance and at the exit sides of the capillary. Quartz,
a polymeric form of SiO,, is known to have a three-
dimensional network in which every oxygen atom is
common to two tetrahedral (SiO,) groups. The struc-
ture is largely based on the formation of large anions
arranged about small cations. Theregular arrangement
is distorted to some extent so that spirals of -O-Si-O-
Si- chain lie around the trigonal screw axis of symmetry.
Such a structure cannot lead to asymmetry. The
asymmetry of the quartz membrane might, in their
opinion, be due to the nonuniform coating of araldite
on the quartz particles. Araldite was used for fixing up
the quartz membrane and contains an epoxy resin2’
with the group

e

Because of the negative charge on the oxygen atom
the character of the surface would be similar to quartz
although the potential may not be the same at all the
points in the quartz membrane. Theisotropiccharacter
of the Pyrex sinter is to be expected in view of the
absence of symmetry in the atomic network® which
will be statistically the same in all directions. However,
the random network theory has been questioned by
later workers who believe that Pyrex glasses are
inhomogeneous systems comprising both ordered, crys-
tallite and disordered, vitreous zones.

B. Ion-Exchange Membranes

Electrokinetic studies on highly charged membranes
have proven quite revealing. Lakshminarayaniah et
al 269,270 gnd Tombalakian et al.2’! have examined the
dependence of the transport numbers of water in
aqueous solutions on current density using ion-exchange

Rastogi et al.
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Figure 19. Dependence of electroosmotic flux J on potential
difference A¢ in case of a water—-methanol/Zeokarb 226
system: (@) 0% water; (©) 10% water; (®) 20% water; and
(0©) 30% water. A positive J,indicates flow from the positive
electrode. A negative J, indicates flow from the negative
electrode.2"2
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Figure 20. Dependence of electrophoretic velocity V, on
potential difference A¢ for water-methanol/Zeokarb 226
system: (©) 5% water; (©) 10% water; (®) 20% water; (®)
30% water. A positive V,indicates migration of the particles
toward the negative electrode. A negative V, indicates
migration of the particles toward the positive electrode.?’2

membranes. The electrokinetic ion-exchange studies
from the viewpoint of nonequilibrium thermodynamics
are from Rastogi and his group. These authors?? have
studied the electroosmosis of ethanol, methanol, and
their mixtures with water through the porous plugs
made from Zeokarb 226. They also conducted elec-
trophoretic velocity measurements on suspensions of
the ion exchanger in water, methanol, ethanol, and their
mixtures. The electroosmotic flux and electroosmotic
pressure were found to vary with the electrical potential
difference in a nonlinear manner. The sign of these
effects was found to depend on the composition of the
mixture. Reversal of the direction and nonlinearity
were also observed for the electrophoretic velocity. For
10% aqueous methanol and aqueous ethanol, the
electroosmotic flux changed its sign beyond A¢ = 300
and 200 V, respectively. Two typical results showing
sign reversal and nonlinearity are reproduced in Figures
19 and 20.

For the electroosmotic flux and electrophoretic
velocity V,, the following equations were shown to
adequately represent the data:

J, = Liy(Ae/T) + /oL 1p(Ae/T)?  (136)
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- |CHz0H,* =
~ | CH30Hz" Mk B CHgD
- + -
CHaOHz CH 30 - CHaoH;
- [ cHz0H,* CH30
- | CHaOHg*
- CH%‘P
= | CHaOHo*
Figure 21. Double layer at a cation exchanger-methanol
interface.

V, = L,A¢ + /oL 50(A¢)* (137

The transport phenomena at Ay, at which sign reversal
takes place, merits a deeper investigation. Amongother
things it is likely that a separation of components of
the mixture might be taking place.

Hadermann et al.?”® have investigated electroosmosis
in the y-alumina-2-propanol system. They suspected
that the nonlinearity in this case may arise due to a
dissociation field effect.?’¢ By using Onsager’s theory,2™
a linear dependence of electroosmotic pressure differ-
ence (AP/Ag)g,=0, on Ag is predicted which of course
was not observed by Rastogi et al.?2

Althoughsimilar nonlinear relations, eqs 136 and 137,
represent the data on electroosmotic and electrophoretic
velocities, no correlation between Lz and L;, could be
discovered.?’? However, it follows that the nonlinear
terms in the transport equation do not arise as a result
of hydrodynamic factors. This is evident because no
sign reversal for aqueous methanol or ethanol was
observed for unchanged membranes.?’”? The nonlinear
terms may be due to a change in the double-layer
characteristic (Figure 21) at high values of A¢ in the
case of highly charged membranes remembering that
the autoprotolysis equilibria involving the hydroxyl
protons of the alcohol.

Rastogi et al.?’® have also studied the streaming
potentials developed during the streaming of methanol,
water, and methanol-water mixtures through porous
plugs prepared by the mechanical compression of
Zeokarb 225. The resin used was in various forms, e.g.
H*, Na*, Ba2?*, and AI¥*. The streaming potential
changed its sign at AP > 30 cm of the liquid column.
Multiple sign reversals were observed in ion exchangers
of different forms, e.g. Ba?*. A few typical results are
shown in Figures 22 and 23. To check the internal
consistency of the data, corresponding electroosmotic
experiments were also conducted and the validity of
Onsager’srelations demonstrated. The trends observed
(e.g. Figures 22 and 23) are well reproduced. There are
difficulties in explaining the multiple sign reversal in
terms of the existence of multiple steady state related
to the exotic phenomena in far from equilibrium
situations because the values of AP at which multiple
sign reversal occurs is not high enough. These may be
connected with the slow-release kinetics of doubly or
triply charged cations bound to fixed negative charges
on the ion exchanger as was observed recently in the
case of cellulose acetate membranes.!?¢ (We thank one
of the referees for drawing our attention to this point.)
However, it has to be noted that multiple charge
reversals are observed both in the case of doubly charged
cations and monovalent cations.

Rastogi and Shabad?™ attempted to decipher the
nature of the second-order phenomenological coefficient
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Figure 22. Dependence of streaming potential (A¢) on
pressure difference (AP) for Zeokarb 225 (H* form)/methanol-
water system at different mole fractions of water: (®) 0.00
mol fraction of water; (X) 0.20 mol fraction of water; (a) 0.40
mol fraction of water; (@) 0.6 mol fraction of water; (®) 0.8
mol fraction of water; (A) 0.95 mol fraction of water; (W) 1.0
mol fraction of water.2
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Figure 23. Dependence of streaming potential (A¢) on
pressure difference (AP) for Zeokarb 225 (Ba?* form)/
methanol-water system at different mole fractions of water:
(0) 0.00 mol fraction of water; (X) 0.20 mol fraction of water;
(A) 0.40 mol fraction of water; (@) 0.6 mol fraction of water;
(®) 0.8 mol fraction of water; (A) 0.95 mol fraction of water;
(m) 1.00 mol fraction of water.278

Liss occurring in the nonlinear electroosmotic transport
(eq 136). By using double-layer model and the dipole
moment vector associated with the permeant molecules,
the vectorial character by the second-order phenom-
enological coefficient L;,; in eq 136 was examined. The
analysis was along the following lines:



1978 Chemical Reviews, 1993, Vol. 93, No. 8

Diffuse part
Fixed OH.P

Figure 24. Structure of electrical double layer for the Zeokarb
226 (Ht* form)/water system.2”?

Consider that a membrane whose surface has a fixed
negative charge is in contact with a dipolar permeant,
say water. The solvent dipoles in the neighborhood of
the interface are largely oriented, i.e. dielectric satu-
ration occurs.?® The electrical double layer may
appropriately be represented as in Figure 24. Let the
charge density of the solid be oo and oy and o, the
corresponding values on the solution side of the fixed
and diffused layers, respectively. Foramembrane water
system (Figure 24) “+” denotes a hydronium ion. The
circles in Figure 24 denote dipolar molecules and the
arrows indicate the direction of the dipole vector.
Dipoles of the type ! are called “flip up” and those of
the type | are called “flop down” dipoles.28! Obviously
the effective zeta potential {.¢ will be composed of the
charge contribution potential Ay and the dipolar
potential Ax so that

{.¢ = Ay (charge contribution) +
Ax (dipolar contribution) (138)

The potential at point P due to a dipole AB will be
given by?82

A

+
A—p =8

H

wF _pcosh
drer® 4dmer’
where 6 is the angle between the radius vector and the
dipole moment vector, u is the dipole moment, and

is the dielectric constant of the medium. The potential
difference in the dipole layer is given by

Ax =x(h + xh) (140)

where x(1) is the dipole potential due to the flip-up
dipole and x(}) is potential due to the flop-down dipole.
Since cos 6 = 1 in the vicinity of the interface it follows
from eq 139 that

(139)

Ax = ulN (141)

drer?

where N is defined by

Rastogi et al.

N=N®"-N{) (142)

In eq. (142) N(?) is the number of flip-up dipoles per
unit area and N({) is the number flop-down dipoles per
unit area on the interface. N(}) and N(|) are given by
the equations,?28!

N(T) = Nu(e-AG’c(T)/RT)e-x (143)
N(l) = Nll(e—Acoc(‘)/RT)e—x (144)

where Ny, are the number of free sites per unit area of

the interface and AG®.(}) and A°.(}) are the standard

free energy change associated with the adsorption of

;Jvater in the flip-up and flop-down states, and x is given
y

- -

_ #X e
x —ﬁ—ﬁ(ﬂm-ﬁ(l)) (145)

where U is the interaction energy between dipoles, X
is the electric field strength, ¢ is the number of dipoles
which interact with a particular dipole, and k is the
Boltzmann constant. It should be noted that all the ¢
dipoles do not have the same orientation. The fractions
6(}) of flip-up and 8(}) of flop-down dipoles are given
as follows

N
0 — —
M Ny
and
N
6(3) = —— 146

where Nris the total number of dipoles on the interface
including flip-up and flop-down states at the charge
concerned. We know that

N(h-NQ) _

Ny tanh x (147)
and
tanhx= &% =4 (148)
e+ e
when x << 1. In such a situation
NH-N{)=Nx (149)

Combining eqs 141 and 149 one can write

_“NT[;"X Ue , Uch
A=\ %7 kT RT

Since the interaction energy between the flip-up dipoles
is u-X and that between the flop-down dipoles is —u-X
we have

(150)

uNyp [E_X wXeco(t) pico(l)

M= rlwr e R 4 08D
or
HNT [;"X(l -¢)
Ax = 152
X= et KT (152

because 0(}) + 8(}) = 1. In view of eq 152, eq 138 can
be rewritten as
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NpppX(1-c¢)

dner® kT

Thus it can be seen that the resultant field in the double
layer will be due to charges in the double layer and
dipoles absorbed at the interface. Equation 145 des-
cribes a Hamiltonian based on a two-dimensional Ising-
type model with a two-state Langevin dipole—field
interaction. Inorder to avoid inconsistent results from
eq 153 in thelimit when ¢ = 1, it could be better replaced
by a mean field treatment.?8® (Thanks are due to one
of the referees for drawing our attention to this point.)
Considering the y component of the resultant electric
field the Poisson equation can be written as

dE, _ 4mp

dy €
where E, is the y component of the resultant electric
field and p is charge density. Equation 154 can be
rewritten as

St =AY + (153)

(154)

d'e _ _4mp

dy? €
where & is the potential in the double layer. When the
electric field X is applied, electroosmosis ensues and

the electrical force is balanced by the viscous force in
the stationary state. Thus

(155)

. d%
Xepdy =n1—; dy (156)
dy

where D is the electroosmotic velocity and » is the
viscosity of the medium. Inserting eq 155 into eq 156
and integrating the resulting equation between y = a
and y = distance of the slipping plane, one obtains

b= mgeff (1587)
Hence the volume flow per second through a capillary
of radius a and length ! is given by

J, = ra’ (158)
8o that
a?eX
J, =5 e (159)

substituting the values of {.¢, from eq 153 into eq 159
and rearranging the terms one can write

2 - aNop(l - o)p (XX
J, = [a_f_AJk] X+ [ L - )"]( > (160
4n 167nr° k T
Comparison of eq 160 with eq 136 justifies the vectorial
character of the coefficient Lis.

In the light of their theory, based on the realistic
double-layer model (Figure 24), Rastogi and Shabad?™
have attempted to rationalize the phenomenon of sign
reversal observed in the case of the electroosmosis of
a methanol-water mixture and an ethanol-water mix-
ture through Zeokarb 226 membranes. For example,
in the case of the methanol-water mixture, the double
layer picture shown in Figure 24 will remain unchanged
except that there will be oriented dipoles of both
permeants in the flip-up and flop-down position. In
this case, in Figure 24 the encircled plus sign would
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continue to denote the hydronium ion but the encircled
negative ions would denote methoxide ions. In the
system containing aqueous methanol, two possibilities
exist: (i) both water and methanol dipoles are adsorbed
or (ii) only one type of dipole is adsorbed. The second
one is a remote possibility. The effective dipole
potential and the effective zeta potential for the system
would therefore, be

Axett = AXp,0 T AXcnyon (161)

and
$oir = AY + [Axy,0 + Axcnyon! (162)

where
Ay = XA -0 163
? de;r 2 kT

and

AXcH,oH = w (164)

4e,r,2 kKT

Ineqs 163 and 164 the subscript 1 and 2 represent water
and methanol. In eq 162 both Axs,0 and Axcu,on may
have signs opposite to that of Ay, and therefore, the
sign of {ez would depend on the magnitude of these.
Since Axn,0 and Axcuson also depend on the field
strength, (. can be zero or undergo sign reversal
depending on the circumstances. This may explain the
observation on sign reversal in the electroosmotic
experiments on alcohol water mixtures through ion
exchange membranes.2’? Changes in the zeta potential
would also be influenced by dissociation of the ion
exchanger. The greater the dissociation of the mem-
brane the greater the extent of adsorption of the dipoles.

It should be pointed out that the explanation given
above in the case of electroosmosis has not been
extended to account for the phenomenon of multiple
sign reversal observed in the case of streaming poten-
tials.2’® This would be a worthwhile exercise. By using
the same logic as in the case of electroosmosis, it would
appear that dipole orientation in the double layer should
be affected by the streaming pressures.

Several studies have been conducted?4+2! on different
ionexchange membranes. Allthesestudiessubstantiate
the validity of the truncated form of eq 120 in
electroosmotic and electrophoretic transport data and
show the usefulness of the theoretical frame given by
Rastogi et al.2?®

Lorimer292-294 considered the various approach-
eg21:269.294-299 g developed a general theory?®3 to provide
a thermodynamic explanation for nonequilibrium phe-
nomena for discontinuous systems. Irmay?® included
the inertial terms, involving accelerations, in the
equations of motion for a fluid permeating a porous
diaphragm. Irmay’s theory although purely hydrody-
namic in nature, reveals the dependence of hydraulic
permeability on the applied pressure at low Reynolds
numbers. Mickulecky and Caplan?! argued that the
average viscous contribution to isothermal dissipation
function are negligible.

Lorimer’s approach??229 differs from that of deGroot
and Mazur! by including the spatial acceleration, the
kinetic energy of diffusion, and the nonconservative
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Table XVIII. Variation of Measured Particle Velocity
(ve) with Electrical Gradients (E) in the Case of Sodium
Bentonite Particles/Sodium Chloride System

Ve =a + bE + cE?

concentration of

NaCl (N) (a, b, ¢ are constants)
10+ v, =-1.795 + 2.577E + 0.0080E2
5% 104 Ve = —0.244 + 2.207F + 0.0049E2
10-3 ve = —0.689 + 2.274E + 0.0017E?
2 X103 ve = 0.08 + 2.184F - 0.0003E2
5% 10-3 ve = 0.08 + 2.201E — 0.0014E?

¢ Taken from ref 303.

polarization in the equation for the rate of entropy
production. In the resulting equation for entropy
production, contributions from the kinetic energy of
diffusion, barycentric kinetic energy, polarization forces,
work done by viscous forces, etc. appear. It has been
shown that the first contribution gives a term in square
of mass flows, the second and third contributions give
terms in the square of the volume flux and the square
of the electrical potential difference, while the fourth
is incorporated in the volume flow, and the fifth is in
general negligible. In order that the range of validity
of these equations may be investigated experimentally,
Lorimer?®* formulated functional phenomenological
equations for the flows of matter, volume, charge, and
heat for a discontinuous system in which the inertial
terms in the viscous equations of motion are not
considered negligible.

We will now pass on to the studies on electrokinetic
phenomenon in soil systems in the nonlinear region of
nonequilibrium thermodynamics. The knowledge of
electrokinetic properties of soil-water system helps in
explaining several phenomena. Electroosmosis has
been applied to several engineering problems3® such
as soil stabilization, reduction of friction between soil
and metal implements, etc. Similarly, knowledge of
the electrokinetic properties of clay-water systems is
important in several fields of clay technology®®! such as
the interpretation of electrical resistivity and potential
logs in boreholes, the electrical effects accompanying
ground water flow etc.

C. Studies on Soll Systems

Ravina and Zaslavsky’s review!% covers the early work
on nonlinear electroosmotic flux and hydraulic flux.
They?®%? also developed a differential formulation of
nonlinear flow equations similar to Li’s approach??® with
one main difference. In Li’s approach the function is
expanded by using Taylor’s series around zero values
of J; and X; by taking AX of any size. The derivatives
(8J;/0X;) are then taken at the same zero or at
equilibrium. In the differential formulation®? it is
suggested the total differential of J; be expressed at
any set of values X;. The first electrokinetic quanti-
tative studies of the electrophoresis of clay particles in
the nonlinear region of soil systems are due to these
workers.?® Their data on the electrophoretic velocity
of sodium bentonite particles in sodium chloride
solutions at different concentrations, are summarized
in Table XVIII. The electrical gradients used to obtain
the data in Table XVIII were, in each case, in the range
of 2-20 V cm™1. A regression analysis was used to get
an estimate of the coefficients and their significance.
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The nonlinear equations obtained in this case (Table
XVIII) are not consistent with eq 120 or eq 137. The
coefficient “b” in the equations in Table XVIII may be
viewed as the electrophoretic mobility in the linear range
and the coefficient “a” as the deviation from a homo-
geneous linear equation. According to the equation in
Table X VIII even when the applied electrical gradient
Eis 0, V. has a finite value. The question arises as to
what can be the driving force for this residual value of
V.. Ravina and Zaslavsky®%® have not provided an
answer to this question. The whole thing may just as
well be a statistical artifact.

Electroosmotic studies in the nonlinear region,
through clay membranes, have been conducted on a
kaolinite-water system.3¢ Experiments on electroos-
motic pressure, electroosmotic velocity, streaming po-
tential, and current have also been conducted. Analysis
of the data revealed that the cross coefficients L, and
Ly, remain constant for a larger region in comparison
to the straight coefficients particularly L;;. Equation
28 was found to have a much larger validity range, e.g.
the streaming potential, and also the streaming current
was found to vary proportionally throughout the range
studied, i.e. upto AP = 24 cm of Hg. The electroosmotic
velocity also varied proportionally with the applied
electrical potential difference throughout the range
studied i.e. up to Ag = 50 V. However, the electroos-
motic pressure difference showed a departure from the
proportional relationship with A¢. Beyond A¢p =35V,
it became less than proportional. Thus the nonlinearity
of electroosmotic effects in the kaolinite-water system
arose primarily as a result of nonconstancy of the
coefficient L;;. The equation

J, = LyAP + Lidp + /oLy, (AP)? (165)
was shown to adequately describe the water flux data
in the nonlinear region. The data also showed the
validity of Onsager’s relations indicating its internal
consistency. Studies on the bentonite-water system,
however, call for more critical scrutiny. Michaels and
Lin’s!62 studied on streaming potential in the case of
the kaolinite-water system and those of Kemper3% in
the case of bentonite indicated that the coefficients
Los, Lo, Lo in eqs 27 and 28 remain constant up to
quite reasonable limits in the case of clays. Although
the proportional relationship (Darcy’s law)

(J) gm0 = Ly AP (166)
adequately describes the experimental data for the flow
of water through coarse soils,3® Swartzendruber3?
suspected that it may not hold for clays particularly for
bentonite-like clays. He suggested empirically that the
following equation

(J) =0 = a[AP — AP {1 - exp(-AP/ AP )}] (167
should hold instead3®” where o« is some constant.
Equation 167 reduces to

(JV)A¢=0 = a(AP)2 (168)

which ignores the linear regime. The actual experi-

mental data as well as its analysis therefore need a fresh
look.

D. Studies on Systems of Biological Relevance

Not many studies are available where conclusions of
biological significance have been drawn from nonequi-
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librium thermodynamic studies on electrokinetic phe-
nomena in the nonlinear region. Studies conducted by
Rastogi et al.3083% on electrokinetic phenomena, both
electroosmotic and electrophoretic, on cholesterol,
estrone/electrolyte, and nonelectrolyte systems were
conducted from the point of view of examining their
earlier theoretical framework.?”? These studies invoiv-
ing quantification of the electrical properties of thei-
nterfaces do have biological relevance. Cholesterol is
involved in many diseases from atherosclerosis to
xanthomatoses. Before deposition in arteries and as
stones in the gallbladder, the first stage which occurs
is coagulation which is influenced by the properties of
the cholesterol/solutioninterfaces. Similarlythefemale
sex hormone estrone is believed to act as one of the
physiological regulatory agents by affecting the cellular
membranes. Thusthe study of the estrone/electrolyte-
nonelectrolyte interface becomes relevant.

In the case of cholesterol where studies were confined
to the linear region, the values of the zeta potential
estimated from electroosmotic and electrophoretic
measurements were found to disagree.3® The main
reason for this appears to be the fact that in the equation
used for the calculation of the zeta potential from
electroosmotic data, the values for the specific con-
ductivity and viscosity are for the liquid inside the pore,
whereas the experimental values substituted are for
the bulk liquid. Comparison of the zeta potential for
the cholesterol/electrolyte~nonelectrolyte systems show
that the magnitude of the zeta potential is much higher
in the former case. This might be due to the effective
charge being higher in the former case. For the same
reason the values of the zeta potential estimated from
electroosmotic measurements did not agree with those
estimated for electrophoretic measurements in the case
of estrone.?%® In the case of the estrone/nonelectrolyte
systems nonlinear flux equations were experimentally
substantiated for electroosmotic transport, whereas,
when electrolyte solutions were used as permeants,
linear equations were found to be sufficient. This was
explained on the basis of the possibility of formation
of a dipolar layer in the case of nonelectrolyte solution
as permeants. Thisisinaccordance with the formalism
of Rastogi and Shabad.?™ Electrophoretic data3%® were
again represented by linear equations.

Shukla and coworkers have carried out studies where
conclusions of physiological significance have been
obtained.?4310-314 They have experimented with mam-
malian (goat) urinary bladder membrane and used
aqueous solutions of mixtures of constituent of urine
as permeants, under both normal and pathological
conditions. The data on hydraulic permeability re-
vealed3!9that the membrane is anisotropic. Inthe case
of an aqueous solution of urea—glucose mixture it was
observed that with increasing urea concentration at
constant glucose concentration, the hydraulic perme-
ability first increased and then decreased. It was also
observed that if the urea concentration is held constant,
the hydraulic permeability first decreased and then
increased with increasing glucose concentration.

Shukla and Mishra®!! have extended their studies
and measured the hydraulic permeability, electroos-
motic permeability, streaming potential, and current
across urinary bladder membranes using aqueous
solutions of urea, thiourea, glucose, and creatinine. They

Chemical Reviews, 1993, Vol. 93, No. 6 1981

showed that nonlinear relations exist between fluxes
and forces. Onsager’s and higher order phenomeno-
logical coefficients have been estimated. They argued
that the nonlinear equations appear reasonable because
intheurinary bladder system, although the initial filling
of urine in the bladder does not result in a significant
change of pressure the accumulation more urine causes
the pressure to rise rapidly.3'® Therefore, nonlinear
relationships are not unlikely. Using the stability
criterion!1:12,318

> 6d,6X,>0 (169)

Shukla et al.?2 showed that the nonlinear steady states
in their system were quite stable. These authors,3!! on
the basis of the trends observed in their data, have
attempted to correlate micturition with electrokinetic
phenomena as follows:

Urine is collected through the kidney by ureters which
are tubes consisting of smooth muscle. They also
prevent back-flow of urine when pressure builds up in
the bladder during micturition. When thereisnourine
in the bladder the intravesical pressure is very low. As
urine collects in the pelvis the increased pressure
stretches the bladder. During micturition, the detrusor
muscle contracts to empty the bladder. The micturition
reflex occurs on account of micturition waves and is
self-regenerative. Shukla and associates®1®-314have tried
to correlate micturation waves with streaming poten-
tials/currents.

Their observations need further corroboration. In
addition it has to be noted that the in vitro system
chosen for the studies cannot be expected to retain all
the characteristics of an in vivo membrane system and
hence it is uncertain as to what extent their results can
be extrapolated to in vivo systems.

In the next section we propose to discuss exotic
phenomena, e.g. bistability and electrokinetic oscilla-
tions which occur in the far-from-equilibrium region.
This may appear to be out of place in the first instance
in this review since there exists a justifiably strong
reservation about the application of nonequilibrium
thermodynamics in this region. Furthermore, in the
case of chemical reactions, the ideas of nonequilibrium
thermodynamics®7.219 cannot be profitably extrapolated
to the nonlinear region or far-from-equilibrium region.
This is exemplified in the case of oscillatory reactions
where nonlinear dynamics rather than thermodynamics
has been established as the effective basic tool. How-
ever, the case of electrokinetic phenomena is different.
Fluxes and forces as defined by linear thermodynamics
have neat physical significance and are measurable and
need not be subjected to artificial linear transformation.
Even in the case of nonlinear flux equations, the first-
order terms obey Onsagar’s symmetry. The case of
chemical reactions is complicated on account of the
need to search for elementary and coupled reactions.
These may be too many, and the only viable course of
actionis to fall back on mass-action kinetics. The utility
or otherwise of ideas of the nonlinear region or far-
from-equilibrium region has to be investigated and
hence a discussion of nonlinear phenomena should be
in order.
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V. Far-from-Equilibrlum Region

A. Electrokinetic Osclllations—Introductory

While this article was being written, a review by
Raima Larter on oscillations and spatial nonunifor-
mities in membranes appeared®!” and included a brief
survey of the literature on oscillatory phenomena. In
this section, attention will be focused on some more
relevant aspects.

At equilibrium, the thermodynamic forces, AP, A¢,
AC, etc. are zero and the consequent fluxes o, I, etc.
are also zero. For finite values but not large values of
the differences, the linear thermodynamics of irrevers-
ible process using linear phenomenological equations
adequately describes the electrokinetic phenomena.
When the magnitude of the thermodynamic forces
further increases, the nonlinear phenomenological
equations become significant (see the discussion on the
nonlinear region) and even third-order terms as in the
case of the urinary bladder have to be taken into
account.?19811 Even in such nonlinear situations a
monotonic buildup of the steady state is obtained and
no dynamic instability is observed. However, under
specific conditions, when a difference in the concen-
tration of an electrolyte (say sodium chloride) is
maintained across the membrane, bistability and tem-
poral oscillations in volume flow, pressure difference,
potential difference, and resistance have been observed.
There are a few interesting studies reported. Exper-
imental, as well as theoretical, papers have appeared:
Teorell, 1415 Meares and Page,3!8319 agnd Kobatake and
Fujita. 2320 Now that the gross features and principles
of oscillatory chemical reactions are well understood
there is a need to understand the dynamic instability
in membrane processes governed by electrokinetic
principles. Dynamic instability in such cases can be
successfully studied from the experimental angle be-
cause the system can be maintained in the far-from-
equilibrium region to any desired extent by controlling
the variables, as in the case of a continuously stirred
tank reactor (CSTR).

Before a discussion of the Teorell-type oscillator is
considered a brief introduction to bistability is needed.

B. Bistabllity

The following type of system has been used by several
groups to demonstrate bistability in electrokinetic

N/10 z N/100

NaCl A NaCl

.
8¢
i
AP

Jy

Typical N-shaped curves, which have also been referred
toas the flip—flop type, between current I and electrical
potential difference A¢ are obtained. The nature of I
versus A¢ plots obtained from such studies is depicted
in Figure 25 which show that within a narrow range of
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a¢
Figure 25. The nature of I versus A¢ plots.

A¢, the system can exist in two steady statesi.e. for the
same value of A¢ it can have two values of I. In other
words the membrane system exists in two steady states,
one with a lower resistance and the other with a higher
resistance. The former is due to the filling of membrane
pores with concentrated solution while the latter
corresponds to the situation when the membrane pores
are filled with dilute solution. Rastogi and associates32
found similar results. However, they found that within
the range of bistability, the electroosmotic flux is highly
nonlinear and is given by the equation

J =L ,A¢peb (170)

where b is another constant.

Kobatake and Fujita?%e developed a theory of the
phenomenon by deducing continuity equations for
electricity and mass flow by combining the Navier-
Stokes equation for the mass movement and the
concepts of thermodynamics of irreversible processes.
The steady-state solution of the resulting equations
yielded the characteristic N-shaped relation between
the electric current I and the transmembrane potential
A¢ which involved hysteresis between the transition
points. The features of the curves predicted by
Kobatake and Fujita’s theories2% compared well with
Franck’s experimental results®?! on a sintered glass
membrane separating 0.01 and 0.1 N NaCl solutions
with the only difference being that no hysteresis was
observed. However, in later experiments, Meares and
Page?!8 observed both bistability and hysterisis. Ko-
batake3? also attempted to study the phenomenon in
terms of generalized entropy production as proposed
by Glandsdorff and Prigogine3?3-3% and has tried to
show that the transition between two steady states takes
place when the generalized entropy productions of the
two states corresponding to the high and low electric
resistances of the membrane have the same value.
However, a general proof is difficult to provide.

The possibility of multiple steady states in the
streaming potential is seen in the experiments conduct-
ed by Rastogi et al.?” on a Zeokarb 225 (Ba2+ form)/
methanol-water system. The results are plotted in
Figure 23. These are reproducible experiments, and
the data are internally consistent. Reproducibility of
the data was checked through a number of observations
made for increasing as well as for decreasing magnitudes
of AP for the same direction of flow. The internal
consistency was also checked by releasing the pressure
occasionally so that AP = 0. The streaming potential
returned to zero value. For the Ba?* form and also the
AP* form of the resin multiple sign reversals were
observed. The possibility of multiplicity of steady states
can be understood if one examines the characteristic
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nonlinear flux equation for the H* form of the
resin,?®i.e.

I =L, (AP/T) + Lyy(A¢/T) + /,Lyy (AP/T)? +
Ly, (A¢/ THAP/T) (171)

when I = 0 one gets a quadratic equation in AP and
consequently two values of AP for the same value of
A¢. It should be noted that AP is the independent
variable and A¢ is the dependent variable in the
experiment, and further steady states are obtained
continuously on varying the pressure and hence no
instability is involved.

C. Indications of Electrokinetic Mechanism in
Cellular Excltability

The phenomenon of nerve conduction appears to be
an electrokinetic phenomenon whereby it is possible to
envisage channels in the membrane which are used as
pathways for ion transport. Attempts have been made
to mimic the excitation behavior on artificial bilayer
lipid membranes (BLM systems) in the presence of
channel-forming proteinaceous substances.32"328 QOnly
BLMs did not show any excitability. However, when
an excitability-inducing material (EIM), like the pro-
teinaceous substance, isolated from egg white,3?® which
is yet to be completely characterized, was introduced,
action potentials similar to those in some excitable cells
were produced?¥33! under certain conditions. Bean et
al.%32 attribute this to the formation of discrete pro-
teinaceous trans-membrane channels which have two
or more well-defined conductance states. Several
groups have attempted to establish the characteristics
of these channels.333-3% Hoffman et al.3® reported
observations of voltage-clamped oxidized cholesterol
BLMs with EIM which have several rather than two
conductance states at a given voltage polarity. Mueller
and Rudin®7 mimicked the excitation behavior on
BLMs formed from Sphingomyelin in tocopherol and
modified by alamethacin. There is some evidence of
channel formation and discrete steps in conduc-
tance.335338 Similar observations were made by Mauro
et al.3%¥ in the case of monazomycin.

Pant and Rosenberg®? reproduced sustained coupled
electrical and mechanical oscillations across BLM
systems containing no EIM or other channel formers
when the BLM separated KCl solutions containing a
redox couple. Sustained oscillations in both voltage
mode and in current mode, for several hours were
obtained. It was found that on increasing the applied
voltage, the amplitude of the oscillation is increased
but not the frequency. The oscillations observed by
Pant and Rosenberg? cannot be compared with those
obtained with Teorell’s oscillator (to be described later)
since the medium on the two sides of the membrane in
the former case is quite complex. It was also observed
that when electrical oscillations begin the position of
the circumference of the membrane also begins to
oscillate, thus further complicating the issue. Itappears
that the electrical and mechanical oscillations are
coupled. The question whether or not these oscillations
arerelated to the streaming potential, osmotic pressure
or fundamental electromechanical instabilities in the
electrified bilayer lipid membrane calls for further
investigation. Monnier et al.341-34 developed lipid-like
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membranes through the polymerization of oils which
show, in the absence at any channel former, some
excitability properties including action potential and
regular oscillations in voltage when a constant current
is applied. Botre et al.%% have also mimicked excit-
ability in the absence of any channel formers. Shash-
oua’s experiments36347 gre even more revealing. He
showed that polyelectrolyte bipolar membranes con-
taining no lipids or proteins, under a dc. electric field,
can spontaneously generate transients with time con-
stants and amplitudies analogous to the spike potentials
of neuronal membranes. Several other studies where
excitability characteristics could be mimicked in the
absence of channel formers are documented. For
example, studies on a filter whose pores were filled with
dioleyl phosphate (DOPH) were conducted by Kamo
et al.3® The mechanism of oscillation in these systems
was explained on the basis of an earlier observed
hysteresis of membrane permeability with concen-
tration.349-351 Ighii et al.362 studied the oscillation of
electrical potential in porous membranes doped with
triolein induced by Na*/H* concentration gradient.
Yoshida et al.3 and Arisawa and Furukawa35 studied
nitrocellulose membranes doped with glycerol o-mo-
nooleate and filters containing varying amounts of
lipids.

Oscillations in membrane potential have been ob-
served when pancreaticislet cells are placed ina medium
containing glucose.?% Itisfound that: (i) the potential
across the membrane remains of the order of —40 to—50
mV (inside to outside) as long as the extracellular
glucose concentration is maintained at a low basal level,
e.g. 2.8 mM; (ii) in the total absence of glucose, the cell
polarizes to values in excess of this and may reach
potentials =—60 mV; (iii) when the concentration of
extracellular glucose reaches 4 mM, typical patterns of
spike discharge are obtained; and (iv) when the con-
centration is ~28 mM, the spike discharge becomes
continuous. The electrical oscillations observed in the
above case could be due to (i) simple membrane
oscillations, (ii) oscillations due to coupling of the
glycolytic reaction and membrane transport of glucose,
and (iii) oscillations due to development of the stream-
ing potential. Further studies are needed to clarify the
exact nature of the oscillations.

The pumillion toxin-g (PTX-8) which induces re-
petitive activity of the electrically excitable membrane
of frog sartorius muscle has been investigated by Rao
et al.3% The role of calcium and sodium ions in nerve
and skeletal muscle activity has also been examined.
Here again, there is a possibility of electrical oscillation
triggered by the streaming potential.

It was observed354%7 that, when a constant direct
current and static pressure are simultaneously applied,
the resistance of a Millipore membrane, on which a
synthetic lipid analogue—diolayl phosphate (DOPH)
—is absorbed and Ca?* ions are allowed to combine
with it, undergoes undamped oscillations for several
hours when the current stimulus was kept below 0.1 pA
and the pressure stimulus ranges between 15 and 35
mmHg. It has been suggested?® that this behavior is
related to conformational changes of DOPH in the
presence of the ions of the bathing electrolyte. Kim
and Larter?® suggested a different mechanism based
on coupling between the externally driven flow and the
electroosmotic flow.
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D. Teorell’s Osclllator

In view of the studies cited in the above paragraphs
particularly those where excitability behavior has been
mimicked, even in the absence of channel formers,
Teorell’s work!416360 on gystems consisting of porous
glass or ion exchange membranes separating two
electrolyte solutions of differing concentration assumes
great significance. Since the occurrence of oscillatory
phenomena could be demonstrated in these systems,
Teorell’s experiments point toward the possibility of
developing a physical theory of transport phenomena
observed in several excitable cells. On driving a
constant current through the membrane, oscillations
are observed in the membrane potential as well as
resistance and hydrostatic pressure. It was found that
there exists a certain threshold value of applied current
below which only damped oscillations were obtained.
Above this threshold value, undamped and sustained
oscillations were obtained. Similar results were ob-
tained by Meares et al.31831% It should be mentioned
that Forgacs®®? independently reported oscillations in
membrane potential on passing a constant current
through a cation exchange membrane separating iden-
tical solutions of silver nitrate. However, the mecha-
nism of oscillation generation is still not clear.

Electrokinetic experiments are difficult. As pointed
out by Meares and Page,®'8 a number of conditions have
to besatisfied in order to achieve undamped oscillations.
These are as follows: (i) The maximum area of
membrane should be ~38.5 mm?, with the best results
obtained for 12.6 or 7.1 mm? of membrane exposed. (ii)
There should be no restriction on the cross section of
vertical capillaries, which could range from 0.5 to 10
mm. (iii) A stirring rate >100 rpm and fluid circulation
rate >500 mL/h are adequate for getting undamped
oscillations. (iv) The absolute concentration of the
electrolytes and their ratio were found to be necessary
for regular periodic oscillations. (v) A critical current
density was required for each experimental configu-
ration above which undamped oscillations could be
obtained.

For Teorell’s oscillator the following membrane
characteristics hold: pore diameter ~ 1 um; porosity ~
70-80%; thickness ~ 1 mm. The half-time for the
relaxation of the pressure head is =5 min. Evidently
some of the requirements are governed by the necessity
of having appropriate relaxation time magnitudes.
Furthermore, it is obvious that the proper choice of (i)
material, (ii) porosity, (iii) thickness, and (iv) electrical
charge of the membrane is necessary. Silver—silver
chloride electrodes to be used in such experiments have
to be heavily chlorodized.

Intheabove context it is worthwhile to draw attention
to bistability studies in systems similar to those for
which steady-state current voltage relationships at fixed
pressures were found to be N-shaped. The ratio of the
conductances in the two steady states are compared in
Table XIX. A sudden discontinuity was found around
A¢ = 10 V. Three steady state multiplicity types are
usually observed: (i) multiplicity without hysterisis and
no sudden change in state, (ii) multiplicity with
hysterisis but no sudden change in state, (iii) multi-
plicity without hysterisis but with a sudden change in
the state—a characteristic N-shaped relationship. The
N-shaped relationship seems to be due to an interplay
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Table XIX. Ratio of Conductance in the Two Steady
States

approximate
ratio of
conductance
in the two
membrane system steady state ref

0.5 N NaCl/Pyrex sinter/ 2:1 Tasaki’s unpublished
0.05 N NaCl data cited in ref 20
0.1 N NaCl/Pyrex sinter/ 31 361
0.01 N NaCl
0.1 N NaCl/millipore filter/ 7.5 318
0.01 N NaCl
0.1 N NaCl/Pyrex sinter/ 2:1 322
0.01 N NaCl
0.1 N KCl/Pyrex sinter/ 4:1 322
0.01 N KCl

of the hydrostatic flux and the electroosmotic flux.
Initially, the hydrostatic flux predominates and the
membrane pores are filled with concentrated solutions
but at the crossover point, there is a sudden increase
in electroosmotic flux and the membrane pores are filled
with dilute solution. The reverse behavior is observed
when we move from the higher to the lower potential
side. However, complete flushing of the membrane with
either concentrated or dilute solution seldom occurs.
Hence the ratio of conductances, along the branches
representing two steady states in the N-shaped curve,
does not compare with the case when complete flushing
would have occurred.

The Teorell type of membrane oscillations has been
theoretically examined by several authors, e.g., Ar-
now,%3 Kobatake et al.,2® Meares and Page,?'? as well
as Teorell himself.!* Arnow’s analysis showed that
oscillations observed in the Teorell system were hy-
drodynamic in origin and a consequence of the boundary
condition effect on the hydrodynamic stability. Larters!
believes that this conclusion need not be universally
true for all membrane oscillations. We will now discuss
Kobatake et al.’s20:320 and Meares and Page’s®1? analysis
of the Teorell oscillator.

To review the earlier theoretical developments let us
consider the phenomenological eqs 1-3 for the mem-
brane system shown in Figure 2. Let us consider the
case when AIL; = 0. In the linear range the Onsager’s
relation L;; = Lj; holds among the phenomenological
coefficients, and the steady state is characterized by
the minimum of entropy production.

A little beyond the linear range when the fluxes and
the relation between the fluxes and forces is nonlinear,
we can have d¥ = LJ; d X;, where ¥ is a sort of potential.
In the nonlinear range, one may have two steady states
which may have the same value®° of ¥. This may give
rise to the phenomenon of bistability. Beyond the
bifurcation point, the system may exist in two steady
states. An exchange of stability may take place at this
point.1112 Unstable states can also occur beyond the
bifurcation point, leading to oscillatory behavior.

It should be noted that the phenomenological coef-
ficients, in eqs 1-3, are constants when AC = 0, i.e.
when solutions of the same concentration are on both
sides of membrane. When AC # 0, Ly, Ly, and Ly, are
complex functions of concentrations and in turn volume
flux and electroosmotic flux functions. Thus, these
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equations become nonlinear and under specific condi-
tions can give rise to exotic nonequilibrium phenomena.

Thermodynamic considerations give an insight into
the broad general features of nonequilibrium phenom-
ena. For a detailed quantitative understanding of
instability and oscillatory features, kinetic and other
theoretical methods have to be considered. Two
approaches have been suggested in the literature. The
first is Teorell’s semiempirical approach!® and a second
more refined one due to Kobatake et al.20 and Meras
and Page.%1®

The essential features of Teorell’s theory are as
follows. The contributions of AC in influencing flow
processes in the oscillator are ignored except its
contribution which affects membrane resistance. Thus,
in equations

J,=L,AP + L,A¢ @0
I =L, AP+ Ly,A¢ (28)

on account of the membrane set up L,; has a negative
value and Ly; = 1/R where R is the resistance. It is
assumed that Ly, depends on the volume flow. When
one writes

R=-h(R-R;") =-kIR-fJ)] (172)

where Rj~ = steady-state value of the resistance,
nonlinearity is implicitly introduced. Equation172can
be written as

A¢ = k[I(fJ,) - Ap)] (173)

since A¢ = IR. Two other assumptions are made. First,
Lys is assumed to be constant, which is doubtful.
Second, the streaming current Ly; AP is supposed to be
negligible compared to the ohmic current? which, of
course, is not an unreasonable approximation. It has
been suggested from theoretical considerations that L,
is inversely proportional to C!/2 but the actual rela-
tionship may be quite complex.

Taking the time derivative of eq 27 under the above
conditions, we have:

J,=L,;AP + L ,A¢ (174)
or
d,=L,,J,/q + L kIIEJ,) - Ap)]  (175)

when we substitute the value J, = ¢ dAP/dt and A¢
from eq 173, ¢ being a geometrical factor as defined by
Teorell.15

Now, for small excursions in the region where the
curve of the function R;,” = f(J,) is linear (i.e. around
J, = 0)1415 with a slope r so that in this range R4~ =
rd, + R,>, from eqs 173 and 174, we can write

dx/dt = a;,;x + a5y (176)
dy/dt = ayx + agy a7

where x = Jy, y = (A¢ — (A¢)o=. The coefficients ay;,
a2, Gz1, and ags in eqs 176 and 177 are defined as

a,, = klir-s/q (178)
Gy, = (-kl) (179)
ay, = Rir (180)
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where k is the membrane coefficient, s is the hydrostatic
permeability (the porosity), ! is the electroosmotic
permeability, g is the geometrical factor, and i is the
current strength as defined in Teorell’s theoretical
treatment,1416

Equations 176 and 177 are of the form which can
permit oscillations!? provided (i) a1; + ag2 = 0, i.e. k(lir
-1) = s/q and (ii) (a11822 — a12091) > 0,1.e. ks/qg > 0. Both .
these conditions are possible.

Kobatake’s treatment is more elaborate. Using a
capillary model of the membrane and the concept of an
electrical double layer, they obtain for the flux of the
electrolyte component (J,). and for the electric current
(I)c, both relative to the capillary wall:

(Jy). =-D(dc/dx) + D'c(8¢/dx) + cu, (182)
(@), = —Ac(d¢/dx) — X' (dc/dx) (183)

where un, is the velocity of the local center of mass at
aparticular position. The other constants are the asme
as defined in the Kobatake and Fujita’s work.20 J, is
the average flux of the salt, I is the average intensity
of the current. This approach is related to deGroot
and Mazur’s thermodynamic-hydrodynamic treatment
of similar irreversible processes.!

Defining the average rate of mass flow Up, over the
cross section of the capillary as

(f27rrpumdr)
= (184)
(f27rrdr)
(f2nr(d,), cdr)
= (185)
f 2xrdr
(f 2nr@dr)
I=———— (186)

(f2rrdn

Now when we replace the density p with po of water, we
can write,

J, =-D(0c/dx) + D'c(8¢/dx) + cu,  (187)

I =-Ac(d¢/dx) — N (0c/dx) (188)
However, it can be shown that

U, = -A(3¢/9x) - (B/C)%(3¢/6x) (189)

where A and B are as defined by Kobatake and Fujita.2
It should be noted that Uy, and in turn J,, depend on
the pressure and potential gradients. The coefficient
of the second term is the electroosmotic coefficient.
Forthesteady flow inside the capillary, the conservation
of mass and electricity yield the equations:

dU,/dx=0 dJ/dx=0 dI/dx=0 (190)

These equations are sufficient to determine the three
variables p, ¢, and ¢ inside the membrane as a function
of x. These equations have been exactly sclved by
Kobatake and Fujita by assuming boundary conditions
and that all the coefficients are constant. The results
yield a characteristic I versus A¢ curve which agrees
with the bistability observed in similar systems.
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In treating oscillations, Kobatake and Fujita?® es-
sentially used an equation of the following type:

h(d*h/dt? + £(dh/dt) + pgh = 0 (191)

where h denotes the position of the meniscus, g is the
acceleration due to gravity; p is the density while f(dh/
dt) is of such a form that the above equation represents
the behavior of a self-excited system which can produce
oscillations. The term f(dh/dt) is related to the pressure
difference on the two sides of the membrane which in
turn is related to Un and thus the mechanism of
oscillations can be related to the volume flux and the
electroosmotic flux.

Kobatake and Fujita’s approach has been critically
examined by Caplan and Mikulecky.?® First, the
contribution of pressure to flow relative to the center
of mass was neglected. Second, the local phenome-
nological equations relating to a streamline within a
pore are not symmetrical when referred to a membrane.
It should be noted that from the point of view of
irreversible thermodynamics, whatever the structure
of the membrane, it is necessary that any changes in
reference frames must preserve Onsager’s symmetry.
Third, the integral phenomenological coefficients de-
pend on the concentration and cannot be explicitly
obtained unless the variable concentrations are replaced
by average values. Evidently thisis not the case for the
membrane oscillator.

With respect to the second point, Caplan and
Mikulecky have shown that a correct averaging pro-
cedure yields symmetrical relations,?! if the local forces
and flows are chosen so as to form a set of conjugate
pairs.

Meares and Page’? developed a theory of the
stationary states on the basis of a broad pore model
similar to that used by Kobatake and Fujita? but they
used the conjugate set of fluxes and forces as recom-
mended by Mikulecky and Caplan.?! In their theory
they also considered the concentration dependence of
the surface charge within the pores and took into
account the presence of unstirred diffusion layers in
the solutions adjacent to the membrane surface.

For analyzing the periodic behavior of a membrane
oscillator both Kobatake and Fujita?® and Meares and
Page®!® assumed that the salt and water fluxes in the
membrane did not depart from the stationary fluxes
which would prevail under instantaneous conditions.
However, nonstationary effects arising from the mo-
mentum of the fluid flowing in the chambers of the
membrane cell were considered.

In addition to the above mentioned theoretical
problems, the physical understanding of the oscillatory
phenomena is still not very clear. As indicated in the
previous subsections nonequilibrium steady states are
obtained in the linear range when AC = 0. Similar
steady states are obtained when nonlinear flux equa-
tions have to be taken into account. The foregoing
theoretical discussion shows that exotic nonequilibrium
states can arise when AC 3 0 and when the phenom-
enological coefficients are not constants but depend
upon the concentration in a complex manner.

When the membrane is saturated with concentrated
solution, electroosmotic flux increases very rapidly at
the applied current on account of the high potential
difference. The flux is much higher than the corre-
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sponding flux for the dilute solution (positive) to
concentrated (negative) solution side, and in due course
the membrane is filled with dilute solution. Now the
higher electroosmotic pressure built up on the con-
centrated solution side relaxes to the lower electroos-
motic pressure required for lower electroosmotic ve-
locity (for a dilute solution). Hence, a backflow occurs
from the concentrated solution side. A certain time
lag is necessarily involved. The cycle repeats over and
over again. Electroosmotic flux provides the positive
feedback while hydrostatic flux provides the negative
feedback.

VI. Concluding Remarks and Future Projections

Linear thermodynamics of irreversible processes
provides a base for exploring the nonequilibrium region.
The power of linear thermodynamics lies in identifying
the fluxes and forces and predicting the steady-state
relations. Thermodynamic consistency of experimental
results in this range can be tested by using Onsager’s
reciprocal relation. In the linear range, steady states
are stable. Out of a number of cross phenomena such
as thermoosmosis, electrophoretic phenomena, the
Dufour and Soret effects, and thermoelectric phenom-
ena, only electroosmosis and streaming effects are the
most appropriate for studying incursions in linear,
nonlinear, and far-from-equilibrium phenomena from
an experimental angle. These cases can be investigated
under controlled conditions and extended systemati-
cally to the nonequilibrium region. The stability of
steady states and the approach to the steady state can
also be conveniently investigated.

From a conceptual angle, it has to be understood
how electroosmosis of neutral species in a mixture of
ionic species such as in iontophoresis occurs. A formal
thermodynamic treatment of the phenomena is im-
perative in view of its importance in transdermal drug
delivery.

So far, most of the experimental studies cited in this
review have been limited to cases where concentration
differences on the two sides of the membrane were zero
and thus exotic nonlinear phenomena were largely
masked. Systematic studies in situations where AC =
0 are needed since the coefficients in flux equations are
known to be concentration dependent. Inother words,
the gradual transition from smooth steady-state be-
havior to exotic behavior, where bistability and oscil-
lations are observed, deserves to be investigated in
depth. It is true that thermodynamics as such cannot
be the tool for investigating such situations, but it would
still provide a basis for correlations. There is no doubt
that dynamic theories based on electrohydrodynamics
can successfully provide the bridge which should be
the subject for future studies.

Although oscillations in electroosmotically driven
systems have been described as stated above, there is
a distinct possibility of a similar type of oscillations in
systems driven by streaming effects. These are likely
to be physiologically important. First of all the
experiments have to be designed in a way to elucidate
the physics of nonlinear exotic effects. Efforts have to
be made to predict such effects in experimental
situations once the physical conditions are controlled
and understood. These studies need to be extended to
situations parallel to physiological conditions.
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All biological membranes, e.g. plasma membranes,
are under the influence of very high electric field across
them (~107 V m-1), 100 mV across the membrane of
thickness around 100 A°. It is also well known that the
passive permeability of water through plasma mem-
branes is quite high, indicating the presence of hydro-
philic pathways in them. Thus it appears on a priori
grounds that electroosmosis may have a role in phys-
iology. Save for the few attempts made by Fensom,
Dainty, Spanner, etc. reviewed in this article, this point
has not been investigated in full detail. Such inves-
tigations should prove rewarding.

Electrokinetic studies in the far-from-equilibrium
region are expected to be intimately related to the
physiology of excitable cells/membranes. This assertion
has been made very clearly by Teorell in his papers.1415
Although the theoretical approach of Kobatake?:5320 and
Meares and Page’!® are quite illuminating and shed
light on the nature of electrokinetic phenomena in the
far-from-equilibrium region, as yet no direct connection
with the physiology of excitable cells has been estab-
lished although the latter may also be linked to the
dipole-orienting gate protein phenomena. Thisappears
to be a worthwhile future task for physical biologists.

The phenomenon of photoelectroosmosis is a new
class of electrokinetic effect which is relatively less
explored particularly from the point of view of non-
equilibrium thermodynamics. Since this phenomenon
is fascinating from several angles, e.g. bioenergetics,
solar energy transduction, it merits a fuller investigation
particularly from the point of view of nonequilibrium
thermodynamics of electrokinetic energy conversion.

VII. List of Symbols

A pore area

ag activity of the solute

bio figure of merit for the i, o, conversion mode

C. mean concentration of the solute

C concentration of the component indicated by the
subscript

c capacitance

E electric field strength

Fy external force acting on component &

F Faraday

fu molar frictional coefficients between the components
indicated by the subscripts

8 acceleration due to gravity

ha height level corresponding to the steady state of
electroosmotic pressure

h height level corresponding to electroosmotic pressure
at any time ¢

hy height level corresponding to electroosmotic pressure
att =0

I flow of current

Jy flow of volume

Js flow of solute

Jw flow of water

J; flow of the species i,i =1, 2

k specific conductance of the liquid

Ly phenomenological coefficient relating the ith flow to

kth force, similarly L;;
LB excess phenomenological coefficient
Ljjgetc. second-order and higher phenomenological coefficient
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l length of the capillary

N(1) number of flip-up dipoles
N{) number of flop-down dipoles
Nt total number of dipoles

AP  pressure differences

Pa axial vector representing the antisymmetric part of
the total pressure tensor P

R gas constant
R electrical resistance

iete. Pphenomenological coefficients in the phenomenolog-
ical equations written in the inverted matrix form

radius of the capillary

salt rejection parameter
temperature

volume

partial molar volume of water
average barycentric velocity

average velocity of the component indicated by the
subscript

partial molar volume of the component indicated by
the subscript

generalized thermodynamic force

charge number of the ith species

efficiency of energy conversion

efficiency of energy conversion for electroosmosis
efficiency of energy conversion for streaming potential
coefficient of viscosity .

dielectric constant

zeta potential

potential difference

osmotic pressure difference of the impermeable solute
osmotic pressure difference

osmotic pressure difference of the permeable solute
electrochemical potential of the species i,i = 1, 2
transposed viscous pressure tensor

chemical potential of water

chemical potential of the solute

mean angular velocity of the constituent particles
Pk mass per unit volume of component k

) dissipation function

©x average local dissipation function at a depth x within
the membrane

Te relaxation time in case of electroosmotic pressure
Ts relaxation time in case of streaming potential

o entropy production (= LJ;X))

i dipole moment vector

o partial molar volumes
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