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Membrane transport; Kedem-Katchalsky-Zelman model

The Kedem-Katchalsky-Zelman model equations for transmembrane transport in multicomponent, non-ionic and heterogeneous
solutions have been modified. The validity of this model for binary and ternary solutions was verified, using a cell with a horizontally
mounted membrane. In the cell, volume and solute fluxes were measured as a function of gravitational configuration. In the
experimental set-up, water was placed on one side of the membrane. The opposite side of the membrane was exposed to aqueous
solutions of densities greater than that of water, aqueous ethanol (less dense than water) or glucose/ethanol /water soluticns. The
experimental results presented herein illustrate psendo-phase transitions which occur from a non-convectional to convectional state

or in the reverse direction.

1. Introduction

The mathematical models of transmembrane
transport currently in existence introduce the
proper equations of transport, consisting first of
all of readily measured parameters characterizing
the membrane. Thus far, several mathematical
models of transmembrane transport are known.
The oldest is that based on the equations of Fick’s
diffusion model [1], as adapted for a description
of membrane phenomena [2,3]. Among the most
recent are those which have been elaborated on
the grounds of statistical mechanics, based on the
equations of the Nernst-Planck and Stephan-
Maxwell diffusion model [4-8], the Spiegler-
Kedem-Katchalsky frictional model, [9,10], and
irreversible thermodynamics, particularly Onsa-
ger’s laws [11]. Among the models based on ther-
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modynamics, the equations of the Kedem-
Katchalsky non-equilibrium thermodynamic mod-
el are of great importance [12-16}. They are used
for the interpretation of membrane phenomena
occurring in model membrane systems and also in
systems containing biological membranes [2,17].

The first analysis of transmembrane transport
on the basis of non-equilibrium thermodynamics
was performed by Staverman [18]. However, the
papers of Kedem and Katchalsky {10-16], Zelman
[19], Richardson et al. [20] and Del Castillo and
Mason [21] have devised cohesive models of mem-
brane transport.

We shall restrict ourselves to the Kedem-
Katchalsky transmembrane transport equations,
generalized by Zelman [19] for multicomponent
solutions, which are determined by the Kedem-
Katchalsky-Zelman model equations of trans-
membrane transport (KKZ model). This model
can be written in the following form

JV=LP(AP1L Yo, AHk), )
k

J=J,(1=-0,)C+ Y w,, 4I,, (2)
k
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where J, and J, are the volume and solute fluxes,
respectively, L, the hydraulic conductivity of the
membrang, AP the hydrostatic pressure dif-
ference, C, the average solute concentration, ¢,
and o, the reflection coefficients of the membrane
for the k-th and s-th substances, respectively,
AIl, and AII, the osmotic pressure differences
for the k-th and s-th substances, respectively, w,,
the permeability of the s-th substance, which
passes across the membrane under the influence of
the gradient of the k-th substance osmotic pres-
sure difference (w,, = w,C./C,) and s, k=1, 2,

.., n, s=k; the (n+ 1)-th component is the
solvent for which ¢, ,, =0.

Application of the existing mathematical mod-
els of transport across membranes (including the
KKZ model) is limited to the case where the
phases separating the membrane are homogeneous
(equally stirred). Therefore, no reference is made
with respect to the case in which additional phases,
termed boundary layers, occur on both sides of
the membrane in model membrane and biological
systems [22-30]. The boundary layers produced
on both sides of a membrane mounted honzon-
tally with respect to the gravitational field, de-
termine the group of membrane phenomena which
include the graviosmosis and gravielectric effects
[31-40). In general, these phenomena appear
when: (i) a concentration gradient is produced on
the selectivity membrane or series of membranes;
(ii) the density gradient is produced in the phases
separated by the membrane; and (iii) the density
gradient (parallel or antiparallel to the vector of
gravity) is perpendicular to the membrane or series
of membranes.

Studies on gravity-induced transport in single-
membrane systems were initiated by Brauner [37]
who discovered the gravielectric effect. These in-
vestigations were continued by others [38-40}.
From previous papers [27-30,41] and the present
article, the conclusion is drawn that the influence
of the gravitational field on transmembrane trans-
port manifests itself in asymmetry and amplifica-
tion of osmotic, diffusive {30,41] and graviosmotic
{31-36,50] transport, and Rayleigh-Taylor insta-
bility {27,28].

Up to now there has been no suitable mathe-
matical formalism, which could describe the dy-

namics of the flows across the membrane espe-
cially with respect to gravity-induced membrane
phenomena.

With this in mind, in the present paper a suita-
ble formalism based on the KKZ model equations
[12,19] is presented. In order to verify the for-
malism, the results of experimental studies upon
osmotic and diffusive transport in a single-mem-
brane system containing binary and ternary solu-
tions are presented.

2. Modification of the Kedem-Katchalsky-Zelman
model equations

It was proved [22-30] that, as a result of the
mass transport across a membrane separating
liquids of different compositions, boundary layers
are invariably produced. These are regions in the
external liquids, adjacent to membrane interfaces,
where concentration gradients are maintained un-
der steady-state conditions. The boundary layers
act as pseudo-membranes in series with the physi-
cal membrane. Consequently, they can cause sub-
stantial reductions in the transmembrane flux.
Vigorous mechanical stirring of the external liquids
minimizes the boundary layer thickness and flux
reduction.

Let us consider the membrane system repre-
sented in fig. 1. We assume that this membrane
system contains heterogeneous, s-component
solutions (not mechanically stirred). In this sys-
tem, at steady state, boundary layers are formed
on both sides of the membrane. The remaining
assumptions are analogous to those in the case of
homogeneous solutions [13]. The implication from
the above is that the concentrations of solutions at
the boundaries between the membrane and the
layers are different from those at the boundaries
between the membrane and stirred solutions. We
denote the former concentrations by ¢!, ¢!, ¢!,
..., ¢, !, respectively, while the concentra-
tions outside the boundaries are designated C[,
anal, ot .., ¢l CY The reflection and per-
meability coefficients of the membrane for the
s-th substance are denoted by o, and w,, respec-
tively, and solute flux by j,. The solute flux across
the boundary layer/membrane/boundary layer
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Fig. 1. Membrane system in which the membrane (M) sep-

arates two heterogeneous n-component solutions; C; and C,',

global solution concentrations; ¢! and ¢!, local (at boundaries

between membrane and boundary layers) solution concentra-

tions, J*, volume flux; j,, solute flux across the membrane;

J.*, solute flux across the complex b.l. /M/b.l.; b.l, boundary
layer.

(b.l./M/b.l.) complex is denoted by J.*, the re-
flection and permeability coefficients by o* and
£2, respectively.

For the case presented in fig. 1 we can write
Van’t Hoff’s law as follows:

Aw = RT Ac,, (3)
AII=RTAC,, s=1,2,..., n, (4)

Eqgs. 1 and 2, describing volume and solute fluxes
respectively, can be written alternatively as:

Jv*=Lp(APi Yo, Avrk), (5)
k
j=J*(1—o0)c,+ Y w,, A, (6)
k .
Jr=J*(1-0*)C + X, All, (7
k

where s, k=1,2,..., nand s# k.

At steady state, the following conditions are
fulfilled

Jo=j=J*
and
C,=¢=Cr (8

Combining eqs. 5-7 we obtain n equations of the
following type

Y @ A= R, AIl, + J*(0,— 0*)C*. (9)
k k

Introducing the permeability tensor of the mem-
brane (K ), the system of equations (eq. 9) can be
written as

Amy 29, Al +J>* (0, — o) )El
Kl - = k .................. . |=£
A'ﬂ Z‘an AH"""‘JV*(UH_O"*)C"
" k
(10)
where
Wigs Wapyeeny Wy

If we designate the tensor, formed by substituting
the j-th column by the vector £, as K,, we can
write an expression relating the osmotic pressure
difference on both sides of the membrane with
that on both sides of the complex (b.l./M/b.1.),
namely

where
i
W smnesrnssy Wy
K= @
wl,,,...,:,...,w,,,,

Regarding the properties of the determinants we
can write

det K;=det K, +J* det M,, (12)

where

Ali

_|ens -»“’;—1,1761*(01—"1*), Wiy 1 dseees @y
Winseor W11 Cr(o,~ o)), Wit 110005 Wy

In analogy with eq. 10, we can write

det K,= 3 AIl, det K, (13)
k

where

PP R LI IR R S

©1150ees @005 4, Wi 41150005 Wy
w‘ln""’wi—l.n’ an’ w

i+ln>e s Wnp
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15 a tensor formed by replacement of the i-th
column in tensor K, by the column of the permea-
bility coefficients £, ;. With the aid of eqs. 11 and
12

det K,=)_ AIl, det K, +J,* det M,. (14)
Kk
Combining eqs. 13 and 14 we obtain
1 *
Am = Ter K[Z AII, det K,, +J.* det M}
(15)

Finally, a comparison between eqgs. 5-7 and eq. 15
gives

Jx= (AP+dtKE Y AT, detK)

-1
- 1
x(l-i—mLp;oi det M,.) , (16)

J*=JrC*(1-0*)+ Zw,.s det M,

1
det K <
det % Ew,sz AIl, det K, (17)

Now, let us take into consideration the following
relations

de[ K Z:wi: det M = ar*(oc - 0'3*), (18)

}:w,s): AT, det K, =Y 2, AIl,. (19)

det K

The mathematical proof of these relations is pre-
sented in a previous paper [42].

In turn, using eqs. 18 and 19, eq. 18 can be
written as

J*=J*C*(1—0*) + L2, A, (20)

Egs. 16 and 20 represent generalization of the
Kedem-Katchalsky-Zelman model equations of
transmembrane transport in multicomponent,
non-ionic and heterogeneous solutions. These
equations can be considered as a generalization of
the transmembrane transport equations.
Discussion of these equations leads to the fol-

lowing conclusions:
(1) If we assume that w, =§, and o, =ga*,
which gives the condition

det X,
det Kk = Ok (21)

eqs. 16 and 20 transform into egs. 1 and 2.

(2) If we assume that » =1 in egs. 16 and 20
we obtain the classical modification of the
Kedem-Katchalsky equations

911
J*=LAP+—lo AL

“n
w1 }
{ wy t+ Lpolc(ol* —0y)
JE=0, Al +J*(1 —of )C (23)

The above equations and their discussion were
presented in a previous paper [29].

(3) If we assume that n =2 in egs. 16 and 20,
we obtain the modification of the Kedem-
Katchalsky-Zelman model equations for ternary
solutions

det K,, + o, det K,;)

1
* — —_—
s an{APi det K(o‘

X AT, — (o, det Ky, + o, det K,,) AHZ},

(24)
J*—J*(l—o YCX + 2,, AT, + Q,, AIT,,

(25)
Jr=J*(1—-0})Cr + 8, AIl, + 2,, AIL,,

(26)

where
'qE{l F L,(det K) [0, det M, + o, det Mz]}_

In previous papers [41,42], egs. 24-26 were experi-
mentally verified for vertically mounted mem-
branes. In the present paper, these equations will
be experimentally verified for horizontally
mounted membranes.
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3. Experimental

3.1. Materials and methods

Studies upon quasi-stationary osmotic flows
were carried out by means of methods of measure-
ments that have been described in detail in previ-
ous papers [27,29,30]. In experiments, we used a
nephron membrane (additional information about
the membrane presented in ref. 29) and aqueous
glucose and /or ethanol solutions.

Each experiment was performed for two gravi-
tational configurations of the membrane system:
(a) with water in the vessel above the membrane

and the solution below (configuration A),
(b) with the solution in the vessel above the mem-
brane and water below (configuration B).

Measurements of J,* and J* for both config-
urations were performed according to the follow-
ing procedure. Firstly, determination of the value
of J.* or J,* under conditions of thorough mecha-
nical stirring of solutions is performed. For these
experiments the steady state was observed after 10
min. Mechanical stirring of solutions was stopped
after 1 h. In the next step measurements were
carried out under conditions of no mechanical
stirring of solutions over 5 h.

Evaluation of the global concentration ex-
changes in the solutions studied was performed by
the standard isotope method. Details of this
method have been published previously [13]. The
measured value of the global concentration ex-
changes (dC) was used to calculate the solute flux
(J.*) on the basis of the following equation

, _dcv,
$T8Ar”

(27)

where V, is the volume of the measuring vessel.

The concentration dependences J, and J, were
determined on the basis of time-dependent varia-
bility of J, and J, chosen by consideration of the
values of J, and J, at steady state, obtained for
different solution concentrations of the same sub-
stance. Each series of measurements was repeated
four to seven times.

4. Results
4.1. Time dependences of J, and J,

A typical plot of the time dependence for J, in
configurations A and B of the membrane system
in the case of a 0.1 M aqueous glucose solution
and a nephron membrane was presented in a
previous paper [45]. In fig. 2, an analogous plot
for the dependence upon time of J, is presented.
Curve ¢, common for both configurations, con-
tains the experimental results obtained under con-
ditions of thorough mechanical stirring at 500
rpm, and shows that J, is independent of the
gravitational configuration of the membrane sys-
tem. Traces b and a, obtained for configurations B
and A, respectively, demonstrate that the J, values
for both configurations differ (J, # J,,). It should
be borne in mind that these dependences are
quantitatively similar to the analogous depen-
dences of J, and the relation between J_, J, and
J., is analogous to that for J, J, and J,.

In order to illustrate the dependence of the
volume flux on the gravitational configuration, the
time-dependent volume flux in two different
gravitational configurations is presented in fig. 3.
In the first experiment, an aqueous solution of
glucose (curve 1A) or ethanol (curve 2A) was
present in the compartment above the membrane,
water being in the lower compartment. In the
second experiment, in turn, the upper compart-
ment contained water and the lower one an aque-

( c
.",_,2-
e
<0
3 b
>'r
i I
—’m a
o+
1 1 | S— i ] J

o 1 3 4
t[h]
Fig. 2. Results on solute flux (J;) as a function of time. Curve ¢
was obtained for a system with mechanically stirred solutions;
curves a and b for a membrane system without mechanical
stirring of the solutions.
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Fig. 3. Volume flux across the cell membrane as a function of

time in two gravitational configurations for 0.1 M aqueous

glucose solution (curve 1) and 0.3 M aqueous ethanol solution

{curve 2). Curves 1A and 2A refer to configuration A; 1B and
2B, to configuration B.

ous solution of glucose (curve 1B) or ethanol
(curve 2B).

In a previous paper [27], it was shown that
water /glucose solutions have a higher density than
pure water. In contrast, water is more dense than
ethanol /water solutions. Consequently, the vol-
ume flux was greater when the upper compart-
ment contained the denser fluid. The osmotic
pressure gradient generated a volume flux directed
from water towards the solutions in every case,
irrespective of the gravitational configuration. An
analogous picture was obtained for the solute flux
(J.*). However, in this case the solute flux was
directed from the solute toward water.

4.2. Characteristics of ternary solutions

Binary solutions can be divided into two groups
(with regard to their density), under isothermal
conditions. The first category includes solutions
whose density is inversely proportional to their
concentration; examples belonging to this group
are aqueous solutions of the first-row alcohols
(methanol, ethanol, etc.) and ammonia. The sec-
ond consists of solutions whose density is propor-
tional to their concentration; this group comprises
solutions not belonging to the first group.

In contrast to binary solutions, the density of
ternary solutions, composed of solvent, and of
substances causing increased and decreased den-
sity of solutions (i.e., glucose and ethanol, respec-
tively) may be lower than, equal to or greater than
that of the solvent. Suitable experimental data
were reported in the previous paper [27].

4.3. Concentration dependences J)* and J* for
ternary solutions

The trend followed by binary solutions (see fig.
3) is also valid for ternary glucose/ethanol /water
solutions in the cell membrane compartment op-
posite to the compartment filled with water. Figs.
4 and 5 depict experimental data for J* with
respect to composition. The results in fig. 4 were
obtained with solutions of fixed ethanol content
and varying glucose concentration. For solutions
containing 0.2 and 0.4 M ecthanol, progressive
addition of glucose increases the density from
below that of water to a value above. Fig. 5 gives
results at constant glucose and variable ethanol
concentration. Here, progressive ethanol addition

configuration A

3, [mfs < 10°]

[o] a2 4 [} 8 10 m”
ACS [mol/l 1101]

Fig. 4. Experimental and calculated volume flux across a cell
membrane as a function of the glucose concentration dif-
ference for configuration A (upper) and B (lower): (O) no
ethanol, (a) 0.2 M ethanol, (O0) 0.4 M ethanol. Solid lines
illustrate the volume flux calculated on the basis of eq. 26 after
taking into consideration £2,;(AC;) and £2,,(4C).
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to 0.02 and 0.04 M glucose lowers the density
from above to that of water a value below. The
arrows in figs. 4 and 5 indicate those ternary
compositions whose densities match that of water.
Significantly, substantial volume flux changes oc-
cur at these values. In ref. 27, the manner in which
JJ* varies is related to the gravitational instability
or stability of the boundary layers, i.e., if the
experimental value of J* is low, the boundary
layers are stable and, conversely, for high values
of J.*, the layers are unstable.

Figs. 6 and 7 display plots of the experimental
data for ternary solutions. These results were ob-
tained under conditions analogous to those for J*
(see figs. 4 and 5). The results in fig. 6 were
obtained using solutions of constant ethanol con-
centration (0.2 and 04 M, respectively) while
varying that of glucose. The results in fig. 7 corre-
spond to the reverse of this situation, i.e., fixed
glucose (0.02 and 0.04 M, respectively) and vary-
ing ethanol concentration. Suitable values of J.*,

configuration A

J, [ms x 108]

3
AC, [mol/i = 10']

Fig. 5. Experimental and calculated volume flux across cell
membranes as a function of ethanol concentration difference:
(©) no glucose, (&) 0.02 M glucose, (O) 0.04 M glucose. Solid
lines illustrate the volume flux calculated on the basis of eq. 26
after taking into consideration £,,(AC,) and §£2,,(4AC,).

4+

configuration A

1o} configuration B

JS [mo'/mzs x 105]

% 1 1 1 L
c 2 a 6 8 10 2

ACg [no!/l x |02]
Fig. 6. Experimental and calculated glucose flux across cell
membranes as a function of the glucose concentration dif-
ference. Experiments were performed under conditions analo-
gous to those for the case of J* (see fig. 4). Solid lines
illustrate the solute flux calculated on the basis of eq. 27 after
taking into consideration 2,,(4C,).

in analogy with J*, can be interpreted in terms of
a convective gravitational instability or stability of
the boundary layers.

5. Discussion

It appears from eqs. 22-26 that, in order to
characterize the permeability properties of a hori-
zontally mounted membrane for ternary solutions,
19 coefficients are needed in practice. These
parameters are defined by the expressions listed in
table 1, the corresponding values being detailed in
table 2. It appears from the results in table 2 and
from eqs. 24-26 that the values of the fluxes J*
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Table 1
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Practical interpretation of membrane phenomenological parameters (L, a, ¢*, w, 2)

Coefficient

Definition

Lp Lp = (ﬁ)An,,Anz=0
AP, AP,
Y 0= (E—IT)JV.AH2=O 0= (m‘;hv.an,zo
. . AP* . APY
o o = (KE)JV,AHFO o5 = (E:)J"‘An‘!()
Jy )
w W= (ZITI)J,,.AH,=0 Wy = (Zﬁz)JV,An,=o
‘,1* 2*
e 2,= (A'm)fv,An2=o 2y = (Efz )i Am=0

5 i)
@)= (m)lv,an, -0 Wy = (A—I'T,)’“‘ml"’
»”

J#
Q= (4—)JV‘AH| =0 §23= (L)J‘,Anfo
All, All,

and J* are determined by the diagonal coeffi-
cients. Let us consider the coefficients w,, and
Q... The diagonal coefficients are greater than the
non-diagonal coefficients by three orders of mag-
nitude. Thus, this provides the basis of reduction
of eqs. 24-26 accepting wi, = wy, = 84, = 25, =0.
Regarding the above condition, and the results
presented in figs. 8 and 9, egs. 24-26 can be
rewritten as

i =1y[AP + RTB“(—Cl)o1 AC,

11

w

» 2,,(C,)
Wi

o, ACZ], (28)

Table 2

I =J*(1=0)C, + 2,,(C)RTAG,, (29)
Jr=Jr(1-o0 )Ez +2,(C,)RTAG, (30)
where

_ -1 —
n= Lp{l F (wyy09) L, [0122C1("1 —a*)

—_ —1
+0,0,,C, (0, — 0 ] }
RT AC, = All,,
RTAC, = AIl,.
We have obtained equations, including parame-
ters (§2) which refer to boundary layers. The equa-

tions can be used to analyse transmembrane trans-
port across a horizontally mounted membrane in

Values of the nephron membrane transport parameters for glucose (subscript 1) and ethanol (subscript 2)

Coefficient

Value of parameter

Configuration A

Configuration B

L, (m’/N pers)(x10'2) 50 +0.2
o, (x10%) 68 +0.2
o, (x10?%) 25 +0.1
oF (x10%) 0.24+0.01
e (x10%) 1.0 +0.04
w;, (mol/N per s) (x10%) 80 0.3
w53 (mol/N per s) (X10') 20 +0.08
wyy (mol/N per s) (xX10'?%) 81 +3.5
w;, (mol/N per s) (x10'?) 1.63+0.6
2,; (mol/N per s) (X10'%) 0.3 +0.04
2,, (mol/N per s) (X 101%) 10 +0.06
@), (mol/N per s) (X10'?) 0.85+0.3
£2,, (mol/N per s) (X10'?) 04 +0.3

5.0 £0.2
68 +0.2
25 +£0.1
34 01
01 +001
80 £0.3
2.0 +0.08
81 +35
1.63+0.6
40 0.2
0.0640.02
0.07+0.05
40 +0.8
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configuration A

. configuration B

[mo/mis x 10‘]

-
%
w

H k) 4
8Cq [moy/t x10']

Fig. 7. Experimental and calculated ethanol flux across a cell
membrane as a function of the ethanol concentration dif-
ference. Experiments were performed analogously to those for
J¥ (see fig. 5). Solid lines illustrate the solute flux calculated
on the basis of eq. 28 after taking into consideration £,,(4C,).

two gravitational configurations of a single-mem-
brane system. Let us consider the results shown in
figs. 4-7. From these data we see that all depen-
dences J* = f(AC) and J* = f(AC) for ternary
solutions display non-linear behaviour. In order to
apply egs. 24-26 as well as egs. 22 and 23 to a
description of transmembrane transport in ternary
solutions, the assumption of the {2 coefficients
being dependent on the concentration and config-
uration is required. The pertinence of the above
assumption is confirmed by the data on £,; and
2., in ternary solutions, shown in figs. 8 and 9.
In fig. 8, curves 1 and 2 represent the glucose
concentration dependence of the coefficients 2,
and 2,, (at constant [ethanol]) for configuration
A. In configuration B the patterns of glucose
concentration dependence of £, and {,, are
inverted, as illustrated by curves 1 and 2. Both £,
and §2,, depend on ethanol concentration (see
curves 1 and 2, and 1* and 2* in fig. 9). Taking

into consideration the concentration dependence
of the coefficients §2,; and £,,, demonstrated in
figs. 8 and 9, and the values for the membrane
parameters listed in table 2, the values of J* and
J* as functions of the concentration differences,
ACg or AC,, were calculated on the basis of egs.
23--25, The solid lines in figs. 4-7 present the
results calculated for J* and J*. One observes
good agreement between the experimental data
and the results from calculation. Therefore, eqs.
28-30, after taking into consideration the con-
centration dependence of £(C), vyield satisfactory
curve fitting to the experimental results.

If we assume that J* and J* are the gener-
alized fluxes and AC a generalized thermody-
namic force, the regions where (dJ, /dC) or
(dJ,/dC) are decreased (see figs. 4-7) can be
classified as the negative differential conductance
regions. The phenomenon of negative conductance

configeration A

configuration B

Q) [mol/Ns x \0”]

7.5 'y
— I O
?
x
é 5 r 1 2
°
£ ”
c:: 2.5 | configuration 4 configuration 8
L
1] 1 1 1 1 ) 1
o 2 4 6 8 10 12

Acs[mol/l x 10?]

Fig. 8. Glucose concentration dependences of 12,; (upper) in

0.2 M (curves 1 and 1*) and 0.4 M aqueous ¢thanol solution

(curves 2 and 2*). Curves 1 and 2 correspond to configuration

A; 1* and 2* to configuration B. (Lower panel) As above, but
for Q5.
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configuration A

QZI [mol/Ns x10""]

[ configuration B

Qy [mol/Ns x107]
o

2.5

3
aCe [met/1 » 10!]

Fig. 9. Ethanol concentration dependence of £,, (upper) in

0.02 M (curves 1 and 1*) and 0.04 M aqueous glucose solution

(curves 2 and 2*), Curves 1 and 2 refer to configuration A; 1*

and 2* to configuration B. (Lower panel) Same as above, but
for £,,.

appears in nature [46-48] and constitutes a very
important factor in the physics of semiconductors
[46], membranology [47] and in biophysics [48].

6. Gravitational effects of transport in a single-
membrane system

Among the group of gravitational effects of
transmembrane transport in membrane system ex-
amined in this paper, the following properties can
be included: asymmetry and amplification of
osmotic and diffusive transport. The problem of
asymmetry of transport has been discussed in a
previous paper [41]. The present article deals with
the question as to the amplification of transmem-
brane transport (see below).

6.1. Amplification effect of osmotic transport

In order to discuss this effect we take into
consideration curve 1, and curves 2, 3 illustrating
the dependence J* =f(AC,) for binary and
ternary solutions, respectively, presented in fig. 3.
From analysis of the course of these variations in
configuration B, it was determined that changes in
J¥ for binary solutions result from alterations in
the glucose concentration A(AC,)=0.01 M and
are identical throughout the entire range of glu-
cose concentrations: AJ,, =04 %1078 m/s. In
the case of ternary solutions, the variations in
AJ,, due to identical changes in concentration are
different for various concentration ranges. The
largest change in volume flux i1s AJ5* =2.5X%
10~ % m/s, 6-fold greater than the value of 4J,,. In
configuration A an identical change in glucose
concentration in a binary solution was the result
of changes of AJ,,=0.5X%10"° m/s and the
maximal change in J* in ternary solutions was
AJ5*™ = —21x10"% m/s, being 42-fold greater
than the value AJ,;. The above means that the
membrane system in both configurations is able to
amplify the flux, and the formula

aJ5"
a, = A Jvl (31)

expresses the amplification coefficient of osmotic
transport. From the values quoted for AJ3** and
AJ,, it can be determined that the single-mem-
brane system in configuration B is characterized
by a positive amplification coefficient, and in con-

figuration A by a negative value.

6.2. Amplification effect of diffusive transport

In order to demonstrate this effect, let us now
turn to a consideration of the dependence J.* =
f(AG,) for binary (curve 1) and ternary solutions
(curves 2 and 3) depicted in fig. 6. Precisely as in
the case of J* in configuration B, changes in
glucose flux for binary solutions are the conse-
quence of variation in the glucose concentration
A(AG,) =0.01 M and are identical over the whole
range of glucose concentrations: 4J,, = 0.5x 107>
mol/m’ per s. In the case of ternary solutions,
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Table 3

Values of the amplification coefficients of osmotic transport
(a,) and of diffusive transport (a,)

Substance Config- Amplification coefficient
uration a, a,

Glucose A —-42 +3.0 ~-20 +1.5
B 50403 31402

Ethanol A 45403 311038
B —-42 +3.0 ~22 415

changes in AJ, due to identical variations in
glucose concentrations vary according to the con-
centration range. The maximal change in glucose
flux amounts to AJ,, = 1.53 X 107> mol/m? per s,
being 3-times larger than the value AJ; for binary
solutions. In configuration A an analogous al-
teration in A(AC,;) for binary solutions gives rise
to an identical change in AJ,, over the entire
range of glucose concentrations. In this case, 4J
is equal to 0.1 X 10~° mol/m? per s. The maximal
change in J, in ternary solutions is now AJJ™* =
—20x107° mol/m? per s, which is 10-fold
greater than the value of 4J,, for binary solutions.
From the above, it is concluded that a single-
membrane system in both gravitational configura-
tions (A and B) possesses the property of amplifi-
cation of diffusive flux. In turn, the following
equation:

Ajsrznax
aJ,

(32)

a,=

defines the coefficient of amplification of diffusive
transport. Using appropriate values for AJS™ and
AJ,,, it can be shown that the single-membrane
system is characterized by a positive amplification
coefficient in configuration B, whereas it is nega-
tive for configuration A. The values of the osmotic
and diffusive amplification coefficients are listed

in table 3.
7. Conclusions
In this paper, it has been shown that the mod-

ified KKZ model may be applied to the interpre-
tation of experimental results on transmembrane

transport in multicomponent solutions. Neverthe-
less, application of this model is possible only
when the concentration dependence of §2,, coeffi-
cients is known. The values of these coefficients
depend on the hydrodynamic state of the boundary
layer /membrane /boundary layer complex. A re-
cent study [49] has shown that the expression
describing coefficient £, should contain the
Rayleigh number, the density and kinematic
viscosity of the solutions, the acceleration due to
gravity and the density gradient.

The effects of amplification described here and
asymmetry of transmembrane transport reported
previously [41] are indications of natural convec-
tion appearing or disappearing in the membrane
system. These may be subdivided into a group of
regulatory effects, including phenomena such as
rectification, amplification and oscillation of
transmembrane fluxes [S0].
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