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In the present paper are presemied the resulls of an experimental study on the gravielectric effect generated inoa 1

membrane system. The results indleate that the gravielectrie pofenfial strongly depends on the concentrations of the so-
Intions and eu the inclination angle of the sysiem with respect o the vertical. An sftempl has also been made fo explain
and describe the effect analytically by constructing a theoretical model of the system, making use of the Goldman cqoa-

tlom.

INTRODUCTION

The influence of the field of gravity on clectrolyte
transport  in membrane systcms may appear
mainly as the cffect of graviosmotic polarization
and gravielectric polarization. In reality the cffects
obtained by proper reorientation of the membranc
system in the ficld of gravity.

The first of the effects. called graviosmosis, was
discovered in 2-membranc systems in 1971 (Kar-
gol, 1971; Preestalski & Kargol, 1972). Ut con-
sists in the generation of volume flows, which are
called graviosmotic flows (Kargol 1978, 1992),

The second effect (graviclectric), called also
peoelectric effect, consists in generation of gra-
vielectric potential in a membrane system.

The studies of the effect conducted so far with
artificial  membrane  systems were  concerned
mainly with altempts to explain the physical
mechanism of gravielectric polential gencration
(Brauner, 1926, 1959: Custard & Faris, 1965:
Kargol. 1981). Onc of the first interpretations was
made by Brauner back in 1926. According to him
the potential of the polarization is connected with
the effect of gravitation forces on ion transport
within the membrane. It resulis in a separation of
positive and negative tons and thus in creation of
electric potential difference on the membrane.
This interpretation was questioned cven by
Brauner becanse the gravitational interaction is by
many orders of magnitudc weaker than the elec-
trostatic one (Brauner, 1926, 1959).

Custard and Faris (1965) suggest various inter-
pretations. Eventually, it is postulated there that
the gravielectric polarization is caused by the sta-
ble solution layer the stable solution layer that

forms above the upper surface of a horizontally
situated membranc and destruction of this fayer by
tangential action of the force of gravity when the
mentbrane 1s situated horizontally. This resulls in
changed transference numbers of the ions.

According to the latest concepls (Kargol, 1981,
19%8), fundamental for the creation of the gra-
vicleetric effcet is the formation of the diffusive
laycrs on both sides of the membrane. As a result
it increases or decreases, depending on position-
ing of the system with respect to the force of grav-
ity, the concentration diffcrence on the membrane,
This in turmn results in changed concentration
difference on the membrane thickness and altered
diffusion potential.

All previous attempts to interpret the graviclec-
tric effect are either not complete or not convinc-
ing. Therefore further studics of the effect are
needed. In them, we think, special atlention
should be paid to gravidilfusion and convection
Chandrasckbar, 1942 Etori, 1986, Hladyszowski
et al. 1989, Karpol. 1988, 1992: Schatz ef al.
1991). These phenomena arc thought to be fun-
damental for the destruction of the near-
membrane  diffusive layers. The gravidifTusive
factor refers mamly lo systems that conlain
strongly dilnted solutions.

In the present work some systematic experimen-
tal studies of the effect of graviclectric polariza-
tion in l-membrane system have been made.
Based on the results of the study, an attempt at
physical interpretation and analytical description
of the effect have been made, Our interest in the
gravielectric effect has been mainly for biophysi-
cal reasons. These include in particular the prob-
lems of gravidiffusion of tons in biological sys-
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Fig | Expovimental systenn (Co, Cp solutions, M —
membrane, By Ey; — electrodes, Uy — compensation
system, Bl — eledronicter, Re — recorder).

tems, together with geoclectrical effects and geo-
tropic issucs in planits (Brauncr, 1926, [959;
Gralw & Hertz, 1962; Kargol, 1978, 1988
Wilkins, 1969),

RESULTS AND DISCUSSION

The expenimental studies of the gravielectric clfect
in a l-membrane system were performed with a
typical experimental setup. Its schemc is shown in
Fig 1. The sctup 1s composed of a membranc
systein with reversible electrodes (E; and En)
which have been made with copper wire, a com-
pensiding system (Up). an electrometer (ED) to-
gether with a recorder (Re). The overall voltage U
on clectrodes E) and Ex was the resultant of mem-
branc voltage [/, voltages {/; and Uy occurring
within the solution between membrane M and the
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g 2 Dependences [, = fr) for difleremt concentrations
of selution CuS(ly (for a mere delail description see the
text)

clectrodes, and clectrode potentials Uy and {o:
U= Up+ Uyt U+ Ugg+ Ugs. (1

Robber tubes (G, G) were long enough (or vertical
otation of the membrane system. Time depend-
ence of the vollage U7 = [/, was mecasurcd when
the system was in position (a) (which was shown
in Fig. la), and when the system was turned to
position (b} (which was shown in Fig. 1b). In both
positions of the system the membrane was posi-
tioned hortzontally, and in position (a) the morc
concentrated solution (('4) is under the membrane
and the less concentrated (Cp) - above the mem-
brane. The experiments were started wath sctting
the system in position (a) and calibrating the
electrometer (using a compensating system [/,
The clectrometer was set to zero when the voltage
stopped changing. Then the system was reoriented
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to position (b) and time course of the voltage U
micasured until the voltage levelled off at the value

(U,'). The curves in Fig. 2. illustrate that in de-

tail. On reorienting the system again to the starl-
ing posttion () the system rcturned afler a time to
the state of zero voltage [, The voltage value
(7,,=U; was taken as a mcasure of the gra-
viclectric  polarization, which is the voltage of
system’s saluration in position (b) (see Fig. 2).
The studies described above were carried out with
dilTcrent membrancs and solutions, In all cases
the results obtained were analogous to those
shown in Fig. 2 (taken as a sample).

The results shown in that figure refer to a neph-
rophane membrane (whose filtration coelficient
L= 510" m’N 's™") which scparates copper
sulfate solutions {CuSOj).

In each of the experiments there was a 10th-fold
concentration difference (Cy = 10-C). The con-
centrations were expressed in moles per hiter [M].
Bascd on such experiments, performed for various
concentrations (' in the range from 0.5-10"' M to
0.5-107" M 2 plot was made of concentration de-
pendence of the graviclecine polarization U,
That plot 15 shown in Fig. 3. From it one can sct
that potential [/, depends strongly on concentra-
tion ('; The potential rises from zero at
Cy=0510" M CuSQy 1o a  maxinum
CT =dmVoat = 107 M, With further in-

ot
crease in (7 the voltage U/, decrcases, reaching
zero al Cy= 107" M, It should be added here that
for concentrations ., > 10 ' M convective Nows
are gencrated on both sides of the membrane if the
system is in position (a). The occurrence of the
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flows (generated by the force of gravity) is con-
firmed, among others, by studies on irrcgular
electric oscillations observed in 1-membrane sys-
tems (Kargol. 1988). With concentrations (4 <
107" M we have to deal. due to great interionic
distances, with pravidiffusion, i.c. diffusion of
molecules (ions in our case) which is activated or
inhibited by the force of gravity (Chandraseklar,
1942: Etori, 1986; Hladyszowski ¢f al, 1989,
Kargol, [988, 1992: Schatz f al., 1991).

Having in view physical interpretation of the
gravielectric effect, measurements have been per-
formed of the membrane potential U/, (difTusion
potential) as dependent on concentration €. when
solutions (7 and (% of copper sulfate were well
stirred (with mechanical stirrers). In the study the
condition ;= 10 €'y was also satisficd. The rcla-
tionships {/,; = fiC's) thus obtamed are shown in
graphical form in Fig. 4. The course ol the curve
is similar to the one in Fig. 3. Potential [/, also
reaches zero value for concentrations (7 <
0.510 "M and Cy > 10" M. The maximal value
of the potential is in this case greater and cqual to
U™ = 10 mV. It is reached also at Cq= 107" M.

From comparison of the curves in Figs 3 and 4 it
follows that there is a close relationship between
poltentials U, and U,

The dependence of potentials ©f,, and U, on
inclination of the system with respect to the vertr-
cal was also investigated. It was found that poten-
tinl [/, does not depend on the inclination angle.
while potential {/,,, depends on it markedly. That
is shown in detail by the curve in Fig. 5, which
was obtained for C5 = 107 M (at Cz= 10 * M),

The results presented above will be utilized for
an attempt at physical interpretation of the effcct
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of graviclectric polanization in I-membrane sys-
tems. b addition to above, we have to add that of
angle oo belongs 1o interval O < o < 90° or (o m-
terval 0 = o> 907, then we take into considera-
tron the component 7 of gravitation force per-
pendicular fo the membrane (vide Fig. 5b). The
Langent component /g is not taken into constdera-
tion here.

the exsenee of the gravielectrre effect

In order to try to explain the essence of the pra-
viclectric cffect in a l-membranc system, let us
constder such a system in the Iwo extreme posi-
trons (a) and (by with respect to the vertical. as
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shown in Fig. 6 a, b. In position (a) solution
(the less concentrated) is above and solution (74
(the more concentrated) under the membrane.

In the configuration shown the upwards trans-
port of ions Cu'" and SO, inhibited by the force
of gravity (Chandrasekhar. 1942; Etori, [986:
Hladyszowski ef af. 1989, Schatz eof al, 1991:
Kargol, 1992). Copper sulfate gives solutions of
density rising with concentration. As a result of
ion transporl across the membrane, from solution
€4 10 Cy, a concentration distribution will develop
(after a time 1) as shown by plot . It implies the
existence around the membrane of diffusive kiyers
L, and 17 willi large concentration gradicnis,
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Hence (he concentration difference AC, at the
membranc is not great, as is the flux of ions across
it.

Markedly diffierent will be the distribution ol
concentration after the same time (/) since reori-
enting the system (by turning it) to position (b)
(see Fig. 6b). Plot i illustrales that In this casc,
due to diffusive transport being activated by grav-
ity, a relatively thin diffusive fayer I 15 formed
above the membrane, Not great is also the drop in
concentration. The diffusive layer ) developed
under the membrane is however adequately broad.
So it happens duc to the gravity activated diffusive
transport of ions Cu" " and SO, (in solution Cg).

The drop in concentration in this layer is however
not greal. as is also the concentration €z’ This
happens because the membranc permeability to
ions is not greatl as compared (o permeability of
the diffusive Eiyer 1. Throughoul the membrane
thickness there is. thus, a relatively great concen-
tration difference ACE (markedly greater than

AC' Hence the membranc potential U] is corre-

spondingly great (with respect to potentiat /],
when the system is m positton (a)). On the basis of
the above considerations we can penerally posti-
late that the gravielectric polarization Uy, 1s the
difference in membrane potentials (72 and U

From cxperimental studics it follows that the po-
tentials U Oy Uy and Uy that appear in equa-
tion (1) arc independent of the angle of system’s
inclination to the vertical.

Thus we can wiite:
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v, =U:-ue

poi m o2

where U and U] are (he measured potentials of
the steady state Since during the cxperiment the
equality (77 =77 = 0 was achicved. we can write
that

U, =0k =0}

From the experimental study discussed it fol-
lows that the graviclectric polarization potential is
greatest at (= 107" M. For lower concentrations
the potential decrcascs dnc to hydrogen ions. In
the case of concentrations ¢4 greater than 107" M
the membrane selectivily for amons and cations
decreases duc to the accumulation of 1ons, which
compensates (he fixed charges i the membranc
porcs.

In order (o quantitatively describe the graviclec-
tnc polarization in the membranc system studicd,
we will make wse of  Goldman cquation
{Gricbisch, 1978). For CuSO, soluton that equa-
tton has the lorm

]} (" f"("
[ = 2‘)|an|!|1~-’—1£_£,%¢5_ 1 a4
P P

where 7*. 7 permeability cocllicients of posi-
tive and ncgative ions across membranc. 7. O
—— concentrations positive and ncgative ions in the
solution (. ', €’y — concenirations posive
and negative ions in the solution Cg (sce Fig. 1)
Let us introduce the following mathematical
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Fig 8 Dependenes U = i) the dashed Tine thows the experimental dependence and the continuows line shows the calcu-

tated one.
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definition of membrane selectivity towards anions
and cations;

!)
pt

s=1

3)

From this definition it follows that s =0 if ' =
ands=ifF =0

With that definition of sclectivity equation (2)
can be writlen:

...-— ": (ll
U, =29 rnV]!uu{__Lu . @
(-5, +C}

or

T

Up (=905 +C
29(mV] (-5, + )

(5)

Since €y = 10 (. the last equation results in:

. Li-lexp(U,, /29]mV]) 1] ©
© o 10-exp(l/, /29(mV])— I )
Using U, values from the plot in Fig. 4, the
above equation gives us the relationship s = /().
which has been plotted in Fig, 7. It was oblained
for solutions which are well stirred and there is a
10-fold concentration difference on the mem-
brane. The quantity (s), which represents mem-
brane selectivity for anions and cations of CuSQ,,
is seen to depend strongly on concentration (.
Thus we can write;

U, =k-s . Q)
The quantity & can be found from the equation

U
ko=
&

putting [/ =U"" and taking for (s) the selec-
tivity at U/ =0/ . The value calculated in this
way is k =29 mV.

Analyzing the results shown in Figs 3 and 4, we
can notice that for the whole range of concentra-
tions studied the following relationship is met to a
good approximation:

{j . E)r max
T{—- = E":;” = const. | (8)
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where UJ and U™ are maximal potentials

(obtained at (4= 10~ M). Finally, since U, = s,
we get

{;;1:1( (!;.I:;l’(
e g
U v

5y (9}

where (5) is, as follows from the plot in Fig. 7, a
fimction of (',

Based on this expression, and by way of calcu-
lation, a plot of the rclationship U/, (C'4) was
made. It has been as continuos line in Fig. 8, The
dashed line shows the relationship {/,, = fC.)
obtained from experiment (see Fig, 3). Comparing
the two curves one can see that equality (9) de-
scribes the dependence of the graviclectric polari-
zation on concentration C; in a satisfactory way.
This makes the considerations performed in this
paper, that include a physical interpreiation of the
graviclectric phenomenon, convincing enough.,

CONCLUSION

The present work is a systematic study of the gra-
vielectric polarization of [-membranc systems,
also called gravielectric effect. Keeping a 10-fold
concentration differcnce on the membrane, it has
been shown thal, e.g., the gravielectric polariza-
tion in such a system depends strongly on concen-
tration of the solutions and the angle of inclina-
tion of the system with respect to the vertical. A
ncphropbane membranc was used in the smdy,
which in normal conditions is sclective with re-
spect 1o anions and cations. Based on the results
of the measurcments performed, an attempt has
been ade to formulate a physical interpretation
of the praviosmotic effect. A usc has been made of
the pravidiffusion postulate (Chandrasekhar,
1942; Etori, 1986; Hladyszowski et al, 1989;
Kargol, 1978, 1988, 1992; Schatz ef al., 1991)
saying that the force of gravity can induce or in-
hibit vertical transport of molecules (ions in this
case) and thus affect the state of the near- mem-
brane diffusive layers. By state of the layers we
mean their thickness and concentration drops in
them. A change in those drops implies a change in
the concentration difference on the membrane
thickness. This in furn induces a change in the
diffusion potential on the membrane (if it is sclec-
tive with respect to the ions, i.e. if permeability
coellicients of anions and cations differ).

Our interest in the graviclectric effect is dictated
mainly by biophysical aspects. To be precise, it is
concerned with biophysical mechanisms which are
responsible for the effects of geotropic bend in
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plants (Brauner, 1926, 1959; Grahm & Herte
1962: Kargol, 1988, 1992 Wilkins, 1969 and oth-
crs). It is connecled also with graviosmotic and
clectro-graviosmotic transporl of water m planis
on long distances; the phloen transport of water
and assimilates in particular (Wilkins, 1969).
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