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Studies on hydrodynamic and electroosmotic permeation of water, aqueous solutions of D-glucose and urea
in the concentration range 10™% to 10~ moldm™2 across progesterone plug membrane have been carried out
to characterize the electrical nature of interface. Phenomenological coefficients have been evaluated from the
linear and nonlinear equations obtained. Membrane properties viz., pore radius and zeta potentials have been
determined using these coefficients. The nonlinear variation of electroosmotic flow in case of aqueous solutions
of urea has been explained on the basis of electrical double layer theory and the structural modifications that
are likely to occur at membrane—solution interface because of solute-solvent, solvent—solvent, and membrane—

permeant interactions.

Transport through membranes is important in many
fields of technology and science" and in many biolog-
ical systems of interest.? Recently considerable inter-
est has developed in the transport through model bio-
logical membranes® because of their complex structure
and functions.®) In the present communication, proges-
terone, a female sex hormone responsible for normal
development of female sex organs and for the mainte-
nance of secondary sex characteristics® has been cho-
sen as membrane material. A comprehensive physico-
chemical study with respect to progesterone interfaces
in different types of electrolyte and nonelectrolyte solu-
tions is expected to throw light on various facets of its
functions.® Keeping this fact in view we have under-
taken the measurement of hydrodynamic and electroos-
motic permeation of aqueous solutions of urea and D-
glucose across a progesterone plug membrane. The re-
sults obtained have been analysed from the view point
of nonequilibrium thermodynamics.

Experimental

Materials and Methods: Progesterone obtained from
Sigma Chemical Compnany, USA, was used to prepare mem-
brane plug. Progesterone powder (95% weight fraction) was
mixed with araldite (5% weight fraction) and it was cast in
the form ofa plug by mechanical compression” in a pyrex
glass cell. The thickness of the membrane plug was 0.502
cm and cross-sectional area 3.24 cm.?

D-Glucose and urea (AR, BDH, India) were used to pre-
pare aqueous solutions employing conductivity water of spe-
cific conductance 107% Scm™?.

Reversible silver—silver chloride electrodes used were pre-
pared as reported® by anodic deposition of chloride on a
silver disc attached to a silver rod from 0.1 M NaCl solution
(1 M=1 moldm™2) at 0.4 mA cm™~2. The chloride layer on
silver discs was very thin.

The experimental cell (Fig. 1) was used to measure elec-
troosmotic permeability as reported earlier.®) Potential dif-
ference upto 50 volt was applied through silver—silver chlo-
ride electrodes using an electronically operated power sup-

ply (HIL, India). Electroosmotic flux was observed to occur
from negative to positive electrode.

Hydrodynamic permeability was measured applying con-
stant hydrostatic pressure difference on the two faces of
the membrane. Pressure difference was measured with a
cathetometer reading upto £0.001 cm. Correction was made
for the residual flow.

An ac conductivity bridge (Toshniwal, India) at 50 Hz
was used to measure conductance of the membrane equili-
brated with the permeant before and after electroosmosis.
All measurements were made at 25+0.5 °C in an air ther-
mostat.

Results and Discussion

Nonequilibrium thermodynamic theory predicts that
volume flux, J,, and flow of electric current, I, un-
der the simultaneous action of pressure difference, AP,
and electrical potential difference, A @, across the mem-
brane can be expressed by the following phenomenolog-

ical equations.?
AP Ad
Jv=L11(T)+L12("T—)» (1)
AP Ad
I=L21(T)+L22(‘T_)7 (2)

where L;; and Lys are straight coefficients and L;2 and
Lo, are cross coefficients.

Hydrodynamic flux (J,)a =0 was found to vary lin-
early with applied AP within the range of investigation
(50 c¢m liquid column). L;; was evaluated from the
slope of linear plot (Jy)ag=0 vs. AP. The values are
recorded in Table 1.

The electroosmotic flux (Jy)ap=o has been found to
vary linearly with A& when aqueous solutions of D-
glucose were used as permeants (Fig. 2). The linear
phenomenological equation

(Jv)ap=o = L”(%)’ (3)

satisfies the experimental data.
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Fig. 1. Experimental set up for permeability measurement. T =Transparent polythene tube, R=Liquid reservoir,
S=Stand, C=Graduated capillary, E & E’=Silver-silver chloride electrode, M=Membrane, P & O=Glass capillaries
containing silver wires, A B A’ B’=Glass cell assembly having constriction in the middle where membrane M is fixed.
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Fig. 2. Dependence of electroosmotic flux (Jv)ap—o 20
on applied potential difference, A¢, for progesterone
aqueous D-glucose solution system.
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However, electroosmotic flux, (Jy)ap=o has been ) ¢ )
found to vary nonlinearly with applied potential dif- Fig. 3. Dependence of electroosmotic VOluie ﬂf“x
ference A @, when aqueous solutions of urea were used (Jv)ap=o on applied potential difference, A¢, for

as permeants (Fig. 3). The following phenomenological progesterone aqueous urea system.

equation'® fits the experimental data.
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(Jv)ap=0 = L12(¥) + 1/2L122(%2)2, (4)

where Lo and L;ioo are the first and second order elec-
troosmotic transport coefficients. Lo and Liaa were
obtained from the intercept and slope of (J—")AAfﬂl vs.
A @ plots (Fig. 4). The results are reproducible within
the range of experimental error (5%).

Following the treatment of Overbeek'? it can be

h that
shown Lu oy

T ~ 8yl

(5)

and L12 ner2
T = 4nl “Go, (6)
where L;; and L;» are hydrodynamic and electroos-
motic transport coefficients, respectively, n is the num-
ber of pores, ris the average pore radius, [/ is the length
of capillary channel in membrane, n and € are the vis-
cosity and dielectric constant of the permeating fluid,
and (o is the electrokinetic potential at membrane-so-
lution interface.

The conductivity of membrane equilibrated with per-
meant (%) is give by®

Loy _ Ack _

nnrlk

T 1 1 (7)

where A.=nnr? is the effective cross sectional area of
the membrane, [ is the length of capillary channel, £ is
the conductivity of permeant in the membrane capillar-
ies, n is the number of pores, and r is the average pore
radius. The values of Lys are recorded in Table 1.
Electrical Double Layer and Electroosmotic
Effect.  The electroosmotic flux occurs towards the
anode. This may be explained on the basis of electrical
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Fig. 4. Dependence of (KJ3 )aP=o on applied potential
difference, A¢, for progesterone aqueous urea system.
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double layer formed at the progesterone—solution inter-
face as follows. Progesterone has the following molecu-
lar structure (Chart 1). )

The oxygen atom of >C=O group attached to rings
A and D and the 7-electron density around the olefinic
bond is completely responsible for generating an overall
negative charge at the progesterone molecules present
at the membrane matrix. D-Glucose shows negative ex-
cess heat, entropy, and volumes,'? indicating that it is
in a state of strong hydrogen bonding with surrounding
water molecules. The possible mechanism for the for-
mation of electrical double layer is now outlined. The
water molecules dissociate as follows:

H,0 + H,0 = Hf O+ OH™.

The oxonium ions are adsorbed at the negatively
charged membrane surface, as shown in Fig. 5 and form
IHP. The H* ions at the IHP form strong bonds with
the oxygen atoms at the hydroxyl groups present in
the D-glucose molecule, forming the OHP. The OH™
ions are present in the bulk of the solution, and are
also present in the diffused part of the electrical double
layer. Thus, electroosmosis occurs from the negative to
positive electrode when such a system is applied to an
electrical potential difference.

Origin of Nonlinearity of Fluxes. It is worth-
while to discuss the various causes of nonlinearity.
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Fig. 5. Structure of the electrical double layer at the
interface of progesterone—D-glucose solution.



1596

Mahendra Lal SRIVASTAVA and Bali RAM

[Vol. 66, No. 6

Table 1. Phenomenological Coeflicients for Progesterone/Aqueous-Urea and Progesterone/D-Glucose Systems

C x10* Ly w1018

L
£22 % 107

Li2 1012

Li1z2 %100

mN-1571) ) m¥s—1vY) (ms~ 1 V~2)

moldm™3 Glucose Urea Glucose Urea Glucose Urea Urea
0.0 — — 0.80 1.12 3.42 3.40 0.0

1.0 4.18 7.51 0.85 1.21 2.92 3.16 -0.50

2.0 3.60 7.32 0.91 1.25 2.60 2.75 —-0.81

4.0 2.90 6.80 0.94 1.38 1.95 2.45 —0.03

6.0 2.15 6.31 1.02 1.63 1.40 2.25 —1.52

10.0 1.10 5.40 1.15 1.95 0.90 1.70 —-1.80

C'=Concentration moldm=3. Lij1=Hydrodynamic transport coefficient. Loo=Conductance of membrane equilibrated with
permeant. Lia=First order electroosmotic transport coefficient. Lj22=Second order electroosmotic transport coefficient.

Fig. 6. Postulated picture of the electrical gouble layer at progesterone—aqueous urea interface. @-Protonated urea

H
molecules. ©-Indicates OH™ /HCO3 . @-H +>02_. M - Membrane surface. S-Solution containing OH™ /HCOj ions.

Bondarenko and Nerpin'® studied electroosmosis in
clays with various electric field intensities and found
that on reaching a critical value, the electroosmosis in-
creased sharply and then became constant again in the
region of higher fields. Hadermann et al.” have invoked
Onsager’s dissociation field theory to explain departure
from linearity. Y. Gur!® attributed the nonlinearity to
high surface potential in interpreting simultaneous mea-
surements of streaming potential and electroosmotic
counter pressure through a single capillary. Rastogi et
al.’% 21 have suggested that nonlinearity arises due to
the disturbance of the charge distribution near the inter-
face and also argued that dipolar contributions towards
the zeta potential arising from the adsorbed dipoles is
also responsible for the appearance of Ly terms in the
phenomenological transport equation.

The reasons for nonlinear electroosmotic transport
observed when aqueous solutions of urea are used as
permeants may be rationalized in various ways. Pres-
ence of dissolved CO; in conductivity water may lead
to the following equilibria.

H,0 + H,O0 = HFO+OH™,

H20 + CO2 = H2COs,

H,COs; = HY 4+ HCO3 (Ka, = 4.3 x 1077),
HCO; = HT 4+ CO3™ (Ka, = 5.6 x 10711).

Urea being a weak base (K,=1.5x10"%) will show a
tendency to be protonated as follows.'®

HN
? 5C=0 + H{ O —
HoN
HoN HI N, H:N
? SC=OH* & 2 "XC-OH « __* 3C-OH| +H0
HoN HoN HF N

OH

Now there will be a competition between water
dipoles and protonated urea complex for adsorption at
the progesterone surface and an electrical double layer
will be formed as shown in Fig. 6. The electrical double
layer structure shows that water dipoles get adsorbed
at the membrane surface first to form the IHP of the
double layer. The protonated urea complex accumu-
lates at the OHP. The diffused part of the double layer

equivalent to H2N=C=NH2} @



June, 1993]

Table 2. Membrane Parameters (Pore radius r and
zeta potentials)

C'x10* rx108 Ceox 103
(m) V)

(moldm™3)  Glucose  Urea  Glucose  Urea
0.0 3.560 4.261 — 17.21

1.0 2.390 4.544 7.45 16.02

2.0 2.175 4.710 6.40 15.40

4.0 2.100 4.732 5.42 14.92

6.0 1.996 4.703 4.90 14.61

10.0 1.667 4.959 4.21 14.30

r=average pore radius. (e.o=zeta potential calculated
using electroosmotic transport coefficient.

will have an excess of OH™/HCOj ions with the result

that electroosmotic flux should occur towards the an-

ode. The possible cause of nonlinearity in this case may
be attributed to:

(1) change in the concentration of ions at the ITHP
and OHP of the double layer due to the applied
electric field,

(ii)  lateral interactions between water and urea
dipoles leading to a change in the net number
of water dipoles in one direction and affecting
the value of dipole potential in other direction,

(iif)  typical structural behavior of urea which is likely
to be affected by lateral interactions between wa-
ter and urea dipoles at increasing concentrations
and field strength.

These points are substantiated from zeta potential

values for urea recorded in Table 2.

Evaluation of Average Pore Radius and Zeta

Potential. Using Egs. 5 and 7, the average pore

radius, ris give by

_ 817kL11/T
T_”—LQQ/T . (8)

The values of r recorded in Table 2 show that the elec-
trical double layer theory is adequate to explain the
observed results.

Zeta potential characterizes the electrical nature of
membrane permeant interface. Equations 6 and 7 yield

Clo - 47Tnk:(L12/T)
(L22/T)

where 7 and k are the viscosity and conductivity of per-
meants, respectively, and ¢ is the dielectric constant of
the permeant.

The values of zeta potentials obtained from this equa-
tion are recorded in Table 2 and show unambiguously
that the electrical double layer formed in the case of
protonated urea is much pronounced than in the case

x 9 x 10 volts,
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of D-glucose.
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