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The efficiencies of electro-kinetic energy conversion across composite liquid membranes generat-
ed by cholesterol on one side and both sides of the supporting membrane have been evaluated for
both electroosmosis and streaming potential. The efficiencies of energy conversion have also been
calculated across cholesterol liquid membranes alone in the absence of supporting membrane. The
results thus obtained have been found to be consistent with the linear theories of steady state ther-
modynamics. An attempt has been made to relate the maximum conversion efficiency characterizing
the series composite membrane as a whole with the maximum conversion efficiency for its comnstitu-
ent membrane elements. Substitution of the values of various experimentally evaluated parameters
into the relationship developed for series membrane yields results in fair agreement for the situation
when cholesterol liquid membrane is generated on one side of the supporting membrane interface.

An important phenomenon common to energy
conversion devices is the direct coupling between
the spontaneous processes, which serve as the en-
ergy source and the output. The formal expres-
sion for entropy production in irreversible ther-
modynamics leads to a clear definition of energy
conversion'*. Based on the formalism developed
earlier', Srivastava and Jain*® have experimen-
tally determined the efficiency of electrokinetic
energy conversion for both modes, viz., electroos-
mosis and streaming potential. The results thus
obtained have been shown to be consistent with
the steady-state thermodynamics.

The primary objectives of the studies reported
in this paper are: (a) to investigate the relationship
between the maximum conversion efficiency char-
acterizing the composite series membrane as a
whole and that of its constituent membrane ele-
ments; and (b) to check the validity of the derived
relationship from the experimentally evaluated
parameters. We report here conversion efficien-
cies for the composite series membrane systems
generated by cholesterol on one and both sides of
the supporting membrane as well as for the con-
stituent membrane elements from electroosmotic
transport data.

The membranes composed of different ele-
ments arranged in series array are of special inter-
est not only because they occur frequently in liv-
ing systems but also because of their remarkable
physical properties.

Theory

The explicit phenomenological relations for the
simultaneous transport of matter and electricity in
the linear range can be written as®’,

J,=L,AP+L,,A¢ (1)
I=L, AP+LyA¢ - (2)
which follow from the following dissipation equa-
tion,

dis

T—=JAP+IA (3
. ¢ 3)

In Eqgs (1), (2) and (3), J, and [ represent volume
flux and flow of electricity respectively in pres-
ence of both pressure difference, AP, and clectri-
cal potential difference, Ag. The coefficients L,
are called the phenomenological coefficients. In
accordance with Onsager's reciprocal relation
(ORR), we have

L;=L; -(4)
Since in irreversible processes dis/di=0, it fol-
lows that L, and L,, are always positive and L,
(or L,, ) is subject to the restriction®”,
L€ LjiLss ... (5)
The phenomenological description of two coupled
flows' leads to the definition of ‘degree of coup-
ling', q, which is limited by the Eq. (5). The
quantity q is related to the phenomenological co-
efficients in the following manner'#:
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For electroosmosis,

q.=L,»/yLyLy,

For streaming potential,

q.=L,// Lllez

where subscripts e and s stand for phenomena of
electroosmosis and streaming potential, respect-
ively.

In view of Egs (1) and (2), the conversion effi-
ciency for the two reciprocal phenomena of elec-
_ troosmosis and streaming potential would be giv-
en by*® Eqgs (8) and (9) respectively.
n.=—JAP/IA¢ .. (8)
n,=—IA¢/J AP ...(9)

In a coupled system the maximum conversion ef-
ficiency is uniquely determined by the degree of
coupling' (Eq. 10).

.. (6)

()

2

q
max = ...(10
For very low values of q, the term g’ becomes
negligible in comparison to unity and Eq. (10) re-
duées to,

{11}

7] max 4
Efficiency of energy conversion for series men+
branes

In dealing with composite series membranes, it
is more convenient to utilize inversc phenomeno-
logical relations’ between thermodynamic forces,
X, and fluxes, J, ie.,

Xi=ZR-,kfk (12)
k

Here the resistance coefficients (R, ) are connect-
ed to the coefficients (L, ) (cf. Eqs 1 and 2) by Eq.
(13),

e O
I

A, being the minor of L, and [L] the determinant
of L,. Since for a symmetrical matrix L, the
complements A, are symmetrical too, the R’s
obey the Onsager’s reciprocal relation,

Ry=Ry ... (14)

The relationship between various transport co-
efficients characterizing the series membrane as a

R, ...(13)

8

whole and the coefficients for its constituent
membrane elements in terms of R, coefficients
can be written for two membrane elements as®';

R =Rj +R;
or in general

Ri=> R} ci{(15)

In Eq. (15), superscript B stands for total series
system and superscripts h, k and r stand for con-
stituent membrane elements.

If the degree of coupling for the rth membrane

element is q', Eq. (6) in terms of R, coefficients
can be written as,

R
; r1]1121.2

r

q=- ... (16)

On the basis of similar considerations the degree
of coupling for the total series membrane can be
written as,

B Ry

LA . 7

Making use of Egs (15), (16) and (17), we can ar-
rive at the following relationship,

... (17)

q° =2 q'bi -+ (18)

in which

b — [RuRz |
* \RUR:

Eq. (18) represents the relationship between de-
gree of coupling characterising the composite seri-
es system as a whole and its constituent mem-
brane elements. Now, substituting Eq. (18) in Eq.
(11), we can derive the following relation,

Vs = 2 Toabis

Eq. (19) express the relationship between the
maximum conversion efficiency characterizing the
total series membrane and that for its constituent
membrane elements.

Materials and Methods
Cholesterol (Sigma Chemicals) was recrystal-
lized from absolute ethanol before use. Water was

...(19)
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distilled once over potassium permanganate and
ethanol was purified by the method described in
the literature'®. Aqueous solutions of cholesterol
were prepared by the method adopted by Srivas-
tava and Jakhar'¥. The CMC of the aqueous solu-
tion of cholesterol was found to be ~ 3.0 nM.

The electroosmotic cell used in the present
studies and the procedure followed for the mea-
surements of ordinary permeability, electroosmot-
ic velocity, streaming potential and streaming cur-
rent were similar to those already described by
Srivastava and Yadav'>. The electroosmotic cell
was kept in a thermostat maintained at 38 £0.1°C.

Results and Discussion

From Eqgs (1) and {2), it is obvious that the
[(Jv)a.¢=ns AB, [(L)ap-0, Adl, [(A@);_p, AP and
Dp4-o. AP plots should be linear and pass
through the origin. The values of various pheno-
menological coefficients (L,,, L5, L,, and L,,) for
various concentrations of aqueous solutions of
cholesterol which were used to generate liquid
membranes on one and both sides of the support-
ing membrane were estimated from the slopes of
the above mentioned linear plots and are re-
corded in Table 1. The validity of the relation
L,,=L,, is also obvious from the data in Table 1.
These results are in conformity with the earlier
findings'®.

In the present experimental studies, two types
of the series membranes can be visualized: the

type (i) in which liquid membranes were generat-
ed on one side of the supporting membrane and
the type (ii) in which supporting membrane was
sandwiched between liquid membranes. Evidently,
in situation (i) we consider two membrane ele-
ments, i.e., sintered glass membrane and one unit
of cholesterol liquid membrane and in situation
(ii) we consider three membrane elements, i.e. sin-
tered glass membrane and two units of cholesterol
liquid membranes. With these considerations we
can recast Eq. (15) for situation (i) as,

Ri=Ri+Rj
and for situation (ii) as,
Ry =R +2Rj el

In Egs (20) and (21) superscripts G, C, T and *
denote the sintered glass membrane, cholesterol
liquid membrane, series membrane in situation (i)
and series membrane in situation (ii) respectively.
Before making use of Eqs (20) and (21) for esti-
mation of the R§ values, it is necessary to trans-
form L, coefficients given in Table 1 into R, co-
efficients. Using the values of L, coefficients in-
Eq. (13), we have estimated the values of R, co-
efficients for various systems and these are re-
corded in Table 2. The values of R in Table 3(a)
were calculated using Eq. (20) whereas the values
of R in Table 3(b) were obtained using Eq. (21).
Then the data in Table 3 were utilized to draw
the graphs between (J)y-, and AP, (J,)yp-, and
A¢, (Ag),_, and AP, and (]),,., and AP for eval-

... (20)

Table 1 — Values of various phenomenological coefficients, f, #,.,, and q for series systems
[Cholesterol] Ly, x 10" L;;x 10" Ly, x 10" Ly, x10* B x 108 B x10% 9. %10 5, x10" 5. x10" 5, x10" ¢x 10°

(nM)  (m'N-'s ') (m*AJ ") (m*Al") (ohm™!) from from from from
B. B, plotof  plotof
n.vs AP n,vsAg
{a) Situation (i)

0.0 1.355 2.750 2.750 0.268 2.082 2.082 0.520 0.520 (.49 0.49 4.563
10.0 1.216 2.310 2.300 0.252 1.741 1.726 0.435 0.431 (.43 043 4.163
15.0 1.153 1.810 1.800 0.198 1.435 1.419 0.358 0.354 0.36 0.33 3.778
20.0 1.130 1.640 1.640 0.189 1.259 1.259 0.314 0.314 0.31 0.31 3548
25.0 1.038 1.140 1.150 0.143 0.875 0.890 0.218 0.222 0.22 0.22 2,972
30.0 0.869 0.916 0.920 0.129 0.748 0.755 0.187 0.188 0.18 0.18 2.742
35.0 0.822 0.846 0.841 0.129 0.675 0.667 0.168 (.166 0.16 0.17 2.590
40.0 0.775 0.714 0.714 0.117 0.562 0.562 0.140 0.140 0.14 0.14 2.354
45.0 0.747 0.572 0.569 0.095 0.461 0.456 0.115 0.114 0.12 0.11 2.142

(b) Situation (ii)
15.0 0.619 0.485 0.444 0.090 0.422 0.354 0.105 0.088 0.103 0.087 1.968
20.0 0.466 0.357 0.340 0.070 0.391 0.354 0.098 0.088 0.094 0.078 1.929
30.0 0.346 0.275 0.272 0.063 0.347 0.332 0.087 0.107 0.087 0.088 1.852
35.0 0.307 0.237 0.241 0.061 0.299 0.310 0.075 0.077 0078  0.084 1.746
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Table 2 — Values of various resistance coefficients; g, and 7,,,, for series system

[Cholesterol] R;; 1077 —R;;x10°* =R, x10°* Ryx107* qx10? Nenan X 107
(nM) (m3*NS) (m*A']J) (m*A!']) (ohm} computed
fromgq
(a) Situation (i)

0 0.738 7.575 7.575 3.732 4.563 (.520
15 0.868 7.938 7.894 5.057 3.788 (1L.358
20 0.884 7.679 7.679 5.201 3.551 (1.315
30 1.150 8.170 8.206 7.751 2.736 0.187
35 1.216 7.978 7.931 7.751 2.598 0.168

{b) Situation (ii)
15 1.615 8.705 7.969 11.110 2.055 0.105
20) 2.146 10.944 10.423 14.285 1.976 0.097
30 2.890 12.615 12.478 15.870 1.862 0.086
35 3.257 12.655 12.869 16.390 1.732 0.075

Table 3 — Values of various resistance coefficients, g and #,,,, for cholesterol liquid membranes

[Cholesterol] R, x 10" =R, x10°" =R%, x10°* R,,x10 * gqx10? Moe X 10%
(nM) (m NS} (m*A'])) (m*A ') (ohm) computed
from g

{a) RY, values evaluated considering unit layer of liquid membrane generated on one side of the supporting membranes

15 0.130 0.363 0.319 1.325 0.822 0.168
20) 0.146 0.104 0.104 1.559 0.217 0.017
30 0.412 0.595 0.631 4.019 0.476 0.056
35 0.478 0.403 0.356 4.019 0.273 0.018
{b) R%, values evaluated considering two unit layers of liquid membranes, i.e., one unit liquid membrane on each side of the support-
ing membrane
15 (0.438 (1.565 0.197 3.689 0.299 0.022
20 0.704 1.684 1.424 5.276 0.805 0.162
30 1.076 2.520 2.450 6.069 0.972 0.236
35 1.259 2.540 2.647 6.325 0919 0.211

uating the efficiency of energy conversion across
liquid membrane alone.

Steady state energy conversion

On the basis of theoretical considerations'’ and
experimental findings'®?" of the efficiency of en-
ergy conversion as defined by Egs (8) and (9), the
following general conclusions have been reached:

(1) The maximum conversion efficiency for a
fixed value of input force always occurs when
output force equals half its steady state value.

(2) The value of maximum conversion efficien-
cy is independent of applied input force.

13) The values of maximum conversion efficien-
cy for both modes of conversion, i.e., electroos-
mosis and streaming potential, are equal as a con-
sequence of Onsager’s reciprocal relation.

Utilizing Eqs (8) and (9), we calculated the
values of 7, and #, for sintered glass membrane,
series membranes in situation (i), series mem-
branes in situation (ii) and also for cholesterol li-

10

quid membranes alone corresponding to two fixed
values of input forces using the method described
earlier*® from the transport data on ordinary
permeability, electroosmotic velocity, streaming
potential and streaming current at several values
of output forces ranging between zero and their
steady state values. Some typical results are
shown in Figs 1 and 2. These figures clearly dem-
onstrate the validity of all the three conclusions
listed above. The values of #,.,., and 7,...., for all
the systems and at various concentrations of cho-
lesterol obtained from the curves of the type
shown in Figs 1 and 2 are given in Table 1.

In order to ascertain the consistency of the re-
sults, the values of maximum conversion efficien-
CY, Mo.max @Nd 7.0 have been evaluated from the
respective values of the figure of merit, B (Eq.

22)3.'!"'2",
-(l+ﬁc)ll_"1 “_"“_@)Ir:_l

ne'mux_m 1 ;”\-mnx'_(l +ﬁ\)”2+i

s {22)
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% 00nM 5V
-00- 0.0nM WY
44 10.0nM 5V
Ao 10.00M 10V
&8 150nM 5V
00 150nM WV
8- 200nM 0V
- 20.0nM 20V
-8-8- 25.0nM 10V
-8 250nM 20V
-or-d- 30.0nM 10 V
A 30.0nM 20 V
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Fig.] — Dependence of n on AP at two fixed values of input

force (Ag¢) when cholesterol liquid membranes are generated
in series with supporting membrane on one side

where f. and f, are related to the phenomenolog-
ical coefficients in the following manner,

pe(beten) " g (Ble) T

The values of B. and B, calculated from Egq.
(23) are given in Table 1 for all the series systems
which satisfy the relationship B, = B, as a consequ-
ence of validity of Eq. (4). The values of maxi-
mum conversion efficiencies evaluated from Eq.
(22) were found to be in fair agreement with the
values predicted from the maxima of the curves
plotted between 7, and AP and #, and A¢
(Table 1). Alternatively, the consistency of the re-
sults can be checked from Eq. (10) using the va-
lues of q. and q, defined by Eqs (6) and (7) for
L, coefficients and Eqs (16) and (17) for R,, co-
efficients. The values of degree of coupling ob-
tained from the mean of two cross phenomena,
(9. +q/2) (Tables 1 and 2) show that the values
of q and n,,, calculated using the values of L,
coefficients are in fair agreement with those eval-
uated from R, coefficients. This further corrobo-
rates the consistency of the results.

Test of equation (19)
Eq. (19) for the two membrane elements can be
rewritten as,

o9 00nM  10x10iNmZ
00~ 0.0nM  20x102 Nm?
A4 100nM  10x107Nm2
o8- 10.0 M 19x10°Nm2
-8 15.0n0M  8x10iNm2
00 15.0nM 'IE;‘.oznn'-'.Z
-®® 20.0nM 1L5x10ENm2
+% 20.0nM  29.6x102Nm?
S8 25.0nM  11.0x10°Nm2
@8 25.0nM 22 6x102Nm?
L8 30.0nM 10.6x102Nm?
4 30.0nM  21.2x10%Nm2

.+ 102

- _i__
20 60
a ¢ x10? (vou)

Fig. 2 — Dependence of 5! on Ag at two fixed values of input
force (AP) when cholesterol liquid membranes are penerated
in series with supporting membrane on one side

Al ’?max

R} R
... (24)

G G122
Fralst Ry Run\™
max vV T max R‘:’[ R‘{:

o R

Eq. (24) was tested for the electroosmotic conver-
sion efficiency in the following manner. For a par-
ticular concentration of cholesterol (say 15.0 nM)
the value of n.,, (i.e., at 0.0 nM) was noted from
Table 1(a), the value of 7t ... was noted from
Table 3(a), the values of Ry}, R%, RT, and RT,
were noted from Table 2(a) and the values of RS,
and RS, were noted from Table 3(a). Substituting
these values in Eq. (24), we calculated the value
of Nl .. The value of ! ... thus predicted was
found to agree with the values read from the plot
between #! and AP for all concentrations. A com-
parison of these values is given in Table 4. Sim-
ilarly, Eq. (24) can be tested for the phenomenon
of streaming potential.

For the series system in situation (ii), Eq. (19) can
be recasted as,
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Table 4 — Comparison of the values of 5!, and #* . calculat-
ed from Eqs (24) and (25) respectively with those predicted
from the maxima of the curves

|Cholesterol] Nl X 10* 7 * .. % 107
(nM)
Calc.from Predicted Calc.from Predicted
Eq.(24) fromplotof Eq.(25) from plotof
n¢and AP n* and AP
15 3.56 3.65 0.872 1.03
20 3.16 3.15 0.482 0.94
30 1.87 1.85 (.364 0.83
35 1.67 1.65- 0.295 0.78
s RORY, » RiRg |
1 max 1 max R V 1 max “R a
. (25)

To test Eq. (25),Rf and R§; values were noted
from Table 3(b) and R*, and R¥, values were
noted from Table 2(b) at 15.0 nM concentration.
The values of n*%... predicted from Eq. (25)
were found to agree with the values obtained
from the plots between #7* and AP However,
when the values of Rf; and Rf; were used from
Table 3(a), the values of n*. .. obtained from Eq.
(25) were not found to agree with the values pre-
dicted from the plots between #* and A P(Table 4).

This discrepancy can be rationalized by taking
into consideration polarity of flow which leads to
a correlation between macroscopic observables
and membrane structure”'. The polarity of flow
is expected to arise from the transition layers
which may be considered as additional membrane
elements®!". This situation is likely to occur in the
present series system because of any specific
orientation?! of the surfactant molecules at the in-
terface and interactions between the surfactant
molecules themselves either by lipid-lipid interac-
tion?? or through hydrogen bonding?® between the
hydroxyl group of cholesterol molecules.
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