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As the title of the thesis indicates, the non-equilibrium
thermodynamic studies contained in this thesis can be put in
two broad categories, namely, (a) studies relevant to water
desalination problem and (b) studies relevant to biophysics.
The studies relevant to water desalting are described in
Chapters IL to IV and the studieé having biophysical relevance

are contained in Chapters V to VIL.

Cne of the major problems in the area of reverse osmosis
has been the search for suitable membranes. Since clays are
known to possess salt rejection properties when agueous solutions
of electrolytes are forced through them, it is worth while to
explore the possibility of using compacted clays as membranes
in reverse osmogis operation. The studies contained in

Chapter II have been conducted with this aim in view.

The Kesting's liquid membrane hypothesis is of great
significance from the point of view of reverse osmosis techno-
logy. The studies contained in Chapter iII lend support to
thé Kesting's hypothesis and also reveal certain novel properties
of the Poly vinyl methyl ether (PVME) liquid membranes which

had hitherto gone unnoticed.



Chapter IV describes experiments on electro-ocsmosis of
saline waters through a cellulose nitrate membrane with a
view to studying the efficiency of electro-kinetic energy

conversion.

In Chapwer V Kesting's liquid membrane hypcthesis has
been extended to the case of bile salts which are excellent
surfactants of biochemical importance. These studies are

expected to be of significance in physiology.

In Chapter VI the experiments and the data of Dainty
and Ginzburg on the trans-cellular osmosis of internodal
characean cells have been re-examined. It has been concluded
that the experiments of Dainty and Ginzburg represent a
suituation where the linear formalism of non-equilibrium
thermodynamics which has thitherto been considered good enough
for the description of transport processes in biological
systems, breaks down and the anomalous result s are better
explained on the basis of Li's non-linear phenomenological

equations.

The Chapter VII contains studies on network thermo-
dynamic modelling. The two cases considered are (i) transoort
through composite membranes and (ii) an enzyme catalysed
reaction. In both these cases expression for relaxation times

have Dbeen deduced. In the case of enzyme catalysed reaction
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the expression for steady state reaction velocity has also been
deduced. The deductions especially of relaxation times based
on retwork thermodynamics are much simpler in comparison to

o

the corresponding deductions based onfﬂ%netic and statistical
L A

methods.

The Chapter I is introductory to the studies reported
in subsequent Chapters and contains a summary of the non-
. equilibrium thermodynamic theory of osmotic and electro-osmotic
phenomena. The basic tenets and methodology of network

thermodynamics have also been summarigzed in this chapter.

Sarey podor
(Saroj &;Eav) > Sl
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NON-EQUILIBRIUN THERJODYNAMICS OF COUPLED FILOW PROCESSES -
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The non-equilibrium thermodynamic studies contained in
the subsegquent chapters of this thesis can be put in two
broad categories:

a) Studies relevant to water desalting

b) Studies relevant to biophysics,

In both the cases mentioned above the phenomena studied
are either the simultsneous transport of matter and electri-
city or simultaneous transport of solute and solvent through
relevant membrenes, In this chapter therefore we will briefly
summarize the non-equilibrium thermodynsmic theory of both

electro-osmosis and osmosis including the frictional inter-

pretation of the phenomenological coefficients.

Since the studies reported in chapter VII relate to
network thermodynsmic modelling of some irreversible
transport processes, the basic tenets and postulates of
network thermodynamics which is relatively a recent develop-

ment, have aglso been included in this chaptere.

I.1 SIMULTANEQOUS FIUXES OF VOLUME, CHARGE AgD SOLUTE PHROUGH
A MNENBRANE — THE DISSIPATION E'UNCTION1

Let us consider an isothermal system consisting of +two

well stirred compartments (say I and II) and separated



by a membrane, Different conczanirations, pressures and
electrical potentials are allow=d on both sides of membrane
so as to give rise to three fluxes, namely the flow of water,
tné flow'of the cation and the flow of the anioan through

the membrane., The non-equilibrium thermodynamic theory of
such an isothermal system in which three flows znd three
conjugate forces operate simultaneously, has been discussed

by Kedem znd Katchalskye1’2

1

The dissipation functionip for such a discontinuous

system is given by the equation
p=J1““lf"J2‘“"&z+Jw""“‘w Uw e, S s a D

where J's represent the flows of the species denoted by
the subscript and the difference in electrochemical
potential across the membrane ( &g = pi- & Ll represent
the corresponding gonjugate driving forces. The subscript

1,2 and w f;;pectivei;ibtand for the catiOﬁ,"thé"éﬁian

and water respectivei&. Equation (1) can be changed into
a more convenient form: if the electrolyte be a salt
composed of a B, valent cation and a Gom valent anion which

dissociates into '»1 cations and V. anionsa

2

The condition of electroneutrality for the gglt jg

written as

V%V, 3, =0 (2)



The difference in the chemical potential T of the salt
(electrolyte) is related to the difference in the electro-
chemical potentials of the czgtions and the anions by the
relation

Lipg = Vg &y + Vo &l o (3)
The electro-motive force &b acting across a pair of
electrodes reversible to one of the ions, say ion 2, can
be given as,

.-...'.pz
A Nt (4)
22 F

where F is the Faraday.,

The electrical current I through the membrane is

related to the ionic flows by the equation

I = (z, J1+22J2)F (5)
For the electrodes reversible towards ion 2, the flow of .
ions 1 can be related with the flow of salt JS as

= . _ 6
vy I I, (6)

- Introducing the last expression and equation (2) into

(5) one can write
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J2 = EE? * vV, JS (7)

Now, on substituting the value of J, and J2 from equation

1
(6) and (7) and of ;52 from equation (4) into equation

(1) and rearranging terms, the dissipation function

becomes’

\!

ﬂ=qu.u.w+JsupS+Iﬁ-E (8)

Since o py, and 4g Can be defined as

i

bpg =V, (&P - 4ax) (9)
and
— = -+ ‘.WTC
bpg =V, &P« -7§~ (10)
s

where VW and VS denote the partial molar volume of water
and solute respectively, &P is the hydrostatic pmessure
across the membrane, w % is the difference in the osmotic
pressure of the pemeable solute and T_ is the average
of the solute concentrstion in the two compartments,the

equation (8) can be coanveniently be transformed into

D= Jv LP 4 JD g + I&E (11)
wi th
i o s e s 0 (12)

and



J
Jo=nt = J_ 7 13
= : (13)
In equation (12) and (13), Iy remxr esents the volume flow
and the exchange flow Jg reoresents velocity of the solute

relative to that of the solvent.

1.2 ELECTRO-KINETIC PdinONiiENA

The classical equipment for the study of electro-
kinetic phenomena consisgted of a two-compartment system
separated by a plug of porous charged material, such as
wet clay or a fritted glass filter., Modern experiments
could also use an ion-exchange membrane separating two
salt solutions of equal concentration (hﬂs=0) and subjected
to various pessure differences and electromotive forces.
The interest in the coupling of volume flow and electric
driving force or of electric flow and hydrostatic pressure
goes back to the early 19th century, and through the
decades a wealth of experimental material has accumulated
for many combinations of flows and forces, The first
theoretical explanations oi the phenomena, advanced at the
end of the 19th century, were based on the theory of the
electrical double layer developed by Helmholtz4,

Smoluchowski5, Gouy6 and Perrin? All classical theories



treated a simplified model which still serves as a very
good approximation to the behavior of loose membranes such
as glass filters or clay. The advantage of this approach
is that it permnits a direct evaluation of the coefficients
and gives a tangible picture of the processes in the
membrane, However, the theories reach their linit when
dealing with very dense membranes containing a low per-
centage of water, In later years, Saxen8 obgserved that
several relations between coupled phenomena, derived from
ﬁhe simple theory, also remain ¥alid in the region in
which the theory itself fails to describe the experimental
data. These Saxen's relations attracted the attention of
thermodynamicists, and in 1951 liazurand Overbeek9 proved
that they may be deduced in a general way Irom the pheno-
10-14

menological equations of mon-equilibrium thermodynamics.

This is what has been summarigzed. in the following lines.

If in the system "‘“s=o which means that the concen-
tration of the solutions in the two compartments is
uniform, the equation (11) for the dissipation function 4,

simplifies to

=3, &P+ I (14)

The transport equations in the linear range can be written as



Jo = Lyq @ + L,, «B (15)
I = Ipq &P + Ly, &B (16)

where Lik are phenomenological coefficients goverened
by the following conditions

a) Lo =Ly (Onsager's reciprocity relations15)

b) Lyq L22 > L21 L12 (on account of the positive definite

character of entropy production)

Expressions for various electro-kinetic effects in
the steady state can be derived from eguation (15) and

(16). These are:

For Electro-osmosis

() p=0 = Tz <E5 (V1) pg = Iyp/Tpy (17)
For Electro-osmotic pressure

(@)y o = = (Byp/Ly,) & (18)
For Streaming potential

() g = = (Ipy/Ly,) < (19)

For Streaming current

(1) g0 = Dp &8 5 (I/5) 0 = L,¢/544 (20)

These phenomena are inter-related on account of Onsager



relations. Thus

(R/2B);_ g = - (I/3) z-0 (21)
(B/&)10 = = (/I p0 (22)

—_— - : 3
which are well known Saxen's relations.

The linear phenomenological equations (15) and
(16) can alternatively be written as
«P = R, d,+ R

T Rk 4B

LE = R21q:+ 3221 (24)
where Rik are the resistance ceefficients and are related

to the phenomenological coefiicient Ly in the following

manner
By © ?%% (25)
R, —---Il;;ila (26)
o4 """% (ak
a4, 2l (28)
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in which the detemminant |L| = Lydoy = Iyplyqe In
general,

1T 55

Rk Wi
in waich |L| is the determinant of the matrix of the
coefficients L,y and |L|.;, is the minor of the determi-

nant corresponding to the tverm Lik' The equality

Rip = Ryy (29)

follows on account of Onsager's tbeoremlS

Counterparts
of equations (17) to (20) for various electro-kinetic
effects in terms of resistance coefficients Rik can be
easily deduced from equations (23) and (24) by applying

the condition for appropriate steady states.

‘/? Extensive amount of work on electro-kinetic phenomena o

(/;7/ooth charged and uncharged membranes, ascertaining the’
domain of validity of the phenomenological equations,
their form in the non-linear region and the nature of

_various phenomenological coefificients has recently been

reported in 1iteratuze. o 2/
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I.3 SLUWULITANEQUS TRANSPORT OF SOLUTE AND SOLVENT

If in the system described by the equation (11) 4E=0

or I=0 the dissipation function reduces to

g = Jy &P + Jp o (30)

The phenomenological equation relating the flows and forces

defined by the equation (30) are

Ip

For vhis gystem, the Ounsazger reciprocal relations are
LPD = LDP (53)

The significance of equation (31) and (32) may be clarified
by exemination of several common physical situations. In
an experiment in which the concentration of the solute is
the same on both sides of the membrane, i.e. 4 ¢t = 0, if

a pressure difference is maintained across the membrane,
there will be volume flow Jys Which is a linear function

of 4P, The proportionality coefficient relating J, to a P
is LP which is the mechanical filteration capacity of the
membrane, The filteration coefficient has the cCharacter
of a mobility aﬁd represents the veloeity of Ifluid per.

unit pressure difference, An inspection of equationg (31)
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and (32) further reveals that a hydrostatic pressure at
«n=0 can produce not only a volume flow but also a

diffusional flow,

(JD);_J{=O = LDP wP (34)

The coupling coefficient LDE is a measure of the ultra-

filteration properties of the membrane.

An alternative exXperimental arrangement is if we
have different solute concentration in the two compartments
(e # O) and the gressure is uniform («P=0), In such a
situation the difference in osmotic pressure causes a
diffusional flow characterized by the coefficient Ly

which represents a diifusional mobility per unit osmotic

pressure:
(Uplgpo = Tp 4= (35)

Another effect implied in equation (31) and (32)
is a volume flow caused by an osmotic pressure difference

at 4P=0

(J (36)

v)p=0 = Ypp AT
The coefficient LPD is the coefficient of osmotic flow,

Thus the phenomenological equations (31) anad (32)

give an adequate description of the phenomena of membrane



13

transport and correlate in a consistent manner different
exserimental observations, On account of Onsager's law a

uantitative relation between the phenomena of ultra-

e

filterztion and osmotic flow can be given i.e.

J ) (J )
v - D
5D PR L Y -

Equation (37) shows that the volume flow per unit osmotic
pressure should be equal to the diffusional velocity per

unit pressure difference,

The introduction of the cross coefficients is not
arbitrary but is required by the very nature of the phenomena
taking place in the membrane. Moreover, if we disregard the
exisvence of cross reclation, we would miss one of the
most interesting aspects of membrene function, the selecti-
vity. The use of L, alone would lead to prediction of
mechanical filteration but would make no distinction
between a membrane so selective as to give rise to a
maximal flow under the action of an osmotic gradient and
one so coarse as to make the establishment of an osSmotic
flow impossible, In the same way, a diffusional or
exchonge flow will take place in a free solution without

the presence of a membrane. It is, however, the coefficient



U

rane characteristics and take

=3

that introduces men 3

(

p

into account the nhenomenon of ultrafilteration.

In an osmometeric situation when Jv=0 the equation

(31 ) yields

(.-.P)~- = - r_ =0 (58)

or that iP=am only if - LPD= Lp. This condition is
satisfied for an ideal gemipermeable membrane, that prevents
the transport of solute whatever (P or .s may be, so that

J =0 for all values of forces.

(=]

Staverman28

recognized that the ratio - LPD/LP 16
an adequate measure of membrane selectivity. He called

it the reflection coefficient,

a=-—§§ (39)

to indicate that when o.= bV all the solute . is reflected
from the membrane, while ¢.< 1 means that part of the
solute penetrates and is not reflected. It is important
to realigze that the value of ¢ depends on the properties
of both the membrane and the solute, The data of

29 : - 30 o1
Anderson and Ussing“”, Dainty and Gingburg , Gingburg

' ‘ ; 32

and Katchalsky31 and Goldstein and Soloman clearly

demonstrate Vthiso
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In order to clarify the concept of membrane selecti-

vity let us write from equation (31) and (32)

a3 1i
D PD )
—— — - - 40)
\
(d ) Lp
FA I

J. = o
D Vs VW (41)
and , J_ B v (42)

where ¥ and v, are respectively the velocities of solute

and water the equation (40) can be transferred into

(i-—) AT (43)

" Aflzo
Equation (43) shows that for an ideal semipermeable
mémbrane (9=1), v_=0 and no solute can cross the membrane.
With decreasing selectivity or diminishing ¢, Vg increases
and solute is transferred. Whemn g.= 0, v =7V, 20 that
for = nonselectivVe membrane solute and solvent move at
equal velocities and there is no ultrafilteration. There
is also the possibility of o being negative, and in thig
case 1 - ¢.> 1. This would mean that the transfer of
solute is more rapid than that of solvent or Ve ¢ Vi

Such cases are known and are called negative anamalousg



osmosis; they are of special interest in transport of

electrolvies through charged membranes. This problem has

-

sed in detail by Xedem and Katchalsky)3 and by

Q
)}

c
¢

The introduction of o into equation (31) gives, for

the volume flow J_,

J, = Iy (&P - c.aw) (44)

Tt is often advantageous to study the total solute flow JS,
rather than the relative velocity Jj. TFor this equation

(31) is solved for AP in terms of J_ and ax to yield

v
J., - & T
P = o LPD ( 4'5 )
Lp

Using equation (39) and (45) it is possible to write Zfrom

equation (31) and (32), the relationship

J,=C, (1-0)Jd, + wan (46)

in which

GS (BP LD = L%D) (47)

Lp

W =

The new coefficient (w is the coefficient of solute permea-~

bility at zero volume flow and can be written as

J
- (2)
“rlg,=0
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Lol

It is an important characteristic parameter of bo
synthetic and natural membranes. As expected,; for ideally
semipzrmeably membrane, w = 0, while for non-selective

membranes in which the solute diffuses freely and L,y = O,

Q|

w = Ly » The equation (44) and (46) were first derived

by Kedem and Katchalskjjb and are more appropriate than

S

equation (31) and (32) because of their operational form.

Within the framework of discontinuous theory it is
more convenient to describe the behavior of the membrane

system as a wnole in terms of measurable quantities.

Lhis can be illustrated with the flow equations
(44) and (46). Assuming a constancy of o, Ip and w
(which seems completely plausible for a single experiment
waoere only small chawges of concentration are allowed),
we expect straight lines, if J_ in plotted versus P in
accordance with equation (44). From the slope and inter-—
cept L, and ¢ may be calculated, provided that .~ w 1S
xnown, REquation (46) under the condition of J . equal to
zero, is the basis for the determination of w. The
experimental verification of equation (44) involves
measurements of pressure and volume flows only, the veri-
fication of equation (46) involves measurenents of changes

i 21
0f compogition, Smit36 and Smit et al have emphasised
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that o, Lp and w should be determined in this way rather
than ¢ and LB in an ultrafilteration experiment and w
separately in an osmotic experiment. It may of course

be noted that this method implies the validity of Onsager's

reciprocal relations.

~

I.4 FRICTIOHAL INTERPRETATION OF PHENOMBIOLOGICAL COEFFICIER

The macroscopic theory of transport processes
presented in the foregoing lines is quite general and does
not make use of any specific kinetic or statistical model.
But the price one has to pay for this generality is that
not much can be legmt about the mechanism of the transport
process inside the membrane. It is for this reason that

28

several mechanistic models have been proposed, 0f these

33

Spieglert's frictional model”” which relates the various
phenomenological coefficients with the coefficient of
friction between the permeating species and the permeating.
species and the membrane is the one that has attracted

attention in recent years?6’37’25’26

Spiegler's frictional mode139 has been extended
by Kedem and Katchalsky4o +0 correlate the measurable
quantities Ly, ¢ and w with various frictional coeffi-
cients, This is summarized in the following Ilines,



R

Congider an isothermal system consisgting of two
compartments containing pure water and separated by a
membrane, the driving force is provided by a difference
in pressure. Let there be a point x in the membrane

where the force driving the water is

d u
X = . (49)
axn

Under steady state condition, the driving force X, mast be
balanced by a mechanical frictional force, L ym? between
the water and the membrane. The fricvional force is

given by
Xm = T Vo = Vo) (999

where fwm is the coefficient of friction between water
and the membrane, Ve is the geometric velocity of the

membrsne and v, is the velocity of water. If membrane
is the reference for 211 flows, Vi is taken to be zero

and equating X and Xy Ve obtain

ik
B £ v (51)
dx m w

The flow of water at the point »n is given by sz Gw (n)vw

where C, is the water concentration in the membrane,
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Assuning that the water concentration in the membrane is
uniform throughout the distribution coeificient KW of
water between the membrane phase and the adjoining medium

can be written as

(P!

W

= K (52)

W

where C is the water concentration in the adjoining
medium. Multiplying the numerator and denominator in

equation (52) by V_ we can rewrite equation (52) as

G V¥ ¢
W W w 2
Pt TS ....1_... — Kw (53)

where Q’W is the volume fraction of water in the membrane

With these relations equation (51) becomes

i =
b d gy o Tym Cw Y ! Jw Lo " Tw Vv Twm (54)
dn Gw Cw o

Integrating equation (54) across the membrane of thickness
&L and writing JW Vw equal to the total volume - Flow

Jv we can write

V. &P
Jv . A w‘ (55)
fwm A xn



Comparison of equation (55) with equation (31) under the
condition wuw = O shows that

- ¢W vw

£ Ak

Lp (50)
Equation (55) is a very simple case relating thermodynamic

coefficients to frictional coefficientse.

Let us now consider a simple case of transport of
a simple solute and solvent through a membrane%o The
fundamental assumption underlying this more general treat—
ment is that the frictional forces that counter balance
the thermodynamic driving forces are additive. Thus
according to Spieglerag, the force driving the solute,
Xy, 1s balanced by the sum of the force of interaction

of solute with +the membrane matrix, X and the force

sm?
of interaction between solute and solvent in the membrane,
Xsw‘ The formal hydrodynamic description of these

frictional forces is

= - B
Xsm fsm (vs v“) (57)
= G 58°
. o fsw (vs vw) (58)

where fsw is the frictional coefficient ©. between g

mole of solute and infinite amount of water. Since
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r SRR SN e QPR N ¢ R S E fsw (59)

+ < —

, =v (f . -
JWm * Ays w( wvm ¥ tws’ s ~ws

%
1l

> coefficient is different fron since f is
The c ie fws i t from fsw el o

the friction between a mole of water and an infinite

amount of solute, In a loose membrane, the coefficient

f_, @pproaches the value for free solution, £3y» Wahich is
=}

related to The diifusion coefficient D by the equation

where R is the usual ges constant and T is the absolute
temperature. Equation (60) and (59) can be further

transformed into

R T T (£i5 * Tym) Iy (62)
L AT Y R ‘
% s W
¥ il d‘;s 1. (fsvfF fsm) s fSW Iy (63)
7 da G (n) e C, (n)

where ¢ (%) and C_(x) are the concentrations of solute ang

water respectively at the point » in the membrane, The
equations (62) and (63) have the form of inverted phenomeno-

logical equation,



= R11 Jw + R12 JS (64)

X = R

o1 9w * Roo Jg (65)

n

How comparing equation (62) with (64) and equation

(63) with (65) we can write

R = fWS * f'-'\m ; R o sSwW (65)
1 T e T
1 ¢, (#) 21 ¢, (%)
L s foa* Eﬁm (67)
R ~ = = e ; R T o e —— -
1= c_ (%) 22 Tl

Thre requirement R R,, gives us the relation between

R "
the frictional coefficients £ and f_ _ =
SW WS

C (n) £
A i (68)
G, (%)

The concentration Cs(n) and Gw(x) at the point » in the
membrane can be expressed in terms of the external
concentration. The concentration Cw(n) can be approXi-
mated by the equation (52). For evaluation of Cs(“)

one has to use a more complex method. Imagine that at
the point % a small hole is created in the membrane and
£illed with pure water. Under conditions of steady flow,

the hole will fill up, in a short while, with solute of



concentration Gé(.-a)o As shown above, the chemical
potential of the solute in the hole should be equal to
+that in the membrane so that in the case of a homogeneous
membrane the ratio of the concentration at the point x
in the membrane to the concentration in the equivalent
aqueous phase G;(A) should be given by a distribution

coefficient KS,

= X (69)

The value of K is assumed to be constant throughout the
membrane, The advantage of this device is that, instead

of the chemical potential in the membrane, we may use

the equivalent potential in the agueous phase of the

amall hole, and instead of the unknown concentration

cs(n) we ﬁay use Ks Cé(n), which can be determined
experimentally by independent measurement on solute distri-

bution between the membrane and the external solution.

For simplifying the integration process let us
take into considerstion the fact that the permeability
coefficient w and the reflection coefficient ¢ may be
detemmined at zero volume flow. Since Jv=0 is, in mest

cases, very nearly equivalent to J =0, We May use the

latter condition, Thus equation (63) then becomes



4 ""s) J
b e = I, . AL \
dx =0 K_Ct(n) (fSW i fsm’ (70)

“w - S

considering the value of d »_ as tvhat of the chemical

[

potential in the equivalent aqueous solution, the

equation (70) can be rewritten as

 dge Js(fsw + fsm) (713

dxn K
S

Integrating equation (71) across the membrane of thickness

Ln, We get

(‘—“)J;o = e Jg (72)
W

The expression in terms 0f frictional coefficients for
the pe rmeability coefficient w follows from equation

(72) L.e%

(), - 2
anly o m(fsw-l-fs'm)
w
e ee (73)

The reflection coefficient ¢ in terms of frictional
coefficient can be evaluated by imposing the condition
=0 and transcribing equation (62) and (63) using

equation (68) and the relationship Cw('ﬂ-) VW = (PW .



d, ”W VW sSwW
- = - s g (74)
dx ?__}
dps fsw 4 fsm .
= = = A= (75)
dx K, CL(x) 5

Bliminating JS from the above two equations we get

du

. 1 A . dis
% Cé(x) R R SE ¢w (_ W ) (76)
— s Tow T du

As Gé()c) and dus are regarded as the properties of the
equivalent aqgueous solutions, we may put Cé(n)(d-;s/dn) =
dn/dx and integrate the equation (76) to get

, Ks
(i) =g =1 - S SW (77)
. Jw=0 (fsw+ fsm) cPw

In arriving at equation (77) the relationship (9) has
also been made use of. The equation (77) is based on
the assumption that J ’-"-"JV. In case this assumption is
no longer valid a correction in equation (77) is called

for because

AP . P wvs
(IR e
J ;=0 J,=0 ! 3



The corrected version of equation (77) can thus be written
as

' w Vs KS i
o=1- - (79)

LP ?w (fsw * fsm)

The above equation (79) shows that, when the membrane is
impermeable to the solute and w = 0, the coefficient o = 1,
as exme cted for an ideal semipermeable membrane. When w
increases ¢ decreases and for sufficiently large values

of w, may assume negative values. The negative value

of ¢ means that in an osmotic experiment, at zero volume
flow when 4P = ¢ 4;m we have to apply negative pressure

to the solution for a steady state.

Values of frictional coefficients for several
systems (both natural and artificial membranes) have

)
been evaluated41042

from the experimentally determined
values of Lp, 0 and w,  Study of frictional coefficients
can be very helpful in understanding the mechanism of
transport process through biological membranes. An
excellent account of this is available in Stein's cele-
brated monogra§h§3 Study of frictional coefficients can
also be helpful in deciding how efficient a membrane
would be in a hyperfilteration ogeration%4—47 In fact

Spiegler and Kedem44 have developed criteria, in terms
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of frictional coefficients, for efficient ‘hyperfilteration

membrzsnes.

I.5 NETWORK THERMODYVAMICS

Meixner 48-50 L5 the first to recognise the
connexion between network theory and irreverisble thermo-
dynamics. This has recently been revived by Oster,
Perelson and Katchalsky?1,52 The most recent monograph
and probably the only one so far that has appeared on

93

the subject is by Schnakenberg.

lfetwork approach to irreversible processes has
several advantages. Not only does it provide an alter-
native formalism, but it brings thermodynamics of irreversi-
ble processes within the framework of modern dynamical

54

system theory.

Thermodynamics is a phenomenological theory and,
ag such, is a purely formal structure. It offers no
explanation of physical events, but serves only to
organige knowledge and establish relationships between
quantities. Similarly, the principal purpose of Network
thermodynamics which also is a phenomenological theory
is to provide an organizational framework for treating

complex thermodynamic processes. The techniques developed
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are especially well suited to the descrintion of biological
system, where analysis 1s complicated by the nonlinearity
of the individual dynamic process, the organizational
complexity of the system as a whole and the mathematical

intractability of the resulting equations.

These problems are similar to those encountered in
dynamical systems and control theory, waere one particular
aporlication of non-equilibrium thermodynamics = electrical

network theory — has been extremely successiul,

The network approach also makes it possible to
construct a graphical representation for thermodynamic
systems analogous to circuit diagrams in electrical
network theory. Such network grapﬁs are far more than
pictorial representations of particular physical systems.
Because the dynamical equations may be read algorithmi-
cally from the network graph, the diagrems are actually
another notation for the equations themselves in much
the same way as the operators of vector asnalysis are &
more lucid notation for the component representation, i

also reveals system topology.

Underlying the network approach is the dvality of
the mathematical structures available for the description

of dynamical system : Point set topology and algebraic
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or combinatorial topology. In the network approach we
pull apart the continmuum, revealing the implicit topologi-
cal relations., TFor example, if we wish to describe the
current and potential distribution or a conducting sheet,
ingtead of trying to specify the entire distribution by
continuous functions we could overlap the sheet with a
network or mesh of a finite number of nodes and branches
snd tabulate the meter readings giving the current flow
through each branch and the potential differences between
each node pair. It seems reasonable that, as the mesh
is made finer and finer, we can approach the actual

continuum distribution to any desired degree of accuracy.

State Bariables and Constitutive Relationsg :-

o

Most systems that can be analysed with the network
approach share one common property : the rate of energy
transmission, dissipation or storage is finite and may be
exXpr essed as a product of an effort or force variable, e
and a flow variable f; that is, energy rate (power) = €.f.
In electrical networks these variables arey, of course,
voltage difference and current; in mechanics 3 Iorce and
velocity; in diffusional processes 3 chemical potential
and mass flow; in chemical reaction & affinity and rgte

mechanism; and so on.
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By integrating e and f we czn define two additional

state variables: the generaliged displacement,

<

v
a(t) = ao) + J 2(t) at (80)
and a2 generalized momentum,
b
P(t) = P(0) % g e(t) at (81)

For example, §, the displacement of 2 chemical reaction,
is a generaliged displacemént variable, defined here by

equation (30) as
§(t) = s(0) + g‘ J_ dt (82)

where Jv the reaction rate is the flow variable.

As in electrical network theory, we associate two dynamical
variables with each energy bond: a variable (f or g) which
obeys a local conservation law (Kirchhoff's current law,
KCL), and a variable (e or p) which is a continuous
function (Kirchhoff's voltage law, KVL), The latter

25
property is related to the local equilibrium postulates

In order to meke predictions based on any phenomeno-
logical theory, information must be supplied about the
system in the form of constitutive relations (equation of

state, branch relations). These are obtained either
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expe rimentally or from a more detailed Theory, $Such as

L

statistical mechanics,

There are three kinds of energetic ftransactions

possible that is, three ways of integrating the equation

& q(®
E,(t) = [ e.f.db = [ €. dg (83)
\

qo)

e

to give capaclitative or displacement energy storage,

X P(%)
EIJ(t) = g fo&odt = (f fgdP (84-)
P(o) '

to give inductive, or kinetic energy storage, and

&
Eg(t) = J e.f.dt (85)

Q

to give energy dissipation,

To perform the first integration we require capacltive
constitutive relations between the displacement and charge

variables of the form

g = y,(e) (86)

An ideal multiport element, which stores energy by virtue
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of a2 generaliged displacement, will be called a capacitor,
and denoted generally by C. (In instances of biological
interest such a2 device may, be a volume element which
stores chemical energy due to a thermodynamic displace-

ment) ., From the constitutive relation (36) we obtain

dq ay. de
T = o e (87)
dt de at

Defining the reversible flow on the capacitor :

dq
P = — (88)
rev at |

and the incremental capacitance

e o (89)
de |
we obtain
de
frev = ._;;_ (90)

where e is the unique potential characterizing the capa-
citor. To illustrate this generaligzed notion of a
capacitor we can consider the case of an ideal mixture
for which the chemical potential of the ith component

is fi; = 4% + BT 1n X,, where X, is the mole fraction, N
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1

is the chemical potential and u; the reference potential
of the ith component. By equation (89) the incre-

mental capacitance is

N,

l —

L olRRr
+4p,1,nj

N, N.
L o —= for X, e (91)
RP(1-X,) RT

where Ni the number of moles of species i, is the

displzcement variable q and the effort, e, is u.~- u.

Energy may also be stored as a result of the relative
motion of mass or charge (that is, kinetic or electro-
magnetic energy). In such cases, the secoad integration
can be performed, given the constitutive relation

P = ¢L(f). This type of energy storage device will be
denoted by L, a genceraliged inductance. ‘In mechanical
networks the constitutive relation between momentum and

velocity is merely the nasg20 28

FPinally, for the dissipative element, denoted by
R, we require the constitutive relation between e and T
in order to compute the energy dissipation. TFor exXample,
in a chemical reaction the effort, conjugate to the
reaction flow, J, is the chemical affinity, A, which is

related to J by the constitutive relation

5?

A = ypg (3,) (92)
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The incremental resistance R of a2 chemical process is

= ‘ (93)

It is worth noting that as a chemical reaction proceeds,
the free energy dissipated by the reaction is the
difference between the free energy supplied by the reversi-
ble discharging of the local capacitors of the reactants
and the free energy stored by tThe charging of the product

capacitors.

Bond Graph Notatien

A more satisfactory graphical procedure, which is
n e IR s Tled,. Bora P :
due to Paynier ~, is called Bond Graphs. This notation is
particularly well suited for irreversible thermodynamics
and does not become unwieldy unlike linear graphs (which is
what conventional network notation is)., The Skeleton
features, are given below. A more detailed account can be

found in the texts by Karnopp and RosenbergGQ or by

Paynter?g
(1) Bond graphs treat all energy flows on an equal

footing and hence provide an easily Visualised
notation for energy conversion (€.8. Chemical

potential to affinity in a reaction systen),



A set of junctionsare introduced which will

N
N
L —

generalise the notion of series and parallel
connections. Thess are ideal in the sense that

they neither store nore dissipate power.

(2) Parallel or O-junction

A
|
0 n

L.

Tt

defined by e1 = €5 T eesase T € or since zeifi=0

T f. =0 (94)

B E

This is a statement of KUL and hence an 0-junction

may be regarded as a distribution point for flows,

(h) Series or 1-junction

2\.
~
| \
N
R RS

1

defined by f1= f2= i fn or since zeifi=0

= 0 , (95)

1
D

3
Phis ig a statement of KVL and hence the 1-junction

is a disgtribution point for efforts.

(53] The arrows connecting elements to junctions

indicate energy flow directions. Hence
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= > R indicates energy flowing into element
. 4P
i
s
while < ¢ indicates energy flowing out of
o ol
i

A Simple illustrative example

In order to illustrate the network representations
and their corresponding bond graphs, let us consider a
dissipative two flux - two force irreversible processes

given by the phenomenological egquations

J 4 Ly Igp £y

= (96)

Jo Lo Do X

between the fluxes J1, Jo and the conjugate thermodynamic
forces X1, o This can be represented by  or a ¥
network shown in Fig, I.1, where y's are conductancess
The phenomenological coefficients L., in equation (96)

can be defined as follows

1 e g
xz_o X1_0
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Yz
o K2 =9
Ji Jo
iy Yi Yy X2
FIG. I.1
TR e
I z, Zei | 2
M 2y X
FIG.1.2

Ga To

1.2

Delta Network representstion for a two flux two force

irreversisle system. 31, 32 Fluxes; x1, X, forces,

2
V1a st V3 are conductancese.

Star Network representation for a two flux two fForge
‘¢ evereible system. 3., I, fluxee, X, o X, forces,

Z ., -2, 23 resietances,
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the condition imposed by equations (97) and

Making use of

(98) we can write from simple network consideration

L11= Y1+Y2 3 L12= —Y2 (99)
Ly = = 1 3 Loo = Y, ¢ Y3 (100)

If however the phenomenological relation (96) are written

in the foxrm

X, Ry B2 Iq
(101)
X R 20 Io
the system would be represented by 'star' network shown

in Fige 1.2, where Z's are resistances. The coefficients

R,y in equation (101) can be defined as

X

L el b
J2=O J1=O

b X

2 s 2

= ~————— ® R = —

f21 (J ) e (J2) (103)

I 5,420 e
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From consideration of the star network (Fig. I.2) and

conditions in equations (102) and (103) we have

e

B, = &

53 Ryp = Tyt Iy (105)

The bond graph representations for the network (Fige1)
2.

. R s &
has been shown in Fig. I.3, where ({— O —n) represents

a parallel or a zero junction defined by € =850 0so= €
2

or since Ze, f,=0; 1f,=0 and (1—0—"'n) represents a

-

series or one-junction defined Dby f1=f2=f3= i fn or

gince zeifi=0; re,=0.

gimilarly for a three flux three force dissipative
irreversible process the bond graph representation of the
network would be as shown in Fig. I.4, The phenomenologlcal
coefficients Lk in this case also can be evaluated in
terms of conductances from network considerations. Thus
the phenomenological equations for the three flux three

forces irrevergible process would read as

J, Y koY, ey ~Y, L4
7, |= -x, Yor Yzt - =Yp X, (106)
J -Y, - Y Y4+Y5¢Y6 Xy

We can go on like this to generalise these considerations

for a n flux n force system.
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R2
L X
PR ] V2 ¢
J J2
R, R3
FIGLS
[ E5
s
R4\ 0\ /Rs
b
s N
 § X
€ L 0 1 0«4—2 p
Ry Rz R3
FIGI.4
Fige I.3 Bond graph representation of Fig T.1. E1, Ez are
effort -~ources, corresponding to the forces X, , X,
1
Yo = /
R
Fig. 1.4 Bond graph representation for 3 flux = 3 force irre- .

veraible system, E1, Ez, E:5 are effort sources,

corresponding to the forces X1, Xz, Xs.
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The main importance of bond graphs is that the
dynamical equations, for arbitrarily complex systems are
generated algorithmically from the bond graphs and there-
fore it is a simple matter to design a computer program
that will accept the bond graph as its input and then

compute the dynamical behavior directly from the graph.

61

Recently Srivastava and coworkers ' have applied

network formalism to the study of linear phenomenclogical
relations in chemical reactions and demonstrated that the
results obtained earlier62 using kinetic methods, can be
orrived at much more conveniently by using Network

63

formalisms. Srivastava and Chacko have also investi-

gated using network formalism the feasibility of oscillatory
phenomena in membrane transport and concluded that

oscillatory fluxes are not possible in the linear region.

@
Thig result is in keeping with the deduction arrived

from the discussion of the stability of steady state?§
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IT.1 INTRODUCTIONR

Water desalination especially the desalination of
sea water is a problem which has attracted the attention
of +the workers world over for very obvious reasons, The
need for converting brackish water into the fresh water
worthy of irrigation and also human consumption is felt in
many oarts of the country espe cially in the arid and semi-
arid gones., In view of increased fertilizer usage in
coming years water which is presently potable might also
become brgckish in due course. These are some of the reasons
why the problem of water desalting has been identified as

a priority problem in the spience and Technology Plans of

Government of India,

Reverse osmosis has by now been accepted to be one
of the most important methods for water desalina’cj_r:m‘:f_9
Consequently quite a bit of effort has been invested in
sesrch for suitable membranesfor reverse osmosis operation10’11
Since clays are known12 to possess salt rejecting prope rties
when aqueous solution of salts are forced through them,
it is worth while to assess the pe rformance and efficisncy

of ¢lay membrsnes in an hyper-filteration operation, With
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his objcet in view the data on simultaneous transport of
salt a2nd water through kaolinite and bentonite clay mem-
branes have been analysed in this chapler in the light of

Johnson, Dresner and Kraus4 and
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the criteria developed by Spiegler and Kedem’ for efficient
hyper-filteration membrsnes, The treatment of Johnson,

< 5

Dresner and Kraus®' and of Spiegler and Kedem” agssumes
reFlection coefficient and salt permegbility to he indepen-
dent of salt concentrations. In order to conform to these
assumptions the experiments on the simultaneous transport
of salt and water described in this chapter were confined

to low salt concentrations and concentration differences.,

Although data on osmosis of electrolytic solutions
through both kaolinite and bentonite clays are available in

13,14 fresh experiments have been performed on

literature
the osmosis of sodium chloride solution through kaolinite
clay membrane to estimate the values of the parameters
relevant to salt rejection behaviour. This became necessary
pecause the data of Abdel-Aziz and Taylor13 on osmosis of
electrolytic solutions through kaolinite claj is not in

a form convenient for the analysis presented in This
chapter. In case of bentonite clay, however, the data
obtained by Letey and Kemper14 for the osmosis of gsodium

sulphate solution have been utilised.
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I .2 DHE PHENOMENOLOGICAL RELATIONS

Consider a system consisting of two compartments
containing the same binary aqueous solutions of unequal
concentrations and separated by a membrane of a porous
plug of thickmess ax. The phenomenological relations for
the simultaneous transport of solute and solvent for such
a situation have been described in chapter I. But in
writing these equations the system has been considered to
be a discontinuous one and therefore differences of potentials
across the porous barrier have been considered as thermo-
dynzmic driving forces, Since in the exXperiments described
in this chapter the gradients of potentials have to be taken
as driving forces the phenomsnological relations between

fluxes and forces have to be rewritten in the appropriate

forms.
1he
Rewriting [ linear phenomenological relations for
the present case between fluxes =nd forces we get14,15
Jy = LpVP + Ipp v (1)
Ip. =, Fpp"Ri+ L Ve (2)

with
Lpp = Tpp (3)



on account of QOnsager's theorem. In equations (1) to (3)
Jv represents the volume flux, Jp represents the velocity
of the solute relative to that of the solvent, P and g
stand for the pressure and esmotic 1 essure resge ctively
and Lp, LDP’ LPD and LD are phenomenological coefficients.
Following the procedure adopted by Kedem and Katchalsky1j’16
and described in the chapt er I the linear phenomenological

equations can be further transformed into

Iy =Lp (VP - o pa) (4)
and

Jg = wem + G (1 - o) Iy L5

where Jg stands for the solute flux. The gquantities ¢ an d
w in equations (4) and (5) are called reflection coefficient

and solute permeability respectively and are defined as

L
o P
s LR (6)
Ip
and e ( 2 )
J & 1 O 1
. S - S IPll:D PD (7)
Y&rl35 20 Ip

where ES is the average of the solute concentration in the
two compartments. The value of the reflection coefficient
o.lies between gero and unity. When ay= 1 the membrasne

is s2id to be an ideal semipermeable membrane,



The equation (4) and (5) which were first deduced

by Kedem and Katchalsky , because of thelr operational

form, are more appropricte than the eguations (1) and (2)
for the evaluation of Ly. o and & - the three pa rameters
which adequately describe the salt rejection properiies of
o membrane system. This fact has already been emphasised
jn chapter I. It should be borne in mind that in the
deduction of equation (4) and (5) validity of the linear

~henomenological relations and Onsager's reciprocal relation

has been supposed.

IT.3 EXPERLUENTAL

Materials

Kaolinite clay obtained from ii/s Impex Chemical
Corporatibn (Bombay ), sodium chloride (BDH Analar) and
distilled water distilled once over alkaline potassium
peimanganate in an all glass still were used in the

present experiments,

The Qsmosis Cell

The osmosis cell used for the measurement of fluxes
has been depicted in Fig. II.1 and has been well labelled
t0 make it self-explainatory. The kaolinite clay plug

was compacted on the sintered glass disc(S)Porosity @-4
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(Fig. IT.1) using the following procedure., A known amount
(about 10 gms) of the sodium saturated clay was put in a
pyrex flask containing about 250 ml of the distilled water
and was allowed to stand Ior several days and shaken
occasionally. The clay suspension was then transferred
with stirring to the glass tube AB (Fig II.1) containing
the G-4 sintered glass disc S which was joined to a
filiering flask connected to known vacuum (5 mm Hg). The
arrzngement is shown in Fige II.1(2)., The clay plug thus
wompacted on the sintered glass disc support was stabilised

further by making use of rubber gasket on one side.

1T .4 EVALUATION 0¥ TP ¢ and w

Linear curves are expected if Jy 18 plotted against
v2 in accordance with equation (4), TFrom the slope and
the intercept of the linear plots thus obtained, Lp, ©
can be calculated provided wr is known and is more or less
constant during the experiment. In the actual expe riments
for the determination of Ly and ¢ using equation (4), an
aqueous solution of sodium chloride of known strength
(say .00022 1) was filled in the compartment C on the
left hand side of the clay plug and distilled water wag

filled in the compartment D (Fig. II,1) on the right hang
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side of the clay plug. The system was allowed to stand till
recession in the capillary L1LZ due to osmosis was noticed,
As soon as recession in the capillary L1L2 was noticed

known pressure was applied on the solution compartment by
adjusting the pressure head and the rate of advancement

of liquid miniscus in the capillary was noted with time,
using a cathetometer rezding upto 0,001 cms and a stop watch
reading upto 0.1 sec., Since the back flow of water in

the solution compartment due to osmosis is expe cted to be
guite small the value of »p can be taken to be more or less
constant during a particular run of the experiment. In
order to maintain the condition wsg = constant in all such
runs the electrolyte solution in the osmosis cell was
replaced by the fresh stock solution before the volume flux
megsurement corresponding to the next value Qf VP was made.
The data obtained in this manner have been given in

Tble II AL2 and plotted in Fig. II.2 for the two different

values of Vai.

The equation (5) under the condition J, equal to
zero Was the basis for the determination of «w. In the
actual experiments for the determination of «a solution of
sodium chloride of known concentration (say 00022 i) wgg

filled in the compartment G (Fig. II.1) on the left nang
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The volume flux data for the determination of L, and ¢ using
- - - i

—— e S —

equation (4).

fable TI.1

5

(For V& = 11,79 cm cm

_-..-.-.--—.--—:‘—-—;--—'-'—" e et e e i 2 T -—-1-— e e e et e e, M.l . s . i i -
S.No. VP cm cm Jv x105 cm sec 1

=1

14 14
24 16
Fa 18
4. 20
5. 22
6 24

W W YN s -
L I ]

oL NV -3 W W WU
no

Table II.;2

(For ¥n = 15.15 cm cm"1)

8 Noe vYP cm cm"1 Jv x105 cm sec—1

s 16
2 13
S 20
4. P2
5 24
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M ND
5
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side of the clay plug and distilled water was filled in

the other compartment D on the right hand side of the clay
plug. The condition J equal to zero was enforced on the
system by adjusting the pressure head attached to the
solution compartment. The solutions in the two compartm nts
were vjfarously gtirred using magnetic stirrers M and Mz
shoym in (Fig. II.1). After a known period of time (t)
whiech was several hours the solution from the two compart-
ments were withdrawn and analysed for sodium, using a flame
photometer (Elico, Hyderabad, Model CL-22) reading upto

2 ppm. A typical calibration curve for sodium estimation
by +the flame photometer is given in FigeIIl.3. The amount
of godium chloride lost by the solution compartment or

the amount of sodium chloride gained by the water compart-
ment divided by the time, gave the value of salt flux.

Average of the values of wa at the beginning and at the

end of the expe riments were considered for the estimation

of w

All measurements were made at congtant temperature
by placing the osmosis cell in a  thermostate set at

V4eie 0,.1%,

As already mentioned in chapter I Smit17 and Smit,

Eijsermans and Staverman18 have stressed that it jg
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recommendable to detemmine ¢, Ly and w in this way i.e.
using equation (4) and (5) rather than o and LP in an
ultra filteration experiment and « sem rately in an

osmotic eXperiment.

II.5 RESULTS AND DISCUSSION

The values of Ly, o and « for the kaolinite clay
membrane, obtained from the experiments described above
for two different concentrations of sodium chloride are
given in Table II.3. The VvValue of LP, ¢ and w for bentonite
clay membrane as calculated using equation (6) and (7),
from the values of the phenomenological coefficients

14

determined by Letey and Kemer ', are also given in Table

I1I.3. The values of the phenomenological coefficients

i for the

and other data detemmined by Letey and Kemper
bentonite system which have been utilised for estimating
the value of Ly, o and wusing equations (5) and (7) are
reproduced in Table II.4, The data for bentonite élay

membrene is for sodium sulphate solution.

Since in our experiments the kaolinite clay membrane
has been compacted on a sintered glass membrane (porosity
G-4) it may appear at first sight that the Values of +4pe

permeability coefficients evaluated in the pregent studies



Values of LP’ o,

Table IT,3

«w, and various frictional coefficients for Kaolinite/

Sodium chloride solution and Bentonite/Sodium sulphate solution system.

s . i ————

op)
[

- _ LP o fsm -1 SV _ 4 o Wm _,
51 Systemn c mole oy Cm sec Cm™ mole Cm mole Cm~ mole
No sec 7 sec sec sec
x 101° o x 10~ 11 x 10°11 x 1077
1. Kaolinite/Sodium 0,531  5825.00" 20,00  0,1682 1.2696 0.9035
chloride solution
2, Kaolinite/3odium 0,59  5774.00°" 20,00 0,0545 1.3961 0.9035
chloride solution
3, Bentonite/Sodium 0,824 4,291 0,00233 996,00 1394 .00 1754 .93
sulphate solution
T on = 11.79 cm cm"1 ®* Average wva = 11.50 cm cm"1
F wr =15.,15 cm crn"1 **® Average wa = 11.60 cm cm-1

The values for the Bentonite/Sodium sulphate solution sy:ctem have been

calculated from the data of Letey and Kemper (ref. 14).



Table II.4

Tne values oi the various phenomenological coefficients

: ) § . 1 =)
(obtained by Letey and Kemper 4) utilised for the evaiua-
tion of ¢ and w for bentonite/sodium sulphate solution

system, using equation (6) and (7).

Run Cs Lp Lp Lop
iNO o -2 -y = -_—
gm cm 3 em hr ! em hr! cm hr 1x107
<107 <107 x 1c®
1 104‘2 = 104‘5 6.87
2 142 - 1451 6.86
2 1u4’2 8-4‘ 1.48 7°11
Table II.5

The Hydraulic permeability data for the pyrex-sinter
membrane (porosity G-4).

vP om cm T * 163 cm seoi
5 ' 0.5
10 0.825
18 1.4
20 1.925
25 2.4

30 2.9
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are for the total membrane consisting of sintered glass

(

membrzne and the kaolinite clay membrane in a series array
ané@ not for the kaolinite clay membrane alone, But
following the arguments given by Srivastava, Jain and

for a similar situation, it can be shown that it
is not so. The values of the mrmeability coefficient
evaluated from the present experimental data are more or
less equal to the values for the kaolinite clay membrane,

As an example let us take the hydraulic pe rmeability

coefficient LP‘

Kedem and Katchalskyao have demonsirated, from the
consideration of stationarity of flows and Kirkwoodé21
hypothesis of continuity of potentials of driving forces
across the boundaries, that the constants LP for the total
gseries membrane and its constituent membrane elements

(clay membrene and glass sinter in the present case) are

related in the following manner:

1 = g + : (&)
Lp Lp Lp

The supe rscripts C and G in equation (8) repr esent clay
membrane and the glass sinter, respe ctively. Rearranging

equation (3) we can write:
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L
2

L, = , (9)
T - (T IR

In order to evaluate the value of L;, water flow measurements
through pyrex-glass sinter (G-4) were made. These are
plotted in Fig IT.4, The value of Lg evaluated from the
slope of the straight line in Fig II.4 (Table II.5), comes

4

out to be equal to 0,979 x 10 ' cm sec”1 which is much

larger than the value of L This mekes the quantity

Eo
(LP/ Lg) 1u.ili.'smcﬂr in comparison to unity, The equation

(9) therefore approximates tos

nm

C
L.P LP : (10)

With the data of Ly, ¢ and «w at hand (Table IT.3)
the salt rejection performance of both kaolinite and
bentonite clay membranes, in a hype r-filteration process
can be agssessed using the formalism developed by Johnson,

4

Dresner and Kraus', Defining salt rejection parameter r

as

ol A Al £ ‘ (11)

where Cg is the salt concentration in the hyper filtergte

and Gé is the concentration of the feed solution,
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Johnson et 21" have obtained the following equation des-

cribing the salt rejection, r, at different flow rates:

Q==
TPt (12)

g (1 - 1)
The flow parameter F in equation (12) is defined as

-J_A
Faev (13)

and A in the relation (13) for the present case can be
written as

(1'— 0') Ll (14)
n R w

where n is the number of ions given by one molecule electro-
1yte on complete dissociation e.g, for sodium chloride

n=2 and for sodium sulphate n=3, R is the usual gas constant
T is the absolute tempe rature. The equation (12) can now

be rewritten as

J 2,303 w o (1-x)
LA log ————— (15)
n RT  ax (1-0) (o =r)

At high flow rate F - O and hence the reflection coeffj-
cient is the limiting value of r when filteration flow

overtakes diffusion:
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i Bl & -0 g '(16)

By meca ns of equation (15) it is possible to pedict the
expected salt rejection curve using the value of ¢ and w
determined from sujitable experiments, The r vVersus Jv’
data for the kaolinite membrane/sodium chloride solution
and bentonite membrane/sodium sulphate solution, calculated
from equation (15) using the values of ¢ and w given in
Table IZI.3, have been given in Table II.6,7 and plotted

in Figures II.5. The curves in Fig. IT.5 predicts the
salt rejection performance of the compacted clay membranes

in a reverse osmosis operation,

The data on L,, ¢ and w (Table II.3) can be further

P'.‘
utilised to assess how efficient these clay membranes would
be for salt rejection, in a reverge osmosis operation, by
using the criteria for efficient hyper-filteration membranes,

5

developed by Spiegler and Kedem” from the consideration of
thermodynamics of hyperiilteration, The criteria developed

by Spiegler and Kedem5 can be stated as follows

e PIAES | R T

£ iy (18)

where f represents the coefficient of friction between the
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Values of the salt rejection parameter r at various values

of volume flux, as predicted by eguation (15)

p. 4 ;
it e e e R i e e

Table II.6

(For Lazolinite/Sodium Chloride solution system, ¢ = 0.56),
N Wi b i J. iy
5.No. - Y 410! mole sec™ cn™>
& RP
1, 6.1 0,1149
2 0.2 O.2757
3 0.3 045175
4. 0.4 0,9352
50 005 1-90

Bable II1.7 :
(For Bentonite/Sodium Sulphate solution system, ¢ = 0.324).

S.NO, T v <101° mole sect ¥ cmi®
2 RT :
o [ Qa1 0.567
Za Q12 1493
5 042 2450
4y 0.4 Bl
T 0.5 5.86
6o 0fe s 9.37
7a 0.7 16 .80
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Fig. 11,5 Veriation of salt re jection peremeter with volume flux, as

predicted by eguation (15) (Curve 2 is for keolinite
membrane/sodium chloride solution system. For this average
of the values of ¢ and & given in Table II1,3 have been
considered. Curve 1 is for bentonite membrane/sodinm
sulohate solution sy:tem).
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spe cies indicated by the subscripts. The subscripts s, m,
w in the present case stand for the salt, the .eﬁorane

and water respectively. The inequality (17) expresses a
kinetic selectivity coefficient., The friction between the
salt and membrane has to be much higher than the friction
between water and membrane., This ®lone is not enough, If
fsw is high, it would mean that the salt and water are
strongly coupled, which in turn would imply that one will
drag the other along. Therefore, it is necessary to

decouple the two fluxes. The inequality (18) in fact

exnresses this decoupling condition.

In order to check whether the inegualities (17) and
(18) hold good or not in the case of the clay membranes
presently studied the valués of the frictional coeffieient,
£ Teivand T Were calculated from the data given in

sm? T sSw
15,22 on the

Table IT.3. For this the equations obtained
basis of Spiegler'!s frictional node1? connecting Ly, ©
and w with the Variéus frictional coefficients were made
use of. These equations which have already been discussed

in chapter I for the present case would read as follows:

Ip = . (19)



N
o = 1- ” -f"\\ (20)
(Lop * Tom) Py
Ls
w = 23
(£ + £_)

In equations (19) and (20) ¢, and Vw repr esent the volume
fraction and the partial molar volume of water respectively
and ¥ _ represents the distribution coefficient of the

3
electrolyte between the membrane phase and the agueous
phase. For determinztion of the value of KS, known amount
of the clay was taken in a pyrex flask and known volume of
the electrolyte solution of known concentration was added
to it and was well stirred for several days using magnetic
stirrer. The supernant liquid was analysed for sodium
using a flame photometer. The concentrations of the
electrolyte chosen were within the range of concentration
used in the osmosis experiments. The electrolytes chosen
yere Sodium chloride for kaolinite and sodium sulphate
for bentonite. The value of K, for kaolinite and bentonite
were found to be 0,8376 and 0,9778 respectively. Using
the value of Ks thus obfained and the values of Lpa ¢ and
w giﬁen in Table 1I.5, the frictional coefficients bt

)

Tow =i T Were calculated using equation (19) to (21) and

are given in Table IL.J.
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Looking at the values of the frictional coefficients
in Table II.3 it is obvious that for both the systems
namely kaolinite membrane/sodium chloride solution and
bentonite membrane/sodium sulphate solution the inequality
(17) is satisfied while the inequality (18) is not which is
an indication of the coupling between salt and water. Thus
both kaolinite and bentonite membranes only partially
satisfy the criteria, for efficient hyperfilteration

membranes for reverse osmosis, evolved by Spiegler and

129 e k - 3 3
Kedem” from kinetic consideration of the membrane process.

Although the inequality (18) is not satisfied
the difference in the order of magnitudes of fsm and fsw
(Table II1.3) is not very large. This encourages us to
suggest that the idea of using compacted clays as membranes
in hyper-filteration operation is worth giving a trial
in spite of the fact that these membranes only partially
satisfy the criterion for efficient membraﬁes developed
by Spiegler and Kedemé The indigeneous availability of
clays and the ease with which they can be compacted into

membranes further adds to our suggestiona
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TRAWSPORT THROUGH LIQUID s oRANES

1% <1 IRTRODICTION

It has been well xnown1 that the addition of soluble
surfactants influences material transport across phase
interfaces. This gave rise to the speculation1’2 of the
fornstion of surfactant films at the interface which might
act 28 liquid membranes affecting mass transfer, But the
use of liquid membranes in the science and technology of

seggration processes ig,.0f Very recent Origin%-b

The spplication of liquid membrane to water desali-
nation technology owes its origin %o Martin's6 discovery
that the addition of a small amount of surfactants like
poly vinyl methyl ether (BVIE) to saline feed in reverse
osmosis effected a large increase in the salt retention
capacity of cellulose acetate membranes with but a small
decrease in the flux of product water, Michaels, Bixler,
and Hodges7 subsequently ascribed this effect to the physical
blockage of larger pores by feed additive molecules. The
explangtion of the increased-girmselectiVitY as given by
Kesting et a18_1o was, however, based on the hypothesis
of the existence of a surfactant layer liquid membrane at

the interface between the cellulose acetate membrane and
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g (s LI :
1 have favoured the

o
- . = 1 2 A : . 1 .. ) (o] O
liguid memorsne hypothesis proposed by Kesting et al, 1

the saline solution., Bixler and Cross

- ) .. - : : . 8=
According to the liquid membrane hypothesis, 12

the surfactant layer which forms spontaneously at the
cellulose acetate membrane/saline solution interface acts
as a liquid membrane in series with the solid membdrane
gel. TPhe experiments of Kesting et al1o also demonstrated
that as concentration of the surfactant is increased, the
cellulose acetate membrane gets progressively covered with
the surfactant layer liquid membrene and at the critical
micelle concentration (CIC) the coverage of the cellulose

acetate membrane with the surfactant layer is complete.

The experiments on hydraulic permeabiiity, electro-
osmotic velocity, streaming potential and current reported
in this chapter lend further support to Kesting's liquid
memb rane hypothesis§_1o The transport data have been
utilised to estimate the fraction of total area of the
supporting membrane covered with the liquid membrane when
concentration of surfactant is lower than its CMC value
and it has been concluded that when concentration of the
surfactant is half its CMC value the area covered by the

liquid membrane is half the area covered at the criticgl

micelle concentration. The data also indicate the
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the saline solution, Bixler and Cross 1 have favoured the
- * A 7 ~F % 1= 5 v o ~ 17 PRSI 1 8_10
1liquid membrane aypothesis proposed by Kesting et al,
10

According to the liquid membrane nypotuesis?-
the surfactant layer which forms spontaneously at the
cellulose acetate membrane/saline solution interface acts
as a ligquid membrane in series with the solid membrane

" 3 . G e i 0
gel, The eXperiments Ol Kesting et al1

also demonstrated
that as concentration of the surfactant is increased, the
cellulose acetate membrene gets progressively covered with
the surfactent layer liquid membrane and at the critical
micelle concentration (CIC) the coverage of the cellulose

acetate membrane with the surfactant layer is complete.

The experiments on hydraulic permeabiiity, electro-
osmotic velocity, streaming potential and current reported
jn this chepter lend further support to Kesting's liquid
memb rane hypothesis§_1o The transport data have been
utilised to estimate the fraction of total area of the
supporting membrane covered with the liquid membrane when
concentration of surfactant is lower than its CuC value
and it has been concluded that when concentration of the
surfactanﬁ is half ité CMZ value the area covered by the

liquid membrane is half the area covered at the critiesl

micelle concentration. The data also indicate the



Fla. .1 The Transport cell. Ty, T,, T3 and T4 are stop cocks M, and M, are magnetic stir.ers. S . . .

Cellulose acetate millipore filter with pore size 0.2 . 1.; 1, ... capillary tube o length

18 cms and diameter witk 0.38 X 107" m. The volume of the compartments C and D are
96 ml and 86 ml respectively. Ay and A, are B-19 Glass joints, Q; and Q, are B-14 glass
joints. Ey, E, . . . Bright Platinum Electrodes; R, R, . .. glass tubes containing mercury

bl
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filled in the compartment C on the right hand side of the
millipore filter s (Fig. III.1) and distilled water was
filled in the compartment D, Since value of the critiecal
micelle concentration (CiC) for the aqueous solutions of
PVuE is 6 ppm10 the concentration ranges from zero to twelve
ppm were purposely chosen SO that we get data on both the
lower and the higher gide of the CLC, at which the supporting
membrane is expected to be completely covered with the
1iquid.membrane. The hydraulic permeablility, electro-osmotic
velocity and streaming potentials were measured following

12-14

the procedure described in earlier studies from this

"laboratory.

For the measurements of hydraulic permeability known
pressure differences were applied scross the membrane, The
congeguent volume flux was measured by noting the rate of
advancement of the liquid miniscus in the capillary L1L2
with a cathetometer of least count 0,001 cm and a stop
watch of least count 0.1 sec. During the measurements of
hydraulic permeability the electrodes E1 and E2 were

electrically short-circuited.

For measuring the electro-osmotic velocity knowm
electrical potential dififerences were applied across the

membrane by connecting the respective electrodes E, ang
1



32 to the temminals of an electronically operated D,C, power
supply (Beltronix Model ED-101) and the volume flow induced
by various potential differences was observed by noting

the rate of advancement of the liquid miniscus in the
capillary L,Lo. The uncertainty in E%f applied potential
was 4+ 0,05v, In all the measurementsAthe electro-osmotic

velocity the condition iP=0 was enforced on the system,

The streaming potentials across the membrane were
measured using a V.2.V.N (Philips GM 6020/90) of least
count C.1 mV. Known pressure differences were applied across
the membrane and when the flow in the gapilliary L1L2
became steady, the streaming potential was measured by
connecting the electrodes to the terminals of The V.T.V.la
The assymetry potential of the electrodes were taken into
account in these measurements. The electrical resistance
of the system was measured with a leitfahig Ketts-messer
conductivity metefp The values of streaming current were

calculated from the streaming potential and resistance of

the system using ohm's law.

All measurements were made at constant tempe rature

by placing the apparatus (Fig.[k)in a thermostat set at

40 4 0s1%8; During the volume flux measurenents the
solutions in the two compartments (Fig.III.1) were well

stirred using magnetic stirrers M1 and M2.



III.35 ReSULLS AND DISCUSSION

The data on hydraulic permeability, electro-osmotic
velocity, streaming potential and streaming current for
different concentrations of PVIil is given in Tables III.1 to 4
and plotted in Figures III.2 to 5. The usual linear pheno-

menological equations described in chapter I i.e.

J = L

v 1 R Hlip A K (1)

I = Iyq &P +Ipy el (2)

21

obtaineé using the non-equilibrium thermodynamics treatment15

for the simultaneous transport of water and electricity

or edict the following linear relationships. For hydraulic

permeability

d = Ly )

s

For electro-osmotic velocity

(7 = I, (4)

)
T s

Por streaming potential

o) = T 2
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Table ILI1.1

Hydraulic Permeability data for various concentrations of
PV, using cellulose acetate millipore filter as a

supHorting membraine.

& ——— e ——— —_—

toncentration of PviuE (ppm)

[Px 1072 0 5 5 12
Nm B T o T [ 1
Vi i Y o= o < V.o
m-SeC m sSec m sec m sec
4 0.19 0.055 0.02 0,01
4.°9 0023 0006 0003 0.02
9.8 0.45 0.20 0412 0.1
147 CLT2 0.55 0.25 0.24
19.6 0.95 0.55 Q55T 0.34
24.5 5 0475 0.51 0.41

29.4 1.6 0.91 0.60 0.51
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Table IT1.2

The Electro-osmotic velocity data for various concentration
of PViE, using cellulose acetate millipore filter as a

supporting membrane.

——— - -—— et . —— A o

- - —————- S B B B
c—— A

Concentration of PVIE (ppm)

e 3 6 12
o P e,
: e T e

Volts v % ; Jy % i v X ae s g

m sec m sec m sec m sec
10 .099 .08 .05 025
15 159 - 10 . 062 055
20 .20 .122 . 085 .08
25 24 + 199 $112 .089
30 -285 020 013 011

%5 2920 .22 »15 213
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Table III,3

The streaming potential data for various concentration
of PVME, using cellulose acetate millipore filter as a

supporting membrane.

Concentration of PVUME (ppm)

— 0 2 6 ‘ 12
ap %19 5 5
2 Afix 105 Bfx 100 AP 107 . AdEEl0:

volts volte volts volts

4.9 2 g i Ny 0.90
9n8 4‘ 301 2!3 195
14.,7 p 6 409 3&5 : 209
‘1906 8n2 603 4.7 369
24,5 10,5 8.1 5.6 4.7

2904 1205 9.9 7@0 504"
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Table II1.4

L

The streaming currentd&aﬁgrfor the various concentration
ale

of PVIE, using cellulosejmillipore filter as a supporting

membrane,

Concentration of PVLE (ppm)

&P x 107 0 _ . 3 (S 12
T T x 10° T x 10° Tl '16° Tl e
Amp . Amp . Amp. Amp.
4.9 4,5 B0 2.5 2,0
9.8 9.5 7.0 5.0 345
14.7 1Sa T 11.0 755 6.0
19.6 18aT 14,0 10.0 8.0
24..5 2555 18,0 12.0 9,5

2904‘ 2805 2200 1590 1190
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and for streaming current

(Dl ppeo = Loy & (6)

uations (1) to (6) J, stands for the volume flux of

H
y
=
O
Q
=
1))

water, I stands for the flow of electricity, P and 4f
are the pressure differences and the electrical potential
difference respectively and L,, are the vhenomenological

coefficient. The equality
Dy = Spq (7)

holds among them on account of Onsager's theorem. As in
apparent from figures IIT.2 to 5 the linear relations (4)
to (6) predicted from equations (1§ and (2) hold good in
a1l cases (Fig. IITI.3 to 5). The eguation (3) however does
not hold good for the hydraulic permeability data in

presence of PVIE (curves 2,3 and 4 in Tig. IIl.2).

The water flux (Jv} versus pressure difference (&P)
curves in all cases where PVIE concentration is greater
than gero (curves 2,3,4 in Fig. I11.,2) start from the
origin bend upward, then approach straight ;ines which
extrapolate to intercept Py on the tP—axis. The following
equation was formed to fit in the hydraulic flow datg in

all such cases.



a¢

= [ AP R - 2P 437
J =Ly LaP—-&P {1=exp ( ;PO)}‘ (8)

When .P assumes such high values that the term exp(- f%_)
0
pecomes much smaller than unity the equation (8) simplifies to

§ = Iy, L@ =arl (9)

which represents the straight line parts of the curves

‘2 to & in Fig.III.2. Since water flow through the
cellulose acetate millipore filter obeys the linear
relationship (3) (Fig. III.2 curve 4 ) this kind of non-ideal
behaviour (equation (8)) appears to be on account of the
flow through the PVME liquid membrsne formed in series with
the cellulose acetate millipore filter as hypothesised by
Kesting et al?_10 A more definite indication of The
formation of the liquid membrane can be had from the
gradation in the values of the coefficient L11 as concen-—
tration of PVME is increased from zero to 12 ppm. Values

of the coefficients L11 for various concentrations of PVIE
as estimated from the slopes of the straight line positions
of the curves in Fige. III.2 have been given in Table III,5,
Values of the coefficient L,p, Ding and Ly, estimated from
the slopes of the straight lines in Fig IITEST 60" 5, fop
various concentrations of PVIE are also given in Table g8 AT

Values of the coefficilents Ly, which measure conductivity



Table III.5

Values of the various phenomenological coeffiicients,
electrical resistance and the solute peormeability (w) at

various concentrationg of PVLE,

ncentrati s

Céh081 ration oI 0 3 6 42

PVIIE (ppm)
T _3.~1 -1 ‘

L11 x]10" m“N "sec 0.486 0,38 0.246 0218

- 6 -1

Lyo x10° m AJ 0.936 0.65 0.44 QL5
6 -1 s

II21 K1O m AJ Oa925 On62 004‘5 0.36

3 2 -1 =2

Too 2107 ohm " m 2056 2453 2.25 2 A4

Resistance x10"6 0,445 0.45 0.47 0.49
ohm :

b 11

wx 10 0.991 — 0.244 a2

mole sec—1 N’q
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to volume flow of water, show a progressive decrease as the
concentration of PViiE is increased from zero to 6 ppm

(the CLC value). When the concentration of PVME is
inereased further the value of L11 also decreases but this
decrease is less pronounced than the decrease which is
observed upto 6 ppm - the CiC value for agueous PVIIE,
gimilar trend can be seen in the values of L12 and L21.
This trend }s in keeping with the liquid membrane hypothesis
of Kesting et 51810 jccording to which as concentration

of the surfactant (EVME in. the present case) is increased
the supporting membrane (the cellulose acetate millipore
filter in the present case) gets progressively covered with
the surfactant layer liquid membrane, and at CliC the
coverage 18 complete. The decrease in tbe values of L11

beyond the CuC was ascribed by Kesting et aljo

to densing
07 the liquid membrane which at CIC is fully developed and
completely covers the supporting membrane, There is,
however, another possibility which must be looked intoe:g.
the possibility of formalion of multilayers of the liquid

membrane. We will discusSs the investigation of this possi-

bility a little later,

Before we taike up the discussion of our investigation

on the possibility of the formation of multilayer of the



liquid membrane let us try to estimate the fraction of the
total area of the supporting membrane covered with the liquid
membrone at concentrations lower than the CIC value of the
surfactant. This can be conveniently done by utilising the
analysis16_18 for mosaic membranes, Since at critical
micelle concentration of the surfactant (PVIE in the present
case) the supporting membrane (the cellulose acetate millipore
filter in the present case) is supposed to be fully covered
with the liquid membrane, one can logically expect that
at concentrations lower than the CMC value of the surfactant
the supporting membrane would be only prriially covered
with the liquid membrane. The situation has been pictorially
depicted in the Fig. III.6. For such a situation the .. .’
volume flow per unit area (J) through the mosaic membrane
(depicted in Fig. I1II.6) would be given by

AR LR ) B A St (10)
where the superscripts s and ¢ stand for the supporting
membrane snd the composite membrane consisting of the liguid
membrane and the supporting membrane in series - . With
each other (Fig III.6) and A represents the area of the
membrane denoted by the superscripts. If we focus oup

attention only on the linear region of the curveg in
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LiQuUID MEMBRANE

AS

:

|
SUPPORTING MEMBRANE

(CELLULOSE ACETATE MILLIPORE FILTER)

Figol111.6 The mosaic membrane formed when concentration of the

surfactant is lower than the critical micelle concen=

tration valuee



Fig III.2 the equation (10) with the help of equation (3)

and ecquation (9) can be transformed into

.S (R - S c .c
J, (A% # &7) =Ly, &7 &2 + Loy &7 (&8 - &P)) (11)

which can be rewritten in the form

8 C (o]

8 2k c A Grr. il
J = & (,_- ,...) + I (____.___.)] P-L ( _....__) LP
11%,8,,¢ 14 24855° LT o

saiise (8P

where L?1 and L$1 represent the value of L11 of the membrane
denoted by the superscripts. TFor the present discussion
let us focus our attention on the hydraulic permeability
data corresponding to PVIiE concentration equal to O, 3 and
6 ppm. Since at 6 ppm (the CMC value) concentration of
PVLIE the supporting membrane is fully covered with the
liquid membrane it is logical to expect that at 3 ppm
concentration the fraction of the total area covered with
the liquid membrane will be equal to half, Thus the slope
of the straight line part of the J, Versus &P curve for
3 ppm concentration of PVME (Big III.2) should be equal to
L34 + B |
2
the slopes corresponding to O and 6 ppm concentrationg of

where Lf1 and L?1 respectively are valuyesg of
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PVis, Value of the slope thus computed comes out to be
o a o 3663 0-7 =l g 5> £ .
equal to 0.366x1 m~ N sec winich matches well with
the experimental value of L11 for 3 ppm concentration.of
PVUE (Table III.5). Similar conclusions can be arrived

at from the analysis of the electro-osmotic velocity and

streaming current data (Table III.2 and III.4).

Our further experiments on the hydraulic permeability
gave sufficient indication of the formation of the
surfactant (PViE) layer liquid membrane even at a sintered
glass disc support. For this the hydraulic flow experiments
were repe ated using a sintered glass membrane (porosity G-4)
in place of the cellulose azcetate millipore filter membrane
in the electro-osmotic cell, The transport cell used for
these measurements was similar to the one shown in FiglII.q.
The only difference was that the cellulose acetate millipore
filter was replaced by a sintered glass membrane (porosity
(-4, Harea Ugl mz). The hydraulic flow data for various
concentrations of PViME for such a case where the sintered
glass membrane was uged as a support have been given in
Pable III.6 and plotted in Fig. III.7, The trgnd of the
curves in Fig III.7 ié similar to the trend of the curveg
in Pig. III.2 where cellulose acetate millipore filterp

membrane was used ag a support for the liquid membrane,
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Table III.6

Hydraulic permeability data for Various concentrations
of PVIE using sintered glass membrane (porosity G-—4)

supporting membrane.

Goncentration of PVME (ppm)

1074 0 3 6 9 12
gl T10? T #100 (L k107 g, wi10°  Wtals
m sec 0 dep LW H get b m ase T b aseam
4.0 0,75 0.40 0,10 0.75 0,25
4.9 & 0.45 0.20 0.80 0,30
9.6 1.6 1.0 0.49 1.95 0.75
14.7 2.5 1aff5 0.80 3.0 1.5
19.6 3.4 2.6 1.35 4.75 2,40
24 .5 442 3.0 1.80 6,30 3.5

29.4 4.75 3.5 2.45 8.30 4.5
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as ® sunporting membrane. Cuxves 1, 2, 3, 4 and &are for

0y %9 6, 9 and 12 ppm of PVME resperetively.
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case also the values of the phenomenological

M

In thi
coefiicients L11 for various concentration of PVius

(Table III.7) evaluated from the slopes of the straight
lines parts of the curves in Fig, III.7 show the same
trend as the values of the coefiicient L,, in Table III.5
where cellulose acetate millipore filter membrane was

used as support. Application of the analysis for the
mosaic membrane model in this case also (Table IIT.6) leads
us to the conclusion that when the concentration of PVLE
is half its CIC value the area of the supporting membrane
( the sintered glass membrane) covered with the liquid

membrane is half the area covered at CiC ,

III.4 THE POSSISBILITY OF MULTILAYER FORMATTION

77
As has been mentioned earlier (pagelof this chapter)

waen concentration of the surfactant feed additive is
increaged beyond its CLC value, resistance to fluxes
increases furbher but this increase was ascribed by
Kesting et al1o to densing of the liquid membrane. There
is, however, another possibility that deserves investi-
gation — the possibility of formation of multilayers of
the 1iquid membrane when concentration of the surfactant
is increased beyond its CMC value. The data on electrical

resistances of the system (Table III.5) can be utilised to
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checlk this possibility. Since at CIMC (6 ppm) the liguid
membrane completely covers the supporting membrane, the
total membrazne at 6 ppm can be viewed as the cellulose
scetate millipore filter membrane plus the PVilE liquid

a series amrangement.. Pherefore the electrical

embrane in a

regicitsace at 6 ppm can be writien as

R6 = RO - Rl (13)

where Rj and Rg represent the values of the resistances

at O ppm and 6 ppm oI PVIE gnd R1 stands for the resistance
of the liquid membrance. If at 12 ppm concentration which
ig twice the CiC value for PVIE, another layer of the

1i quid membrane is formed in series, the electrical

registance at 12 ppm concentration would be given by
Ryp = Ry + 2 Ry (14)

where Ry, stznds for the value of R at 12 ppm concentration

of PVIE, From equations (13) and (14) we can write

Ryp = 2 Rg - Ry ' (15)

The value of R12 computed from equabtion (15) using the

expe rimentally determined values of RO and R6 (Table LT, 5y

comes . out to be equal to 0,495 x 10" ohms which matches
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well with the experimentally detemmined value (Table III.5)
This clearly indicates the formation of multilayers of the
liquid membrane at the surfactant concentrations higher

han the Ci C,

The data on salt pe rmeability («) can also be
utilised to confirm the possibility of multilayer formation.
If the supporting membrane is completely covered with the
liquid membrane at 6 ppm concentration of PVME the total
membrsne at 6 ppm concentration of PVILE, as stated earlier,
can be viewed as series composite membrane consisting of
the supporting membrane and the liquid membrane, For such

5 situstion the salt permeability would be given by the

relationsiip

on the basis of

1 1 1 :

r = — : (16)
(.U6 g,o “1

deduced by Kedem and Ka'tCIIalsky19’20

their theory for the permeability of series composite
membranes. In equation (16) w, and we respectively

reor esent the values of w for zero and 6 ppm, concentra_‘
tion of PVIE and « represents the value of w for the
liquid membrane. At 12 ppm concentration which igs twice
the CliC value for PVIE, another layer of liquid membrane

would be formed in series. Hence w for such a case woulg



1C8

be ziven by the eguation
1 1 2
& . — (17)
“12 “o i

where o stands for the value of wat 12 ppm concentration

PViE, From equation (16) and (17) we can write:

Sl i e g gy
The value of w0 for sodium chloride, computed from
equation (18) using the experimentally determined values
of W, and w, (Table ITI.5) comes out to be equall to
015 X 10_11 mole sec_1 R’1 which is in good agreement
with the experimentally determined value (Table III.5).
Phis can be taken to be another evidence in favour of
formation of multilayers of the liquid membrane when
concentration of the surfactant is increased beyond its

CMC wvalue.

The values of salt permeability « were determined
using the method outlined in chapter II and utilising the
all glass cell diagrammed in ¥Fig TII.1. Solutions of sodium
chloride (BPH and AR grade) of known strength prepared in
aqueous PVME solutions of concentration 0, 6 and 12 pppy

were filled in the compartment C of the cell (Fig. ITIT,1)



1C6

and distilled water was filled in the compartment D. The
condition of no net flux i.e. d —0 was imposed on the system
by adjusting Lhe pressure head attacned to the compartment C
gsuch that the liquid miniscus in the capillary L1L2(Fig TIT 67}
remzined statlonary. After a known period of time which
was of the order of 20 hours or so solutions from the two
compartments were withdrawvn through the stopcocks T3 and T*
(Fig. III.1) and analysed for sodium using a flame photo-
meter reading upto 2 ppm. The amount of sodium chloride
lost by the solution compe rtment or the amount of sodium
caloride gained by the water compartment divided by the

time gave the value of salt flux (JS)o Knowing the value

of Js the value of w was estimated using the definition15’19'20

J
w = (——s) (19)
i

where Lo is the osmotic pr essure difference., The value of
sn used in the calculations of w was the average of the
values of &x at the beginning of the experiment (t=0) and
2t the end of the experiment., All experiments for the
measurement of w were made at constant tempe rature by
placing the osmotic celi (Fig. IIT.1) in a thermostat get

at 40 4 0,1%.



107

I1l.5 REFLEREICLS

1e A.Scawsrtz, J. Perry and J. Berch., Surface Active
agents =nd detergents, vol. 2, p. 418, Interscience
ilew York 195&.

Za S.T. Hwang and K.Kamermeyer, Membraies in Separations,
Vole. VII, A Wiley-Interscience publication. John
Wiley and Sons, New York 1975.

50 I ..;_‘EnIJi, & L 31’1 1w Jourllal’ g, 459 (19,.(1)°

4.2 N.N.Li, Ind. Bng. Chem, Process Des. Develop, 10,

215 (1971) .

5a p.ieares, Membrane Separation processes. Elsevier
Scientific Publishing Company, Amsterdam, New York
1976

6 ¥, Martin, Aerojet-General Corp., Private Communi-

cation to R.E.Kesting, lMarch, 1963; a8 quoléd in -re.f.w

™ A,Michaels, H.Bixler and R,Hodges Jr., J. Colloid.
Séi. 20, 1034 (1965). :
8. R.E.Kesting, A. Vincent and J, Eberlin, OSW R and D

Report, 117, August 1964.

9. R.E.Kesting, Reverse Osmosis Process Using Surfactant
feed a2dditives, OSW Patent Application SAL-830,
Nov. 3 (1965).

1604 R.E.Kesting, W.J. Subcasky and J.D. Paton, J. Colloid
Interface Sci. 28, 156 (1968)

11- H.,Bixler and Rg_Cross, Paper @resented at the Research
Conference on Reverse Osuosis at San Diego sponsored
by 05W (U.S. Dept. of Interior) Feb. 14, 1967.

12. R.C.Srivastava and M.G.Abraham; J. Colloid and
Interface Sei,., 57, 58 (1976).

15 R.C .Srivastava and P.K.Avasthi; Kolloid Z.Z. Polym,
250, 253 (1972)

14,  R.C.Srivastava and P.K.Avasthi; J. Hydrol,, 20
37 (1973) - ; ==



18.

19

20,

A. Katchalsky and P.F. Curran; !'Non-Equilibrium
Thermodynamics in Biophysies', P. 244, Harvard
University Press, lassachusetts, 193).

K.S. Spiegler and O.Kedem, Desalination, 1, 311 (1966).

7.k, Sherwood, P.L.T. Brian and R.E. Fischer, Ind,
Eng. Ghem. Fundam. 6, 2 (1967).

P.L. Harris, G.B. Humphreys and K.S. Spiegler,
Chapter 4 in Iem:rane Separetion Processes, ed,

o5 s R0
|.._l
CD
)
[».3
(0]
1
O
8\

P. Meares,
A. Katchalsky and 0.Kedem, Biophys. J., 2] 53 (1962).

0.Kedem a2nd A.Katchalsky, Trans. Faraday SoC.,
59, 1941 (1963).



150

CHAPTER 1V

ELECTRO-0SHMOSIS OF SALINE WATER THROUGH A CELLULOSE-NITRATE MILLI-

PORE FILTER MuMBRAME - STUDIES ON EIECTROKINETIC ENERGY CONVERSION

1V Introduction 110
V.2 The Non-equilibrium Thermodynamic

Theory of Energy Conversiog 111
AL Experimental 115
IV.L Results and Discussion 118
IV 5 The Energy Conversion Efficiency 127

iv.6 References 155



110

ELECTRO-0SLOSIS OF SALLLL WATER THROUGH A CELIULOSL-NITRATE

IILIPORE FILTER MELBRANE - STUDIES ON HLECTRO-KINETIC ENERGY
CONVERSION,

IV,1 LLIROLCCTION

In this chespter we report our experiments on electro-
osmosis of saline watér through a cellulose nitrate millipore
filter membrane with the prime objective of studying the
efficiency of electro-kinetic energy conversion. These
studies in addition to being relevant to water desalting
problem have their intrinsic value because they throw light
on the non—-equilibrium thermodyﬁamics theory of electro-kinetic

energy conversion.

The phenomena of electro-osmotic flow and streaming
potential can be taken advantage of in the design of energy
conversion devices. In the former the electrical energy is
converted into mechanical work, while in the latter case
reverse conversion of mechanical work into electrical energy
takes place. 4 unified thermodynamic theory of steady state
energy conversion under the restriction that deviation from
equilibrium are small enough to permit the use of linegp
phenomenological equations was first presented by 08ter1e1

©

Shortly after Osterle, the degree ol coupling and jtg
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relzations to the efficiency of energy conveérsion has been

: % . e 8 : 2
deduced and discussed by Kedem and Caplan, The

phenomenological description of two coupled flows leads

to the definition of their 'degree of coupling.' Kedem
. 2 . : A
and Caplan have considered a Vvariety of coupled flow

processes To describe the degree of coupling and its relation

to the efficiency of energy conversion, O0sterle and co-
- 1,5_'5 - = : o e " s
workers have discussed at length The efficiency of

electro-kinetic energy conversion on the basis of non-

equilibrium thermodynamics.

Iv,2 THE HON-EQUILIBRIUN THERMODYNAWLIC THEORY OF ENERGY
GQIVERSION

The condition for energy conversion to take place is

contained in the entropy production function, For a two

flux - two force sgystem the entropy productioh function dis
_ d+t
can be written as
4;5/8% = T, Xy + I, X (1)

where J1,' J, “are the two fluxes and X, and X, are
the corresponding .conjugate forces. Suppose The tem

X

o is negative., Process 1 ‘then consumes entropy

g T
at the expense of process 2, and accordingly pgpt

of the free energy expended by - and characteristic of



process 2 is converted into the form characteristic of

S 1. The entropy withdrawn from the system in this

[
i

proc
manner may or may not make its appearance in the outside
world simultaneously. If it does, the system is in a
stationary state and the converted energy is being dissipated
externally. If it does not, the system is storing energy ’
(e.g. by charging a condensor, increasing the affinity of

a2 reaction or developing a concentration gradient across a
membrane). The efficiency of energy conversion is a function
of state, and thus time dependent in non-stationary systems,
In such systems the instantaneous value may still be useful

if the rate of change is slow,

In general, the efficiency function "l of the system

ig defined as1’6
RY I o
0 "o
'7 —_ re -...---.; (2)
diof g

which follows from the following dissipation equation
a;8/at = Jgkg = J X (3)

where subscript i and o repesent the input and output powers

)

indicates ‘that output forces and output fluxes are in

respe ctively. In egquation (3) negative sign (- JDXO

opposite direction to that of input fluxes and forces,
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Since in electro-osmosis the input force is the applied
electrical potential difference 40 and the output force
is the consequent pressure diiference P, the equation (2)

would read as

gE 180 ~ 2
(«8)°/R
where J represents the yvolumerilux, I represents the current
flow and R is the resistance of the system. Similarly for
streaming potential where the input force is the applied

sressure difference P, one can write

o 5 TR L 5 (00)/R
1 JP J P

()

The subscript e and s in equations (4) and (5) represent

the penomena of electro-osmosis and streaming potential

respe ctively,

In an electro-osmosis experiment the applied potential
difference 40 across the membrane is used to derive the
liguid uphill. This liquid when allowed t0 accumulate exerts
a hydraulic pressure difference across the membrane causing
a back flow of liquid., When 4P equals the electro-osmotic
pressure the net wolumeflux J becomes zero., Thus frop

equation (4) it is obvious that 7e would be zero either
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when P=0 or when 4P equals the electro-osmotic pressure
which corresponds to the condition J=0, It, therefore,
appears that the graph between 7 and 4P for a fixed value
of input force 40 would pass through a maximum as &P
varied from zero to <The electro-osmotic pemssure. Naturally
the optimum value of 7] would occur when P is less then
the electro-osmotic pessure. Similar considerations would

apply to 7, represented bj equation (5)
1f the linear phenomenological relations

J; = L33 % # L5 (= X)) (6)

S

) o1 %5 Loo (= Xo) Gily)

between fluxes J and forces X are obeyed, Osterle et a13’4
have shown that maximum value of conversion efficiency o

is related to the figure of merit g in the following manner1

1
2
(1 #8354 =1
io
(Daex s ; (8)
2
Gh4 Pag) #1
where ﬁio is given by the relationship
=1
Elo A
¥ gl o0 L
T e e 1 (9)

io
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Since the validity of linear phenomenological relations (6)
and (7) is assumed, the phenomenological coefficients L s

sre not supposed to vary with thermodynamic forces. This

makes p in equation (9) and consequently ('Z )max in

equation (8) independent oi the input forces.

on account of the Onsager's relation Lio =B it

is obvious from equation (9) that
By wTemb o (10)

which implies That the value of (7)max given by equation (8)
would remain the same for either direction of conversion.

This for electro—osmosis and streaming potential would mean

(’Ze)ma = (7S)ma (11)

X X

V.3 EXPE RIMENT AL

listerials: Sodium chloride (BLHd Anslar) and distilled water
distilled once over potassium permanganate were used in the

present experiments.

Apparatus and Procedure: An all glass electro-osmotic cell

similar to the one described earlier by Srivastava and

Abraham7 was used., The apparatus is diagrammed in Fig, IV 1

for a ready reference., The electro-osmotic cell wag
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Fla.v.1 Electro~osmotic cell (anr - Glass tube of length 35 ¢,

diam. 2.5 cmy, M = cellulose nitrate millipore filter; m; and
ww = stendard joints (B-24); n‘_ and um = Platinum electrodes
fused to tubes ._.a and qm filled with mercury; Q, and zm =
standard joints ﬁml,_b: md and mm = Stop cocks; _J_ _.w =

capillary tube of length 25 cm and diam = D,.momm_ cm) e
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separated into two compartments by a saratorius cellulose
nitrate filter membrane (Cat. No. @M 11307) of thickness

4m and area 0,951.X 1O—4m2n The silver-silver

1°x 10"
chloride electrodes Ey and E, (Fig. IV,1) were prepared
using the metnod oi Garmody? The electrodes when not in
use were kept under short-circuited condition in dark and
jmmersed in distilled water which was periodically chamged,

This procedure is necessary To maintain low value oI

asynmetry potential,

The procedure followed for the measurement of ordinary
permeablility, electro-osmotic velocity and streaming potentials
has already been described in the chapter III and also in
earlier publications?’9’1o The only difference was that in
the present measurements the electro-osmotic cell wasg filled
with various concentrations of agueous sodium chloride
solution, The streaming potentials were measured using a
V.I.V.M (philips GM 6009/90) reading upto 0,01 mV. During
the messurements of streaming potentials the asymmetry
potential of the electrodes E, and &, (Fig. IV.1) was
cared for., Resistances of the system were measured with g
leitfahigrkeitmesser conductivity meter. Values of Streaming

current were calculated using Ohm's law, from the vglyeg

of the streaming potentials and resistances thus obtained
-]
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The volume flux was measured by noting the rate of advance-~
ment of liguid meniscus in the capillary L1L2 with a
cathetometer reading upto 0,001 cm and a stop waich of

least count 0.1 seconds. Electrical potential differences
needed for the measurement of electro-osmotic velocity were
tapped from an electronically operated stabilised power
supply (Beltronix, Electrophoresis Power supply). During
the measurement of ardinary permeability the electrodes

E1 and E2 were electrically short circuited, The sodium
chloride solution in the electro-osmotic cell was changed
with fresh stock solution after each reading of ordinary

permeability, electro-osmotic velocity and streaming potential,

All measurements were mede at constant temperature by
placing the electro-osmotic cell in a thermostat maintained

at 40 4 018,

IV .4 RESULTS AND DISCUSSION

The data on ordinary permeability, electro-osmotic
velocity, streaming potentials and current for various
concentrations of sodium chloride solution have been given
in Tables IV.1 to IV.,4 and plotted in Figs. IV.2 to IV 45 .
The straight line plots in Figs. IV.2 to IV,5 amply

demohsdrate the validity of the linear Phenomenological
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Table IV,1

permeability data for various concentration of

Sodium

chloride

Goncenbtration of Sodium Chloride (M)

o 152 0 5.5 ABF 3y 100T  5e100T 4400 e 0N
B2 g 1ot gatot g0t g0t g0t gt
o e sed! m sed M sec m gecl o eeE]
4,9 0.08 0.11 0,12 0.13 0.15 0,25
9.8 C.15 0.23 0.24 0,27 0.34 0.45
14T 0.2355  0.35 0.35 0.40 0.48 i
tigh 0 MU - . 7, RO o8- R o 0.65 0.925
24.5 0.39 0.56 0.585  0.64 0.8 1.30
29.4 0.475  0.69 0.71 0.74 1,00 1.52

e
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Table IV,2

The electro-osmotic velocity data for various concentrations
of Sodium Chloride

Cencentration of sodium chloride (M)

= e =, I o o
L 0 2.5x 124 p) x1044 5% 10 ﬂ.r 1x 10 3 1x 10 i
i 4. 4 1
et dvx10 va10 va10 va10 va10 va10
m sec 1 sl  m-atel i BeCE R i sen
5 0.03 05055 0.05 Qe O 0.09 0,14
10 0.06 0.08 0.102  0.135  0.17 0.26
15 09085 O¢13 00169 0420 . 0.26 0038
20 0.119  0.16 64209 ' 0.26 0.32 0.48
25 0.142 0.22 Oz 27 Q352 0,48 0.54

30 0,175 0.25 0.30 0.39 0,62 0.66
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The streaming potential data for various concentration of
Sodium Chloride
Concentration of Sodium Chloride (1)

. 152 0 245iq0" o2 [ TN | A P (TR ! o

. 100 A0 A 100 4107 48107 afx10°
N m volte volts volts volts volts volts
499 192 104‘ 105 106 1:7 2,0
9.8 206 300 3-2 3025 304‘ 4‘-1
14—.7 4‘02 4‘°55 4075 5-0 501 6525
1906 507 6.2 605 6u6 6o9 8a25
2405 7g2 7.6 800 803 8o5 13:5
29.4 8.8 9,4 9.6 10.0 11 24 14.0
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Table IV.4

The streaming current data for Various concentrations of
Sodium chloride

Concentration of Sodium chloride (1)

P 1072 @ 2507 30T s ot 4.40% i oms
8 T0  mantr Thier . Tfget Avihet SEieL
N m amp amp amp amp amp amp
-2 -2 -2 - -2 -2
m m m m m m
4,09 2 395 5 605 890 1000
9,8 5 To5 10 s 15.5 2o 40
14,7 7.5 11,5 15 19.5 23.5 33
076 14 153 20 2125 5 43
A5 12 1989 25 99 39 54

29.4 16 2345 30 40 47 65
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equations described in chapter III i.e.
o= by &+ Typ AP (12)
I = Ly, &P + Ly L0 (13)

for the sigultaneous transport of matter J and electricity I,
in all the cases. In equation (12) and (13), «P and AP

are the pressure difference and the electrical potential
aifference respectively and the coefficients L, are the
phenomenological coefficients. The values of the various
phenomenological coefficients for various concentrations of
sodium chloride evaluated from the slopes of the straight
lines in Figs. IV.2 to 5 bave been given in Table IV.5

from which the validity of the Qunsager's relations

Lig = Ipy (14)

is apparent. The concentration dependence of the various
phenomenological coefficients have been plotted in

FigS ° Ivn6—8 °

IV,.5 THE ENERGY COUVERSION EFRICTIENCY

The values of "Ze and "[S for various concentrationg
of sodium chloride solutions, corresponding to two fixeq

values of input forces, ubtilising the transport date jin
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at various concentration of sodium chlori

Table IV.5

5

Values of the various Phenomenological coefficients and (7:wﬂx

le solution

e e s e = = e . e = e m——

Concentra- 111 112x10 L01x10 Loo Values of Values of Computed Computed
tien of e AJ_1 mhﬁJ“1 ( 5 P 5 values of values of
Sodium m™ N m 4 - =1 = ). %10 M) %10 2
chloride e S et e Nnex C?)n 100 (7)mmxX1OD
solution 3 (from the (from the e e e
(1) plot \ plot (from eqn, (from egn.
‘7e VS uP) 75 vs wf) 8) 8)
0 Oul6e 0,059 0,059 0,190 2440 2.42 2,85 2582,
1 11074 0.455 0,23 0,225 0,525 4,92 4,91 5.52 SR e
= L
1 XTO 00322 Oa16 00162 004‘77 4‘035 4030 4‘035 4'026
=yi]
5 %1077 0:260 - 0,135 0,131 0,403 3,93 3,94 4,15 4,08
510 " 0,245 0,102 0,097 0,309 3.37 3,36 5,49 3,16
2.5 107 0.2 GGAwsge2 . 05258 2,99 2,99 2.98 2,90
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Pableg IV.1 to IV,4 and Figs. IV,2 to IV,5 have been cal-

)

culzted, at various values of output forces ranging
between gero and their steady state values. The method
12

of calculation is summarised below.

In order to calculate the Values of electro-—osmotic
energy couversion efficiency 1 , for a fixed value of
input potential difference A0 at various values of 4P,
lying between zero and the electro-osmotic i essure, the
following procedure was adopted. To illustrate the me thod

of calculations let us choose the transport data for water

(curves 6 in Figs. Va2 to IV,5).

For a fixed value of 40, say 15 volts, the electro-
osmotic flow was read from Fig, IV,3 curve 6 and this comes
out to be equal to L1085, 3¢ 10'4 ™ sec—1° The preésure
difference &P which would induce the water flux of magnitude

0.085 X 10_4 m sec_1 in the reverse direction was read

from Fige IV.2 (curve 6). This comes out to be equal to

6 X 102 Km“z and gives the value of electro-osmotic pressure
Covrespondi’

differencekto the “applied potential difference, iS5 Volts,

low various values of AP lying between 0 and 6 X 102 W2
were chosen and the water fluxes corresponding to thenm
were read from Fig, IV.2 (curve 6), These Values of water

flux were substracted from the value of electro-osmotic
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water flux corresponding to 15 volts. This gave the values
of net water flux J corresponding to various values of
pressure difference <P lying between 0 and 6 x 102 Nm_a.
With this data at hand it was easy to calculate using
equation (4) the values of ’Ye at various &P corresponding
to the fixed value of 40 = 15 volts., Using this procedure
the values of " at various 4P's for various concentrations
of sodium chloride solutions, corresponding to two fixed
values of 4P were calculated from the electro-osmotic

transport data (Table IV.1 to IV.4). An identical procedure

was adopted to calculate the values of'YSo

The Valﬁes of "le and Ys thus calculzted at various
values of output forces ranging between zero and their,
steady state values for various concentrations of sodium
chloride solutions corresponding to two fixed values of

jnput forces are recorded in Tables IV.6 to IV.17 and

plotted in Figures IV,9 to 1V,14.

From data on energy conversion efficiency (Figs. IV.9

to IV.14) the following conclusions can be drawn in all

the casess

1. For a particular concentration of sodium chloride

solution (’Ye)max was always equal to the value of

( '78 )max o



Dependence of conversion efficiency Ye on the output
force iP at two different values of the input force

Sodium chloride concentration = 5»10—4(M)
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T2ble IV ,6

Input force &0 = 15 volts

B —————SSREE s ]
et e

Input force wd = 20 volts

2

_ -2 « —
.-.Png Ve T8 -Palg 7e x 10
Nm I m

0.0 0.0 0.0 0.0
1.,0 159 1'-‘0 1044—
9.0 Je2 L 2.52
3,0 249 T 3.39
4'00 4“0 5°O 3993
5,0 5 a9 Ta0 3 .08
6.0 2,68 9,0 I

*

A, 0.785 10,0 0.0
8.0 0,0

# The values of electro-osmotic pgessure.
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Table IV.7

Depzendence of conversion efficiency Ye on the output

force «P 2t two different values of the input force 40,

Sodium Chaoride concentration = 3x1o‘4 M
Input force «@ = 15 Vvolts Tnput force o8 = 20 Volts
@ 197 Te X197 @ A1072 7, #10°
¥ m o me X o2
0.0 | 0.0 0,0 0.0
0.5 1.05 1.0 1.53
1.0 1,96 2.0 5 .66
1.5 2.62 3.0 2
2.6 3.13 4.0 3.2
3.0 S0 5.0 3 .37
305 3.30 6.0 3 .31
4.0 5428 7.0 2.43
5.0 2291 8,0 1495
B0 0.0 9.0 0.8
10.0" ' 0.0

#Phe values of electro—osmotic pressure
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Depcndence of conversion efficieney 7€3 on the output force P

at two different values of the input force 4f

Sodivm chloride concentration = 1 x10"3 M

s e ———————————— —— 2 e el e A e R
e —— e e — o e e

— .-

Tnoput force «f = 15 volts Input force 4@ = 20 volts,

2 e e 7. <102 @ x107° 7 * 10°
Nm o ¥ o2 ’
0.0 0.0 0.0 0.0
1,0 2.04 2,0 2.82
2.0 3453 3.0 3.76
3.0 4,46 5.0 4.35
4.0 4.35 7.0 5 g2
5.0 442 9.0 156
6.0 3.2 10.0" e,
7.0 1.30
8.0* 0.0

v ——

s b .

* mpe values of electro-osmotic pressure.
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Table IV.9

Dependence of conversion effic J‘Y on the oubput
force <P at two different values of the input force 0.
Sodium chloride concentration = 2.5¢10° % u
Tnout force =f = 15 VOLtS Tnout force o0 = 20 volts
P 1072 9, <107 & x10°2 7, x10°
N o2 N ?
0.0 0.0 040 0.0
D5 1,02 0.5 Q82
10 1378 1.0 1.40
s 295 125 2.04
2.0 2.87 2,0 2.42
2.5 2.89 255 2405
3.0 2.95 3.0 S
4.0 2.51 4.0 LE2eod
5.0 1.65 4o5 24T
6.0 0.0, 8.0 .81
| 8.0 0.0

% The values of electro—-0smotic OBSSUre.



138

Table IV,10

Dependence of conversion eificiency Ts on the output
force &P at two different values of the input force ag
o

sodium chloride concentration = 1 x10"'2 M

Tnpout force &f = 15 volts Tnput force o = 20 volts
4P 102 1ex1o5 &P %1072 v, x10°
N o2 N o2
0.0 0.0 0.0 0.0
0.5 i 1.0 2.4
1.0 2.6 9] 3.3
e 3.6 3.0 4.0
2, @ 4.0 440 4.6
3,0 4.6 5l 4,92
4.0 4,92 ~5eq 346
5.0 4.6 3.0 250
6.0 3.6 2.0 1.6
6.5 2.4 10.0" 0.0
8.0 0.0

# The values of electro~osmotic pressulc.,
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Table IV,.11

Dependence of conversion efiiciency-?e ot Thiosollae
force P at two different values of the input force 4@,

Sodium chloride concentration = OM
Tnout force of = 15 Volts Input _force = 20 volts
P %1072 1, 10 @ x107° 9, %107
R ¥ m?
0.0 0,90 0.0 0.0
0.5 0.6 1.0 0.9
1.0 1.0 2,0 1.4
M%) il 3.0 1.8
3.0 21 ' 4.0 201
4.0 2.4 5.0 2.4
5.0 Piad 6.0 242
) | 1.8 7.0 1.3
g a2 8.0 104
8.0 0.0 9,0 1.0
10,0" 0.0

#Phe values of electro—osmotic pressure.
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Pable IV .12

Dependence ol conversion eificiency ‘78 on the output
at two different values of the input force &P.

force

Sodium chloride concentration = 5 x1d"4 M
Input force 4P = 1&<10+2 Nm—z Input force 4P=15 x10+2 i} m—2

~ 5
o »10% M %10 of x10%? v 4107
volts volts
0,0 0.0 0.0 0.0
0.4 1-69 Oa6 '].74.
0.8 2+:911 140 2052
a2 33 1.2 2.98
1.6 3094‘ 196 3“5
2.0 3°8 2.0 AT
2 o4 5,09 2.45 2499
2.8 1590 3.0 Bl
3,2 0.0 3.6 3.0
*
‘4‘09 an

*The value of streaming potential
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Table IV,13

Dependence oI conversion eificiency 7 on the output
S

force o0 at two different values of the input force .

Sodium chloride concentration = 3 10°% u

3 D o
Tnput iorce (P=10 x 10" Im & Input force &P=10 x102 H‘m_2

ad x10% 7, %107 o x10%2 Y <107
volts volts

0,0 . 0.0 0.0 0.0
041 1,52 0,40 0.137
0.50 1476 0.6 1.46
0.82 2456 1.0 2.2
1.0 2,85 1.2 n ALDBE
1455 3,36 2,0 Fa
2.0 302 2.4 % .36
2.47 2.42 3.0 ST
3.0 ' 0.902 4.0 e
Fodh! 0.0 4.8 0,0

# The value of streaming potential.
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Table IV,14

Dependence of conversion eificiency 75 on the output

force «f at two different values of the input force P,

Sodium chloride concentration = 2.5 x10 + I
Inout_iorce &P=10 x102N m_2 Input force 4P=15 x102 N m"2
af %107 v, x10° o x10° 7, x10°

volts volts
0.0 0.0 0.0 0.0
0.38 116 0.57 108
0.76 1.99 1.0 1.8
1.0 2034 1.15 2,03
1.5 2.97 1.6 2.40
2,2 2.06 2.3 2i
2.5 1.64 3045 2.05
Bl 0.0 4.0 1.26
4.6 0.0

#* The value of streaming potential.
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at two different values of
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Table IV,15

of conversion efficiency q . on the output force of

the input force 4P,

Lra

Sodium chloride concentration = 1 x1CrJ it

—2

Inout force «P=10 x 102 A Input force sB=15 x10° I n 2
48 %107 M, % 10° o x10° 9 x10°
vol®s volts
Qlo 0.0 0.0 0.0
0.2 10 0.5 1.2
0.5 Ta'l2 1.0 1.9
0.9 2.91 2.0 546
1.3 3.4 I 4.3
1.8 4e3 2.0 4,2
2.0 4.0 440 3211
2.6 2.3 540 1.4
5.0 1,8 5.5 0.0
3.2 0,8
3.6 0,0

* Dhe values of streaming potential
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Table IV,.16

Dependence of conversion efficiency 73 on the output

force &0 at two different values of the

input force ap,

Sodium Chloride concentration = 1 o M
Tnput force &P=10 x10°N m_ Input force «P=15 x10°N m~2
of & 107 X [ o x10° ) x10°
volts volts
0.0 0.0 0.0 0.0
0.25 0.6 0.25 0.4
0.5 1.8 0.5 1.4
0.75 2.8 0,15 1.8
1.0 5.6 1.0 2.4
1.5 4,6 1229 2.8
s 4.9 15 34
245 4.6 2.25 44
5.0 3.6 3.0 4.9
3 .25 5.0 342 4.6
3.0 2.0 4.0 4.0
3,75 1.2 45 o
400* 0.0 5.0 2.4
565 1ix6
640" 0.0

# The values of streaming potential.

e —r————
e v



Table IV, 17

Dependence oL conversion efficiency‘?s on the output

force B at two difference values of the input force .p
e 4P.

S odium Chloride concentration = O N
_ B 2. =2 i Y
11’1;)u.t Torce abP=10 x10°N m TInput force P=15 X102N m
)
volts volts
0.0 0.0 0.0 0.0
0.25 0.4 0.5 1.0
005 1"’2 1.0 104.
100 1'8 1075 200
1025 2""2 205 2‘,4-
1.5 205 3.0 240
1¢75 292 3"75 1,6
2,0 200 4‘05 1.0
»*
205 1;2 500 ODO
2a75 O°8
5.0 0.0

-

# The values of streaming potential.
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PRI it

Dependenca of 1]. an output force AP gorrrsponding to two

fxg. !v.g
The curves 1 and 3 are for sodium

different input forcese
: )
chloride solution of etrength 3x10 M. The curves 2 and ¢

are for sodium chleride solution of strength 5x10—dm. The

input forces of curves 1 and 4 are 15 volts and for Curvas

2 and 3 cre 20 volteo
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V.10 Dependence of e on output force AP carresoonding to tus

different innut forcese 2
fon of strength 2.5 x 10 " M, the curves 3 and 4

The curves 1 and 2 are for sodium

chleride golut

-3
are for sodium chloride solution of strength 1 x 10 "M, The

input forces for curves 1 and 3 are 15 volts and for curveg
2 end 4 are 20 voltee
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2 For a particular concentration of sodium chloride

=

the values of 7 ind iyl | el :
L alues of ( )max are independent of the input
forcese.

— ml- - 1O £~ ~ - : O
The maximum Value of energy conversion efficiency
(7)max always occurs when the output force equals

half its steady state value.

phe first conclusion which is a consequence of the validity

[

of Onsager's reciprocal relations, is in accordance with

the non—eguilibrium thermodynamic theory described in
section iv.4 of this chapter., Further, since in the
presenﬁ cage, bhe linear phenomenological eguations (12)
and (13) are obeyed (Figse. LVe1-4) which implies that the
phenomenological coefficients are constant and do not
depend upon the tnermodynamic Iorces, the values of CT)max

is a function of phenomenological coefficients only

which
(equations (8) and (9)), have to be independent of input
forcesa.

1lso be shownw”13 to be

The third conclusion can &

snce with the theory. At what value oI the output

in accord
¢ficiency corresponding to a

14 the conversion €

force wWou
pce be maXimum can be deduced by

tixed value of input £O
on Ior conversion efficiency agnd

considering the equati
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phenomenological equations. Let us t:
= » e ake a gpecific ex
ample
of electro-osmosis, where the electrical potential differe
Ierence
is the input force.
The expression for electro-osmotic pressure at

‘Ceadff Stg.te ioe.

L
(-—"P/‘-oﬁ)J.__o = L (&%)
v Lq4

follows from equation (12) . After substituting the value

of J from equation (12) the equation (4) for electro-osmotic

energy congarsion efficiency reads as

(L, 4 + Lyp 4P) &2

T ma (16)

Since we are considering the values of “Ze at fixed input

force, &f and I

the condition,

can be treated as constants. MNow applying

(d 79/3 ) =0 (17)

for the maximum, one gets from equation (16)

2L11 AP 2 El?- = 0
e (18)

I of 1

o (15 transforms to

which with the help
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(e
)J=O i)

b
il
'I\'?l £y

equation (19) leads %o the conclusion that the value

The
- ) corresponding to any fixed value of 4P would be
+ force 4P equals half the value of

maximum when the outpu

lectro—osmotic pressures Mis conclusion is coniirmed

from the data plotted in Figs. IV.9 to IV.10 for agqueous

sodium chloride gsolutions,., Similar considerations would

apply for Y o

The values of ) for both the modes of conve
max’ nve -

gions nemely for electro—osmosis and streaming potential

lated using equations (8) and (9) utilising the value

of the Pﬂcﬂomeqolobwcal coefficients are recorded in

pable IV.5, along with the values obtained from the experi-

mental plots (Figse IV,9 to IV.14). The agreement
and the values

between the COI”OL.?.'Led values of (7)max

obtained from the maxima of the experimental curves

pparent from Table IVoaDe This

(Figs. iv,9 to V.12 ) s ap
lends added support to the non-equilibrium thermodynamic

theory o= clectro-kinetic energy converseion

The.concentration dependence ol (Y)mgx has been

shown 1in Fig. V.15.
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RTT. W g = m "1 T TR AL
BILE SALT IICELLES AS LIQUID MELBRANES

V.1 ILTRODUCTION

i!‘l’le ,‘:‘.'tu d '! es repo i i
I‘ued I i haj
= Ten i § UhlS Cﬂc:‘,J'ter are se quE:L to

tudies on liquid membrane
) anes, described i ]
in chapter IIT

the
As mentioned in chapter I1 t he :
P I, the observation oI Martin1 Tt
11 - ~ - i P 3 & . .
the addition of a few parts ppr million of surfactants lik
ike

poly vinyl methyl ether to the saline feed in rev
erse osmosi
s
effects a large increase in the
= salt retenti
ion capacit .
Yy ot
mbranes with but a small decrease i
n

cellulose scetate me
<38 to

tpe filux of product water, led Kesting et al
propound a 1iqgid.membrane theory. The eXperiments of
Kesting et a12 and also our experiments reported in chapt
TTT unembiguously prove gt
-ne at the interface between the

4 the existence of a surfactant

layer liquid membT
cellulose scetate membrane and the aqueous solution o
e

t was further demonstrated that as concentrati
ion

water. I
ased, the cellulose acetate

factant is 1uncre

of the sul
ively covered with the surfactant

memb rane gets progress

membrane and at the
e of the cellulose acetate

layer 14 quid critical micelle concen
(GLC) the coveras

fration
actant layer is complete,

membrail€ with the surf



Y
1
<l

gince bile salts a ’
S e bile salts are excellent surfactants it i '
is
hat their addition to water or aqueou
a S

solutions flowing througn membrs
g 1gh o membrane, would also give rise

to the formation of liguid membranes at the interf
errace
between the supporting membra }
: DL & embrane ?,..Ild -tﬂ.e a i
agueous solution
-

m1l -r Ce 3 Yl - -
The experiments reporved 10 this chaptT have 1
A 5 er na“lﬂ Dee:ﬂ da_, -
i esigned
o demonsgtrate Thise The liquid membranes formed have

to offer resistence to both water flux and salt

T

been shown
fluxe ﬂxgeriments on the hydraulic permeability and on
the simulbaneous transport of salt (potassium chloride in
this case) and water have been performed and values of the
filteration coefficient, reflection coefficient and the
salt permeability coefficient for the liquid membrane have
peen estimated. The transport data have been further
onalysed in the 1ight of Spiegler's frictional model” to
egtimate the relative magnitﬁdes of the frictional coeffi-
cients between salt and water, water and the liquid membrane
and salt and the liquid memprane s

V.o BXPERTMENTAL

Sodium deoxy cholate (Loba Chemie, Austria)
?

potassiul chloride (BDH,
nce over potassiuil

41 stilled @
ent experiments o
» The eritiegl

Jiaterials:
Anzlar) and distilled water

permanganate in an
all o]
oLass

gtill were used in the pres
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micell ncentrati
celle concentration of sodium deoxy cholat
nolate in w
5 - i . Wate
was de 1 by me i y
cetermined by measuring the variation of
e ol electri
CcOr Tintsoity wit 3 rlcal
hductivity with concentration and was found
und to b ;
e 5 mM
et

compare avol 1 7 e
ares fa Llrablf W tr the values re
< 2, ported in

which

1i terziture.

The Apparatus: The & g
e all glass cell used for the tran
sport®

| - = - ,.]. 19
S i; 1.l e = "Ja s S 1 i =) " |,(’ l'l'e ‘)( e (3] a f,:;rf-unmed j- — .-
g. -LII. I OI

chapter I. The all glass ¢
[ I glasgs cell was sep: ;
varated into t
s B WO
comgartments by a sartoriu
L a 8a s cellulose
acetate millij
I - e ipore
filter (Cav. NO. 14107) of thickness 1x10_4 m 5
| 10_4 i K and area
14X m< which 1in fact acted as a support for th
e

1iquid membrante

hydraulic pemeability : The procedure

Measurement of

measurement of hydraulic permeability w
a8

adopted Ior the
s been described in chapter III. For

ha

gimilar to wha©
of the hydraulic permeability freshly

the neasuremen®
prepared aqueous golutions of sodium deoxy cholate of
entrations ranging £

on the right hand side of the

various cOMNC rom zero to 7 mi were

he compartment C

filled in
o filter S and distilled water was filled in th
S

millipoT
left hand gide of the millino
pore

on the

compartment D
1 of chapter III). Since the
o critiCal

ITI.

silter 5 (Fige
stion of agqueous golution of gogj
um deoxy

micelle concenvr
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chol-te as found from the electrical conductivity mea
asure—

ment is 5 mii, the concentration ranges from zero to 7 ml
55 mi

were purposely chosell SO that we get data on both the lower

and the higher side of GMC at which the supporting membranm
i e

l S ol

bected to be completely covered with the liquid

Known pressures were applied on compartment C

by adjusting the pessure head and consequent volume flux
of water was messured by noting the rate of advancement o
the ligquid miniscus in the capillary L1L2 with a cathetometer
reading upto ,001 cms and stop watch reading upto 0.1 secs

the volume flux measurements the electrodes E1 and B

During

: 2
(Fig. III.1 of chapter III) were short circuited and the
solution in the two compartments were well stirred using
magnetic stirrers m1 and Mz. Short circuiting of the
electrodes By and B, was done to prevent any electro-osmotic
bacle flow due TO the streaming potentials developed across

the membrai€e

Mg@suremant of reflection coefficient ond sal¥ oermeability

For & systen consisting of two compartments containing
same binary ggqueous solution of unequal concentrations ang
separated by a membrane, the linear phenomenological
relations for the simultaneous transport of solute L
non~equilibrium thermodynap; o

golvent as obtained from
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treatment' have been described in chapter I (equation (31)

and (32) of chapter I) which on further transformation’s

can be reduced to a more operational form (equation (44)
and (46) of chapter I). These equations are being repro-

guced below for a ready reference l.e.

Iy = Lp(a® - o 4m) (1)

and
: —w“ﬂ"—as(""")‘)-v (2)

because it is these equations which have been utilised for
the evaluation of Loy © and w, the three parameters which
adequately describe the transport characteristics of a

membrane Systeme Phe various berms occuring in equation (1)
and (2) have the game meaning as in chapter I. Let us
also regrite the cxpression for ¢ and w (equatious @9),@7)

and (48)of chapter I)

= PD
A ax P
g,=0
and Mo
Js oy ot I'.PI'D I‘PD
ik s (4)
)G 0 e

for realdy reference.
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Values of tne coefficients I
3 il L 8 cien .
1211TS .fo, ¢ And- ity whee

estimated in the manner described in chapter IT usi
N 1sing

equation (1) according to which the plo -
= e plot of .
k iJ, versus 4P

is stpreight line of slope R interce;
s g D D and intercept equal to
— L. cin. Since Ax is known a i
p Ol Since Ag is known and is more or less constant
during a particular run of the ex i
Fra 2 beriment, ;E and ¢ can
be conveniently estimated from the slope and intercept of
- = exr 0
such plots. IR the actual experiments for the determin
a—
5 ¥ nd S i
tion of LE and ¢ a solution of known strength of potassium
chloride prepared in a 5 mi (the CMC value of sodium deoxy
cholate) aqueous solution of sodium deoxXy cholate was
n the compartment C of The cell (Fig, TII.1 of

filled i
ed water was filled in the compart

chapter TII) and distill
ment D. The condition ,P=0 was imposed on the system by

gsure head and it was allowed to stand

adjusting the pre
for sole time .

As soon as pecession 11 the capillary L1L2 due to
ogis was noticed knovin pressures were applied on the

ment and the rote of advancement of the

golution compart
s in the capillaxy L1L2

r in the solution compartment

liguid miniscu was noted with time,
flow of wate

ack
.gmall, &m can be taken to be

gince the P
due 1O osmosis 18 quite
less constant during & particular Tun of the

more or
: obtained in this ms
ata anner fop two

experimente The ¢
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different values = 4

alues 01l 4t are )lvel]. in 'II' b]e v 1
°© Eilld. Ot-'—-

plotted

in FPige. Vo1 The data I | X i i
s 1 ata for a blank expe riment i
z [ n which

a2ll conditions were maintained same exe
1 =11
ept that no sodium

deoxy cholate was used have been given in Tabl
a e V 1
«1 and

plot’ted in I."|-_;-ga Vela

mh - s
The equation (2) under the condition J_=
basgis £ +1 . i V“O was the
g58is Zor viae determination of the salt (potassi
gium chlorid
- __-; ~ D | . - . e
in +Ghe pr esenv case) permeability w. In the actual
al experi-
the determination of w
a solution of +
potassium

ment for
chloride of known concentration -
= prepared ia 5 mif 1
i (the CLC

value of aqueous sodium deoxy cholate) solution of sod
S0 ium

.te was filled in the compartment C of the
cell

deoxy chola
(Fig. III.1 of chapter III) and distilled waser was fill

illed

2 compartment of the cell (Fig

Ea JLLTog Lot iehs

Dialdis) s

in the otne
enforced on the system by manually

pne condition Jv=0 wa.s
adjusting the pessure head attached to the solution
ent. After &
ours or so the solutions from the two

compar Tl cnown period of time icl

£ which was
_ of the
order of twelVe n

g8 were withdrawn
er (E1lico, Hyderabad Model CL 22)

compartmen® snd analysed for potassium
g a flame photome®t
The amou
mpartment or the amount
of pota :
SSium

usin
nt of potassium chloride

reading upto 2 Pple
y the solution CO

lost P
d by the water comp

chloride gaine artment divided by ti
the
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Table V.1

The volume flux deta for the detemination of Iy and ¢
using equation (1)

A . ATTC W WY, 260 SHIE S S B Lo
e el m sec” b Seon
9.8 0,761 0,125 0.127

AT 1,461 0.827 0.280
155 1.75 1.38 0,466
24 .5 2.68 1.954 0,708
29,4 %.19 2.48 0.925

B2 a2
+ at A = 25,98 x10 N i
-2

2
& T M= 10.38 x10 Ni i

nes for blank eXperiment when no sodium deoxy

#. Jtival 3 r
n 1ate was uged. 4w = 25,98 x10” N m

cho
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time gave the value of salt flux Js' Average of the values
of u; at The beginning and at the end of the experiment
were considered for the calculation of wusing equation (4)
gince the ionic micelles have large molecular weight their
osmotic contribution will be negligible. 1In View of this
only potassium chloride concentrations have been considered
for calculating the values of im., The value of the salt
permeability w was slso estimated for the blank experiment
in waich no sodium deoxy cholate was used. The values of
LI” o and w as obtained. from these experiments are given
in Table V.20 IR the measurements of Ly, ¢ and w also
were

the solutions in the two compartments|well stirred using
magnetic stirrers u, and M, (Fighd I11.14  chapbers TIis) .

All measurements were made at constant temperature
Lcing the transport cell (Fig. III.1 of chapter IfE: ..

by pl
b 40 2016,

in a thermostat set

ToD RESULLS ALD DISCUSSION
It is cleaT from the pydraulic etrnoa b 14 by Tdate

ncentrations o
n Fige. V.2) that the Darcy's 1y

for various ¢9 =oE R e oL ShE (e v

in Table V.3 and plotted 1
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Table V,2

'levr‘ < ) A3 3= -
The values of Ly, ¢ and wand £ 4k for the liquid membrane
as computed from the Vs : ¥
pute rom the values of Lp, ¢ and w for the support-
ing membrane, and for the supporting membrane 4 the liquid

membrane in series,

-

Sodium deoxy cholate Computed
concentration ( mM) values for

0 5 the liquid
- T __membrane
) B it
I, «10° 2N~ see 0.486(2) 0.122(8) o160
0.125(P)
o 0.36 (&) g 36 (3 0.442

0.356 (P
85107 ole mes i 0.175¢%)  0.135(1) 0,599
me Lt X 10-2
4 ! - — 74,053
mole 1 sec 1 I
£, &% 510"7
-1 el o G ! Q.25
mole sec N
aE % Ay " 10-.9 f =X,
; = o 0.931

mole'1 sec N

(a) for im = 25.9810% Wu>  (B) for 4m = 10.39 4102 y ;2

(¢) Average value of (d) Average value of

-2
i = 14.26 x105 T m &n = 11,67 x 10° j =2

-



169

T&ble Vo3

PThe Hydraulic perimezbility data at various concentration

of Sodium deoxy cholate.

—— e —

Concentration of sodium deoxy cholate (ml )

AP 210 0 5.5 5 - 7
N m-2 Eaa it X
Jv 2105 va10 va105 J"r g'105
m e i ‘BeBTY m sec m sec
4.9 0.=0TT 0,177 0.070 0,070
908 00564‘ 06409 03159 09156
14.7 0.80 0,583 0.236 0.191
1906 101 00752 0-332 00297
24.5 1..38 1.066 0.427 0.363
1.7 1,49, + 05 0.452

29.4




e 1l

2.0

AP X !52_ “F‘iz e

The Hydrsulic permeability data. Curves 1, 2, 3
<0 and 4

Fig- U.Z
0. 2-50

are for 5 and 7 m" of sodium deoxy cholat
. E"
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Table V.4

vVvalues of I of various concentrations of

Sodium deoXy Cholate.

. n, Concentration of Sodium deoxy
cholate (mii)

0 Cad 7] I

g 3 =1y o0.568 0.370  0.17 0.149
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case of PVLE liquid membrane. The possibility of the

formation of multilayers of liquid membrane could not b
' e

investigated in this case because the aqueous solution

of higher concentration of sodium deoxy cholate were not
found to remain stable for more than an hour or so
o

-;‘ \.?. o t] b= 1 T | 3 9.—11
Following the analysis for mosaic membranes in
the same manner as desgribed in chapter III, in this case
also it can be possible to estimate the fraction of the

total area of the supporting membrane covered with the
liguid membrene at concentration lower than the CuC, For
this let us consider the hydraulic permeability data for
sodium deoxycholate concentrations equal to 0, 2.5 and
5 mii. Since 5t a concentration lower than the CLC the
supporting membrzne is only partially covered with the
1iquid membrane, the equation for volume flux of water for

such a case can be written as

S, 8

SE e D) =TT A LR (6)

and
s '
C i
c PN iy Tt ) AP

el (1’% Ys) o 10 W)

“he superscripts ¢ and 8 respectively regegent i

where



supporting membrane and i s
pporting membrane and the liguid membrsne in seri
2 - ies

..'.i 11 .I.*]ﬂ = 't
W LIl W LA OOOI clllf’: il “ J] I“_.,rle ]I]d Y e IE' egei] 't.‘ J—he
a ‘lea Oji

If at 5 mM concentration of sodium: deoxy cholat
ate

the supp rt;?ﬂ membrane is fully covered with the liguid
membrane iﬁ)lo‘lcal to expect that at 2.5 mll concentration
the fraction of the total area covered by the liquid
membrane will be equal ©o half. Thus the slope L of the
etrsicht line for 2.5 mM (Fig. V. 2) should be equal to

1,5 anad 1% are the values of the slopes of

- B S

L+ L. where
2

the straight lines corresponding to 5 mil and o mM concen

trations of sodium deoXy cholate respe ctively. Value of

+he slope thus computed comes out To D
res favourably with the eXperimental

m3sec-1 y~! which compa

e equal to 0.365x10™8

1ope for 2,5 miM concentration of sodium

value of the 8
4 and Figs Ve2).

deoxy cholate (Table v

Lting the values of Lp, ¢ and « for the

For estime
1iquid membrane it nas o be borne in mind that data corres-
¢ to 5 mil concentration of sodium deoxy cholate is

osite membraneé
1ulose scetate millipore filter gpg

pondin
consisting of the supporting

for the comp
m@mmmei&.ﬂw<m1 .
the liquid membraie in geries with each other and the i
ph s VR sodium deoxy cholate

from blank expe T1ME
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o < = e 1 o A~ T he - - L
was used 18 1O ¢ e “CI‘aIlSport uilrough ‘tl’l-h Sup)o"“j;'
na 20rLing

membrane only. The values of & '
g & vand e for 4l . .
2 for the liquid

m

—_

embrane can be conveniently estimated by making u
g€ use of

the theory developed by Kedem and Katchalsky7’12,13 £
or

rmeability of series composite membrane. In deali
aling

the pe
with series composite menbrzne systems it is more conv
ve-
nient to utilise tne inverse phenomenological equation
(= S
which in the present case mzy be written as follows
= e
B S ¢+ Rop J
& = BpIy+%ppp (8)
= i + - J
i Ryp Iy +Bp. 0D (9)
with
(10)

Ry = Fop

on‘account of_onsager's theorem. Ihe relationships between

. > -t
e coefficients Rik

ccurring in equations (25) to (28) of

the resistanc and the phenomenological

coeificients 0
chapter I are given by

I,
Eo ile

|

2D
(12)

RPD e ILI
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LDP
e % Y
|z gy
-
£
R = —
where the determinant |L| = (Ip Ip ~ Lpp I

The assumptions underlying the theoretical analysis

for the series composite membrzne are the following:

(2)

In the series arrangement the flows @ ssing each

membrane element will be the same as required for

a stationaly state.

(b) The forces acting on each membrane element will

differ while their sum total will represent the
obgervable macroscoplc force., The thermodynzmic

potentials are assumed to be continuous throughout

the composite structures

The lineaT phenomenological relations between fluXes

and forces are sasumed to Dbe valid for the consti-

tuent membrane elements as well as for the series

composite membrane.

As a conseguence of these assumptions the following combj
nation rules connecting the resistance coefficients fop
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the series composite membrane and the resistance coeffi-
cients for its constituent membrane elements would follow
R = Rp+ Ry (15)
R3p = Rpp + ;= (16)
Rjp = Rpp + £ (17)
B = B+ (18)
where the SuperSCriQtS s, ¢ and 1 stand fdr the composite

membrane congisting of the cellulose acetate millipore
filter and the liguid membrane in a series array, the
cellulose acetate millipore filter and the liquid membrane
respectively. The reflection coefficient ¢, from equatiéns

(3) and (9) can now be written as
S
s ax . [Py
Gy R oloRE (19)
b ) 550 D

ation (19) on sccount of the combination rules

The equ
(16) and (18) cad be transformed into
1
c
c RD ¢l RD
8 = ¢ — %6 ~ :
F R; Ry (20)
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1z the experimentally determined values of ¢S and o°
= )

=

I si

Cl

(Teble V.2) and the equality

c e}
RD A RD ¥ 1

= B o (21)
RD ED

possible to compute The values of Jl from the

e 0 6~
Value of the quantity (RS A RS) can be

equation (20) »
determined from equation (4) using the experimentally
determined values of w for the series membrane and the

cellulose acetate millipore filter membrane (Table V.2).

gimilarly for w and Lp the following relationshing

can be deducad13 from the analysis of series composite

ne given by Kedem and Katchalsky.

me“'JDI'(_..
1 1 1
— = ——— +
o ° a; (22)
1 1
Rl E (23)
c
Lg L Ip
'Si;flCe the V@lues O.f W 9 LP expe i

l
mentally detenmlnEd the vElEes G ;P for the liquig

values oFf Lps
re given in Table V.2,

. ently computed using equatiozng

melil 1 ;L
o and @ thus computeq for

(22) and (23) o

the ligquid membrane &
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Correlation of phenomenological coefficients with

frictions between the permeating species and between the

permeating species and the porous barriexr through which

stion process bakes place, has been attempted by

5

the pe rme
Spi-:‘-.gler5o Spiegler's frictional model’ has been extended
~ B 7 ! 1 1

by Kedem and hatonalsky7’ 4 to correlate the measurable

quantities Lpy © and @ with various frictional coefficients,
in the present case of the liquid

PThese COTIC l=tions

membrane cal be written as

=1 Pw 'w
H 2
B fom &t (24)
5 i
1. B
(£t fﬁm) P
s - (26)
w il §
(fﬁw+ f;m) P

nts the coefficient of friction between The

where f remeseé
pts. The subscripts Sy I

gpeclies indicated bY the subscri
and W g;band for the salt, the liquid membrane and water
Ln repr esent ‘the thickness of the liguigd

respe ctively and
el v, end K in equations (24)

membrane€e
e volume fraction of water, partig]

to (26) represent th
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molar volume of Pﬂtér and )
~ = 5 Ve : d G s disJ— s -
€ tribution co :
efficient
of the electrolyte between i
> ween the membra
e membrane phase and %
i - he

aqueous phase. Since the magni i
_ e al e magnitude of w 3 ol
wr the thickness

of liquid membrane 1s 1 ]
oF s not known, it is 2
y 1018 not possibl
E (S e to
calculate the exact valu Pt
2 < slues of the various fricti
= s frictional
coefficients One can neverti
= nevertneless have an
¢ assessment

of the relative magnitudes of the various frictional
‘s e a

coefficients from the values of £ P& R Lt a

,sw ] .uuf\t a.n me / ]"""

which can be conveniently calculated from the values of
= )

s Pul L
and - (Table V.2) using equations (24) to (26)

i |

2
The values of
Table V.2 from which it is apparent that

the gquantities (£ An) thms calculated are

given in
%gm > fyn (27)
k
B 4 ?gm (28)

The inequality  Lgp >> £, expesses a kinetic selecti-
vity conditlon which mugt hold good for a salt rejecting
system. The fpiction between salt and membrane has to
be much higher th
The inequality fpw

e more strongly coupled ang

an the friction between water and

membral€s > ?ﬁm’ however, indicstes
o galt and water al

that th
ough the liquid membrane it Arpgs ¢
. -..5‘8 he

when one passes thr
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other along. Thus the inequality (27) represents a
condition favourable to szlt rejection while the in

equality (28) represents a condition that hinders it

Before we close this section we are tempted to
say a word about the physiological implications of the

studies described in this chapter. Since bile salts

micelles have been showil to act as membranes, an
imoortant physiological implication of this finding is
that in the transport of ions etc the existence of such

1iouid membranes in series with the usual mucosal

membranes should also be taken into account.
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PTRANS-CELLU LAR OSHOSIS IN INTERNODAL CHARACEBANW GELLS

¥YI., TWERODUCTLION

1

he lnowledge of hydraulic conductivity of biological

7

cell membranes (animel or plant) is important from the point

of view of cell physiology. What is required here is to

measure the variation of volume with time under the influence

of pressure gradient., For living membranes, the use of
pressure gradients generally involves serious experimental
gifficulties. Tt can be seen, however Irom equations (31),
(3&) and (39) of chapter I that if it is known or can be
spown that a particular solute exhibits a value of the

reflection coefficient o = 1 for a particular membrane
(that is if the membrene is strictly semipermeable Towards
that solute) then the volume flow developed by an osmotic
gradient will be jdentical with that developed by a hydro-
atatic pressurc gradient i.€. Lp = LPD (eguation (33) of
chapter I)o osmotic gradients are easily established by
suitable manipulation of the solute concentration. The
meagurement of Lpp under such circumstances in fact can be
ate the values of hydraulic conductivity, L

used to estil 5

for living biological membranes., It may be emphasigzeq
here that +tnis method of measuring LP is based on the
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aSSMPtiOil that (l) the line
C L alt ar phenomenological
= = S egua ti
1 01l S

(31) and (32) of chapter I are obeyed and (ii) the solut
: T

ed to establish the osmotic g g
i : 5 gradient is impe :
s impermeable to

the membrane i.e. o = 1.

Using the me thod outlined above by Dainty and

- 1 bl
aingburg have determined hydraulic conductivities duri
ing

endo—osmosis and exo—osmosis in the internodal cells of
0

itella translucens and Chara australis. They have also

a' y .
determined independently the reflection coefficients for

some solutes. gimilar measurements have been done by

4.
on Nitella flexlis by means of trans

Kzamiya and Tazawa
cellular osmosise brom these experiments bdoth Dainty and
Ginzburg1’2 and Kamiya and 1 L&Z&W&j d concluded that the
demonstrated polarity of the nydraulic conductivities in
their dependence on the direction of water movement is an
intrinsicC characteristic of the membrane because the
results could not be explained solely by the sweeping away
effect? yore recently steundle and Zimmermann6 made more

rements of hydranlic conductivities in the

direct measu
g of Nitella flexilis
nductivities were not equal o

and confirmed that the

internode

o—08mot1lC hydraulic €O

end
ulic conductivities. The hydray]j
ic

exo—osmotic Bydra

the
51so0 shown to depend on osmotic

conductivities were
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pre .5.3[11"-..: i ffe 1 es )

Dainty and Ginjburg = as well.,

- Ilt Ci e EX:)E‘I'-I 1er S an
& b sl al d 'the d

of Dainty and Ginzburg1’2 have been re-cxamined
o el 'P.he

analysis moesented in the chapter reveals that tl
I ne

experiments of Dainty and Ginzburg1’2 R

where the usual linear phenomenologi i
gical equations, obtained
from the non-eguilibrium thermodynamic treatmpqt7 (
= equation
(31) and (32) of chapter I) break down and the non-1i
: ~linear

phenomenolog 8.0
g S

ghould be taken into account. In the next section the
e

ical equations of the kind suggested by Li
1

1d the theory used by Dainty and Ginzburg1

exp eriments 2!

s gl priefly summarised.

yr.o METHOD AND THE IHPOR USED BY DAINTY AND GINZBIRG

The exact experimental set up used by Dainty and

- - 1 - i | > L —— =3

Gingburg 18 depicted in Fige. Vi,1. It essentially consist
S13TS

chambers separated by & v

ynodal characeanl cell. One of the

of two aseline seal through which

pagsed & long inte

ents opens into a na
the volume flux through th
g

compartil rrow capillary tube with an
ajir bubble 1in the ligquid.

on cell was measure
The other compartment i
S open tg

d by noting the mov
ement Of .t H
his

characCeé

pbubble against time.
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+the exterior and can be filled with sucrose golution 7
ons o

wnown concentrations. The compartment containing t
2 2Ll g the
capillary tube was always filled with water. There w

was

slways exo—osmosis in the compartment containing sugar
g ,

solution and the endo-0smOSis in the
compartment co g
= ntalnlng

water.
Repr esenting the exo-osmosis and the endo-osmosis
by the cubgeripts 4 and n respe ctively, the rate R of

exit and entry of water through the cell in the exo-osmotic

osmotic compartments can be written as

and endo-
R, = Lpy Ay (= Tyt P) (1)
and
RS & A0 (2)

where L.Ex and I’Bn regze_sent the exo-osmotic and endo-osmotic

gulic conductivities, A
epresented by subscripts, . and x
" n

hydr stands for area of the cell
in the compartments I
ne ogmotic pESSULES of the Vvacuolar solutions at the

are [
p is the tuBor pessure and g_ the
o

two ends of the cella

¢ the sucrose solution. The actual

osmotic pressure 0
experimental recording of the rate of change of volume, R
in the capillary in the n compartment is given by

Ay
R = Ry (B = Rl s (3)



e A = A | S B + +ntal o ;o 3
where A 4, -+ An i.e. the total area of the cell, In

~~~~~

g equation (3) volume of the cell has been assumed

to be proportional to its area. Now making use of

equations (1) to (3) and assuming that there is ﬁegligible

tpansfer of vacuolar solutes from one end of the vacuole

the other i.e. m, = Wy = (say), Dainty and Ginzburg1

To

write for the net flow

A A, A, A
- H ”w -
R = Lpy i o, \ (Lpp= Tpy) (m5—P) (4)
1f Ly = L the equation (4) reduces %o
EI\- P |
A A
Ao Y
B L.Ei(. > (5)
A
But if Ip, # Lpy and R, = R, ‘the equality which has %o

hold in the case€ of transcellular osmosis, Dainty and
Gingburg using equations (1) and (2) trensiorm equation
(4) into
AN 1L gl WO
P, BNt nsl

i B QuN ()

Pd n T an 7.

R =

In writing equa‘t;j_on (6) the condition n_"' = nn = “i s &

L
negligible transfer
ole to the other has also been assumed,

of vacuolar solutes from one end of

the vacu



VI.3 LLSCUSSION

PPN P N 1 |
Dainty and Gingburg ’° measured the hydraulic

conductivity over a period of 30 - 60 seconds. Since cell

shrinkage is over within first few seconds as shown by
Dainty and Gingburg themselves, the measurements on

hydraulic conductivity were during true transcellular
Because during true transcellular osmosis Ru has

osmosisoe

to be equal to R » otherwise the cell would either collapse
had -

.+ ig apparent from ega.tions (1) and (2) that

or burs®, 1

cannot be equal to dp
since the driving forces in the two compartments

LP" specially for a symmetric case
(An'. bi A.n) s

are unequals
osmotic comp

phe driving forces in the exo-osmotic and in

the endo- artments being (“o = Ty P) and

= P) resgactively. It is also apparent Irom equations

(ﬁi
~ 0 for a symmetric

(1)

casetoe

ond (2) that Ip, ™ Ll eRg

gince in the case of true trans-cellular osmosis
and L nsve to be wnequal, equation (6) appears to

Pn :
+ equation fo
oncentration

1 !
zburg using equation (6)

;E%
tion of Lp's. The values

be righ 7
i + various c
of Ip, 2

calculated by Dainty and Gin
s concentration of sucroge

r the calcula
s of sucrose have been

at variou

phe values of Lpy



jleki

soluti zlculated by i
on calculated by Dainty and Gingbu 1 [ 4
Fsinzdourg Iior a sym
= metric

c.‘ag A = A 1 L =
ase (4, An) using equation (6) are gi ;
given in Tabile VI 1
° e

In all such calculsti 8
3 gtions of L s o
p,» Using equation (6), the
?

value of i was a ne i
: ssumed T
- o be equal to the value of L
for the lowest concentration of sucrose calculat i
il: ated using
egquation (5). This assumptlon appears logical i
PE gical in view of
the fact that Lp. .~ L
oo i, e 0. The variation of
L, wit L plotted I .
ny ith Ty has been plotted Ifor a symmetric a case i
5 a in
Fig. Vi.,2 from which it is obvious that as d
‘ ‘ %, decreases
the value of LPn increases and eventuzlly as
Tl O
- Ly 0 ’
P Pn°’

The fact that LP‘ is always g
n greater than .
L - L need I?K R
g 0, Do B needs an explanation. Dependence of
lVity on ‘tne direction of water movement

hydraulic conduct

+to be on account of unequal shrinkage of the cell
g

appears
osmotic and endo-osmotic compartments
e

membrane in the exo-
come clear if we look at the expériment 1
3.

phis would Dbe
i by Dainty and Ginzg
s contained sucrose solution

S, e )
burg (Fig. VI.1). The

set up use
c compartment alway

exo—-osmotl
ptment always contai
ained 1
water,

and the endo-osmotic colpa

This means that the cell membrane in the exo-osmoti
) ; c

comparﬁmaﬂt gets shrunk while the cell membrane in tp

' 8

tment does not. A&s the v

€ Valu ,

e of RO

endo—-o0smotic compa I’
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Table VI,

Velues of Lp, and Lp, in cm sec

i

1 5

atm ' x10°, for Internodal

Characean cell.

Chara australis

e ——————— e ————

Osmotic pressure (nO) in atm.

Cell o i 4,92 Te3812 " 9484 12,50

i y Pl :
= ‘/'__’L'Bn « L.P'ﬁ'.

1 1.05 0.76 0.82 0.67 0.57
. 0.89 0.85 0.78 0.76 0,63
% 133 = - 105 1.02
B 0.78 - 0,66 0,62 0.48
6. 0.61 0.55 0.44 . 0.38
8° 1.08 — Oq86 On91 0.80

Titella transclucens

T 0.68

e
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decreases the extent of shrinking in the exo-osmotic

compartment slso decreases which means an increase in the

I T N and ultimately when - L -
values P J 1'[0 O P LPn'

For discussion on the applicability of linear
formalism of non-eqguilibrium thermodynamics let us
consider the equation for volume flux J , for a osmometric

situationT (equation (31) of chepter I) i.e.

JV = I'E &P o+ :L’BD =TT (7)

where [P and am are Tresge ctively the pressure difference

and osmotic pessure across the membrane and LPD ig! the

CcT0SE phenomenological coefficient, For a solute, fo r

wnich the reflection coefficient o = 1,

L it (e LPD ; (8)

Ae given in chepter I, the reflection coefficient ¢ is

defined as

e W) Lep
= G = z—"‘ (9)
LT J =0 I%

phe bydraulic conductivity measurementaby Dainty ang
Ginzburg1 a5 pointed in the beginning of This chapter ape
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e 8« \.a-‘:—ll.li l 3 -C” i - S,i
N-r=1- a. |.j' L},Sed on eouathIJ‘ (8)0 Jbe.ﬂ 18
01‘.11

driving force across the membrar 7
cubrane the equation (7)

3 e G N
PD
o (10)

Now let us consider the experimental set up of D
. 1 ] ; ¥ . ainty and
Gingburg depicted in Fig. VI.4., The thermod
gt ynamic drivi
I ° o = . ln
forces in vie exo—osmotic and the endo-osmotic g
compartment
1S S
are - T
(n, = ®p F P) and (m; - P) respectively. Thus th
b i ath e net
driving force across the total cell membrane i
: s ¢, whi
induces a volume flux in ti i 0 e
in the capillary attached to th
e
endo—osmotic compartment and gi ;
given by the e :
quation (6)
Phus compariis equation (6) with (10) we can writ
rite

L
LBD A Px.LPn An ﬂn
LEu An * LPn An G

e Cross phenomenologiCal coeffici
ficient at vari
arious

Values of th

values ot ﬂO Qan be Calculated from equation (11) i
=3

the values of LPA
d by Dainty gnd Gin

and LPIl given in Table VI.1 as deter

mine Zburg.

phe values of +ne cross coefficient thus cal

5 symmetriC cage (A, = An) are given in Table VI ;
: 2

for
en plotted against ny in Fig. VI3
o ® In all

which have be



Table VI,2

of the cross ghenomenological coefficent,
for o symmetric ase at various values of the

,fq-v chara A witvalis

Values

(%Bﬂ)obserVed
net driving force (no)

Lo, Lpy &y 40 /(Ppu &, + Lpy An)
e e osmotic gessure (ﬂo) in atm,
Cell e T T
1o 4.92 7238 9.84 2%
0“#-_—_'-‘.-—-—"—_'_-_‘—#

1 1.4 1.163 1.033 0.933
2 ‘]’098 1°O5O — 00974‘

il 0'903 O¢873 Oe751
4. '

Ly Beh6 - 0.592

6 : |

A 1°209 19248 1.161
8.

*ﬂ___,~f~—"“““”‘""p_
-_-_'_____._-n
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cases the curve is a straight line with a negative slope. ;

The Fig. Vi.3 leads us to the conclusion that the cross
gnenongnolOMical coefficient is not constant but varies
1inearly with the driving force mje. Hence this represents
stion where the usual linear phenomenological

a situ
pelations (€8 quation 7) break down, If we consider the
Jomenological relations between fluxes J and

non—linear poerl

thermodynamic forces X a8 sugzzested by Li 8,9 ;. gy
1
= 3 L& ks )4 L XX-{-.... (12)
o “51’13 § 2

3 o .. are derivatives of various orders o
where Lj 4 aﬂd.Lle -

J given by

2
T Qe g
Ly = S 500 B el YJ}X (13)
i3 -y X, 0%,
: XJ ' : K eq

eq

enoting the values of the derivatives

the subscripts €q d
t equilibrium, +the observed value of the cross coefficient

at ed

in the oresent cage would be given by

L

1
= Lpp+ 5 Lepp ®,  (14)
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been considered and Jppp 18 the second order phenomeno-~

logical coefficient. The curves in Fig. VI3 im ade.

cases are in accordance with equation (14). The values

of second order phenomenological coeificient LPDb for
the various cells, calculated Irom the slopes of the

straight lines in Fig. V1,3 are given in Table VI, 3,

Another indication of The non-constancy of the
cross ;henomenolgocal coefficient can be had from the
concentration dependence of the reflection coefficient
e of Hitella translucens for heavy water

g of the membran
(DﬂO). The values of reflection coefficient o as
obtained by Dainty and ¢ingburg” have been plotted againgt
VI.4e
£ the break down of the usual linear pheno-

in Fige The curves in Fig. VI.4 also give
7

o)
indication O

menological equationse



Table VI,3

Values of LPD

Chare australis calculated from Fig. VI .3,

and LPDD (equation 14) for different cells of

I gell T %108 B ¥4 5
ifo em sec”! atm| om seolt atmit
1 1.34 6
2 1248 %36
4 1,13 5.76
6 0,81 3.68
5 1.33 2.24
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TIRMWO RE  THERLO!
NETWORK THsRUODYNAMIC IMODELLING

VII.1 IiZRODUCTION

thermodynami ;
ynamics is a very recent d
cent development

Network
in +he are -TRPE A,
n the area of the treatment of non-equilibri
I,Aei}(ner1’2,3 Wi M 4 sport
as the Ifirst to discover %
r the

between n— i 1ibri :
non—equilibrium transport proces
2 ses and

connection D€

processes.

‘L‘-\;Ori: U’ }- Q-.ao * r‘L he i .
1 {‘.y se ldeas ha. e recell l,y been. exrge d

nebt
by Oster, Perelson and Kaﬁchalsxy4’5 to includ
: ude the
description and treatment ol bi
I g a of biological
S}rstems Th_
- . g t:
agvantages of network approach and also its basi
asic tenet
- b | S and
e already beenl summarized in Chapter I
- -]

methodolo&Y hav

In this chapter +he network themmodynamic modelli

has been o tbempted in the following two cases: i
(1)  Transpor® b
alysed reactlone

hrough composite membranes

(ii) Engzyme ca't
In the former case attempt nas been made to calculat
ate the

me for composi te membranes consisting of
oL a

ation ti
rrangement® of two constituent

d a series a
5 funebiel of relaxation timegf
9 an

relaXx

parallel an
1ements a5
embrane clementse

ity and relaxation tinp
: e for

membrane ©
In the latter cage

the constituent m

ay gtate reaction veloc

+he stez



2C0

o simple (single enzyme — single substrate system) engzyme

<

esction have been calculated. We will take u
. as P

both these cases in the following ettionek

[ TIME FOR COMPOSITE MENMBRANES

VII.2 RELAXATIO

phe derivation of the relaxation time for membranes
[ "

gome of the notable works in this

jg usually complexe
£ o DD R . 8
those of Daynes , Frish', Barrie  e® ai a

ent section, an attempt has been

0y
0

regard ar

-~

O

fsb et allseh the ges
utilising the formalism of network tnexmoaynamicsf

e the relaxation ti
mes for the constituent membrane

made,
to calculat me for composite membranes
in terms of the relaxation ti
olements. IWO Simpile: Cases eTECORpORIEE membrane system
phese are: (i) a composite membrane

have been considered.

£ two constituent membrane elements arranged

consisting 0

rallel arrays and (
¢ two membrane elements arranged in a series

R ji) a composite membrane
in 05

consisting o

array e
phe me thod geveloped py Oster, Perelson, and
VatchaISkY4 is summarised belowe
ppe method onsider ©he simple case of a single e rmeant
ne method _ g
homogenous membrane (¥Fig, VII,1(a))

a4 ffusing ghrough &



[ 2C6
| I A 1T
r\.__..-- - ’]‘--h___‘___
: 4
| A
MEMBRANE
(2)
R R

£
in — 3

(2) A h mogeneous membrane system. 3.15 the flux.
a omo*

{9.v
7 )) Network representation of the hamogeneous membrane
(b R € are the resistance and the capacitance,
(il e
sl 1- -1y (c) Bond graph representation of the network
respectiv’ tye

ghown in (b).



en capci y 1
gt pcitances to the membrane as well as %

We assl
Treservolrs = e w g
irs to allow for reversible charging and di
3 ischargi
£ 41 k. ~S i1ne
of the sermeant, Since dissii ; ot
* X ssipation accon :
onmpanies e:
' ach flow
J

process, a resistive element must be assigned at b
i = a oth i
vl o= -7 -r1 1e
en srance and exit of each volume element of the
iy 7 membrane
~— - .
The larger the number of volume elements, the cl
= ? OSeI‘ \Ve -
I . are
he continuum behaviour. Thu .
2 s, a homogene
ous membran
el e
em (Fig VII.1(a)) can be represel
e gresented by the
1€ network
150518

Soll

syst
VII.1(a). The bond graph representation
m in Fig VIL.1(b) is shown in Fig.VII,{1(c)

. - C

the network shov

shown in Fig

of
where (- 0 -) represents a parallel or a = ;
E = ero junctio
n and
(- 1 =] repr esents a geries or one junction, If
. we

represent the effort variable by (e) and the flow variabl
ariable

by (£), The

mero junction would be defined Dby f
the conditi
ition

or, Sin =
o since B e TmpiCoRsiskiaiit e

&l Coto Ui i
the one-junction would be defined by the condition
= = a @ = S' C - = y— - =
f1 = f2 e n? or, since zelfl 03 zei' LT
g compartments are so large that

assume that the boundin
y be effectively time independent, that is, an

e is equiValent to a constant effort

they ma

e capacitanc
denoted bY B, and y
e 1n 273 Boyy In F1g.VIT . 1(c)

ation can be generat
5 ed by malj
ng

infinit
source waich has
g gtate equ

governin
g and the nature and the
HE Danner of

unction rule

Thus, making use of th
e constity

tive

Now the

use of the J

the elements joined.
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relation + +he 11 b ne C a0C
rela vl Ol TOL the memn ral ap it 3 e
= c o AP 1'5032‘ '__':,n-o. tﬂe d J.(:' i {l. -
I i O' i
e ition of
ait —,J'U.i;-"t'l on ;;;u_d a 1-—]1,1110 tion we can write

S jif—% = .f—% o e6
43 Wt S IR R (1)
e 6
According to the definition of o 1-junction, e, = B, —e
b, 15
and gz = &5 7 Eout Further, noving that for a homogeneous
membrane Ro = Eoue R the membrane resistance, and C, is
the membran® capacity Cp equation (1) can be rewritten as
de 1 2
—2 = T (Bin~ e5) = (% Eout)-} (2)

Now 1de,m,.1f

u' and u” of the permeant
define the averag® chemical potential > as
/ #“
+
B Bout Pk
7% 5 o (3)
of a 0—=3 :
gince, pecaus® of the deflnltlon junction,
ical E otential of the
637: 34:: e5=: Pm? the chemlca e in
D with +the help of e ads
the membraﬂey ua tio8 ( ) quation (3)

can b€ tra:asformed int



2039

Il

du 2
“m £.
e 4

From equabion (4) it is obvious that the relation time T~
' m

membrane process would be given by

for the M
R
m > (5)
which has the expected form of an RC time constant familiar

from network +heoXy
For & homogeneous membrane the magnitude of Rm

an ideal permeation process 18

evaluated4 flox
: Al T (6)
Dm(Ni/V)
where Dm ig the diffusion coefficient within the membrane
represents the number of

ane thicKness, A

in is the memb™
g the volume of the

pe rmeants V i
a T are the &2

membrane per

moles of the
s congtant and temperature.

area and R a1 /
o been shown to be

unit

gimilarly, +he membran® eapacity'cm ha,
2] b

s (I'Ii/V) pav

AR S

1 RT

e
0
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sgnitudes of Ry and C_ into equation (5)

‘nserting the m
e well known Einstein equation Ior a homo-

v rrive at otad

we =
geneous membrane i.€0
2
(A ”)
I 2D
m

i es
Calculation for;ggmuosite fembran

. A parall

The paralls c1 membrals
ogeneous membIrane clements, say (2) and
rig VII.2(2), ILet us

presented i
de by Kedem and Katehalsky |2

f parallel composite

o1 composite membrane con-

3 £ i

sisting of T
tically re

md

(b) is schema

p

now invoke U° :
0 o e o

- A T 7 -b}.‘eory O.f —b}le ;ﬂmea

in their th phe flows are assumed to

el eee perpendicular to the

membranes,
jdered are diiferences

;{,-coordin

o the
es cOI’lS

be paraliel T .
ce The 1O
A ross tBe membrane &5
aF with both membrane elements
L e .
intat she same force which operates

comparbaen® me e
he mem r f
a0 08 ¥ i lso operative on

omp oSt

d since the same

membrane S%

on each si@
This means that

.1 C
on the Parallbl -

pelitne membrane surface and

both tn
be considered and hence po

irculations need to be



I Ax g
d o
e J
5 N
()
MEMBRANE
©)
Ra Ra

Ein il iE b ok

i L N s

(®
Ra éﬁ gha
el
1 =0

()

llel cohboaite membrane, a and b rapfasent the

£ a) A 94:8
Uy onstituent nembrane elements . (b) Network represen-
two cone

: ite membrane shown i
arallel composi; in (a).
tation of 8 P

(c) Bond graph representation of the netuork shoun jn (b).
e one = .



2

talcen into accounte Thus, the total flow through the
{e ] -
composite membrane 18 puilt up additively of The element
ary
The linear relstionship between fluxXes and

d to be valid for the parallel composite

constituent membrane elements
L ]

contributionsoe.

forceg is assullé
membrane as well 28 for the
In view of the g seump t10ns listed above the parallel
stem (Fig VII 2 (a)) can be represented

ogite membrane sys
ym in Fig VII.2(b). The bond graph
network (Fig VII.2(b)) is shown in

comp

by the networX sho

renresentation of the
Fig VII.2(c) Now atilising +he procedure outlined above
= o o J OV A
d 1 a Of the junction mles, we canl o PR,
and melking usé -~
governing gtate equatlons. mhese ares
: g
oy 2B TR i
Al
at R, Ca
and
; [qﬁ"ub] (10)

and (10) that the parallel

9)
vil. g(a)) repr esented by the

. . a L1
It ig obviow® o (P4
two relaxat
ve tion tlmes,

e
Comooolte membran ) Wlll
yII.2P or 2 e elem
P nt membraﬂ envts, Thug

i&
l( 't cOﬂstJ’



q. = E@.Eﬂ
a
. (11)
and
= Ry, Oy
To 5 i
3 (12)

Phieg is o Y. it ;
hig is also in keepinls with viae physical reality. The
uired bY the tTwo constitue
with the permeant would be different and

embrane elen
with the permeant would

nt membrane elements to

time regq

becone soturated
ent that requires the

ati -bu_e."ﬂ't m

hence the con
longer time T° become saturabes
determine the relaXation time LOT ks E IR pariel
’ , o LseP BRI Een
composite membran®: Thus o Csidu B Iy T would he
parallel membrane.

ticular case when a=b the parallel composite
homogeneous membrane having

o single constituent

el LA %k
oo TDRC
n time for such a membrane

elaxatio

oo gingle constituent membrane

the T

membrane ©
This is what it

©
2|
W\
=

would be the
Eo Tm T !a . i
jnsteis equation (equation (8))

elemen®

should be acc?
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The series composite membrane consisting
g

The series membra
eneous constituent membran y 3
2ous COI rane elements, say a and
pioally represented in Fig. VII.3a. 'In this
bear in mind the assumption made by Kedem
12 ;5 +thei theory of the abili
in their TRLO i he permeability of
composite mambranes. Relevant among these for the
- following. All flows passing

= = be perw; AN
memb r'ak g ssumed to be perpendicular to
he series composite membrane

11 constituen?t membrane elements are
as we a8

“escri“ed py linear relationships between fluxes
C L™

ials of the thermodynamic driving

adequately
ous acrose all boundaries

poachiné any point x in the system

ads O the S
if the transition

the
t app~+

s
n

14 eans tha
Kirkwood me : ' i
e 9 e Left He ame potentvial,
r]__-'h
bﬂe _ *Or ‘t‘flls 15 th&t
- phases (the two consti-

hb ou_rll’lb

he | res
embT £10W wi pe zeI0-
t,;,;'9,1'1.';‘51tj.on layer does not

from

The phySical
ent case) is infinitely

Hence, if the

develop. What is implied

be a potential dr()p across

N S
. paniE
1n.f : 5 canl
jes composi
posite membrane,
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MEMB RANE
(2)
Ra Rl
Ein Ca
(b)
(Ra * Rb) (Caf
Ein—" O S
()
, 1
B VILs (a) A geri€s posi
COnstituP enbT ne el
e 8
of the agoried membran :
n
n gtion of the

embrane,

E out

a&brﬁrp 5
SR S T

(b) Network representaci
- on

un in (a). () Bend graat



%)
RS
(on)

view of these assi b1
Al cge assumpulons the seri
8 he series comy i
posite

a) can DE repr esented by the networl
s twork

In

(Fig

@

membran VIL. O
sSnowl s+ RO vT \ B ]
n in Fig VII 3(b), the bond graph representation
= Ll L3 1 Of
which is shown il s o NEL B e
ieh is shown in Fi8 vII 3(c). BSince the networks shov
rl o
) are analogous tO the networks

viI.3(b) and 3(¢

in Fig
shown in Figs viI.1b and 4 c, 11 358 easy to see that the
relaxation time (TR the case of & series membrane
=
would be given by the equation
(Ra + Rb)(ca 2 c‘b)
= = M T,
s 5 (13)
which can D€ conVenieﬂtly yranstormed into
a
G — Ua
~<1+—9>+lb“*c)- (14)
T; =ila o; 2
a

sides 2 correlation petween the relaXation
ﬁwanml(M)Pw .

o compost? qembrene snd the relaxation
time Lo SUE geri®® aent

cituen® membTan® olell= e
5 a Tox TAE cont®

1s0 it g=b the geries composite
: ; 21809
in this cas® ozeneous memb
, singie P% = 1brane whole
: pecom® :
memb rai€ woul . i 4pickness of the single
Td gbe twiCe€ :
mbral’l eleﬂle
constitue e JacH dngky BRI SL FO8AA The
e relaﬂatl
at ®




four times the relaxatil +irn
es the relaxation time for The single constit
> nstivuent
A;’.:'C‘I-.‘it‘ nae e - B min s o S -
ypane element, This conclusion is in accordance wit
with

1mﬁ15@mﬁﬁn(e@uﬁpn(an,

aince the natit ~m b
Since tae congtituent membrane elements are assumed

homogeneous eguation (11), (12) or (14) can be

to be
) ) -
furtner transformed using equation y

& €4 s (6) and (7) to get the
relationships in terms oi diffusion coefiicients for the
constituenﬁ membrane elements.

VII.3 [THE CASE OF BUZIUE 0 ATALYSED RBACTION

section o thbempt has been made to utilise

In this
thermodynamics to calcu

sm of network late the

+ne forumall

GEL
ity and the relaxation time

steady state reaction veloC
for an enzyme catalysed reactiona
the well mno

wn engzyme catalysed reaction

TLet us considerl
scheme
(1) (11)
k
Ky 2
*ﬁ‘*s’“”‘Es.;—q————“"‘EﬂtP (15)
k k
1 2
4 ) g
where E &, 18 -nd P rcaresent onzyme, subgtrate, enzyme-
w.-.‘:}d,;,», all QL i
supstrate complex anc Qroduct resgeculvely. If Jy and 32,\
2 it ks /
reprﬂesnt the reactiol rates of the step (I)
3



218

and sUep (IL} of the reaction
a [BE] i
Py T2
58T gt
and .g—igfi = J4 J2
e 2%
IJ -
The reaction sites J9 and Jp c2f be writven
1 A £ LHE ste
the affi nities i1 and ao 0
resction scheme (15) 1e°¢
A1 )}
Tt i, (E] L8] (1 - exp (
{ exp (* ﬁg )}
ik Kk EESJ ¢ Pee 6 7 RT
2
e pilibrium
Wi the reactiof 1.8 GRS Lo
wnerl 1 2
juces to
3) and 19) xEer
(18) and ( "
=7 [ B g
J1 = % LJ?JJ RT
Ay
(A (sl
and Tp Tk g
cons an'® tar
the psudt A
where R is
'ned a
re gefl

scheme (15) one can write

(16)

(17)

DA
in terms of

ps (I) and (II) of the

(18)

(19)

the equation

(20)

(21)

d the affinities




A = L 8

q DT HES (22)

and

2 A~ = Hug - e =

2 ES = p
(23)
beinz the chemiczl potential of the species denoted

ed by

J’;J

the subscrintsSe
ntion O network modelling

the network thermodynamics co
T nsi-—

jon system (15) can be

wn in Fig VIL.4(a)

derstions
regresented by & two—port network sho
The bond 5ragh regresentation1o’11 of the two porth fladin]
iz VII.A(2) nas beel gnovn if pig VIL.4(P) Wherﬁ e S8
represents 2 ?arallel of & ZPEE junction and (- 1 =)
regresents 2 series 9F 2 e e Applying Kirchoff
voltage 12V gnd yirohoft surrent 1% *° the network shown
i mip T oan WELEO
byt B |
T A R, (24)
| , W iy
and JZ . Ry
| ce tBe resistive slements (Fig TIl.4),
where B4 ond B2 % , e capacitors repr esenting enzyme-
For the€ £ 108 ki 4 en’ one ©aB write
comPlex g

subsﬁrat



: +
o .2
'1 C:ES +lﬂl
- IES '
I P
- Mp

A two-00F ; rﬁssntiﬂg i o
F
s =T g andiSe =
acitances of the capacit
ors

reactio”
c Bnd € are c
enzyme-substl‘i’l’ 2]
- ccmplex.

ar
e resistances
L ]

b ghown N (a)
L J
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1. g W gs

1 2'-',}-2:':) er————
dt (26)

d po

J . =eddigis (1 At
< ! S - (27)

the capacltvance of the species denoted
X e

equ&tions (26} and (27) it

,

g tTands Hajes

by tie subsCcripvSe [from
follows vaav
i -‘ ¥ — 1 = o =
uﬁd HES + Cp Hg consgtant = M (say) (28)
Since at thoe steady state 49 = Jp =49 (say) one can write
Tfrom equation (24) and (25)
R, Hg ¥ R; ol o8
'KJES R1 # 3-2
i be further t
iy oquabio? (29) can T trans—
Using e quatiot (28)s 4
formed into
G el
R, bg T S G s
bl B B2 S
YES Ry $ =
ceen (30)
- at bl Sl e
the yalu® of Fzs ; the steady state,
cresS
Bqustion (2 ) i g kE <teady state we can
R v31~3 Of PE
sor TPC




.'u'il‘j_-l-.;(i
¥ el
L - . ¥ AR e £ 0
B Bg * 31 s 25 "
e - “t ¥ :'"""
R 3 R % 3wl ~t r
g 7 *g L 7BS ) EEs
o & c e (;1)

Now substituting the steady atate values of Has from
snd (31) into equation (24) we get

equations (30)

- e
—_ =
Jd s e

" R+ R B4tk R,

pg — Hp Ay + &y ' ' s

Compariis equations (20) and (21) with equations (24) and

(25 Jaons con write

.ﬁ
\
¢
o)
a

17 %k, LE1(s]

Substituting the values of Ry and R2 from eguation (33)

cgtion (F2) e get

in egu
o Ay + Ay e, ky LE] LS1 oy
RT ky+ Xy [E]LS 4
fesl.
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Since at steady state

[Es] k1 5
s 35
(8] Ls] k,

the equation (34) can be rewritten in the Iorm

b Lo A k, [B]1Ls]
il 1 2 . ~=— (36)
RT le

where E__ is the well knowi

ig givell by i
) 1
lky + %y 1
R ot R (37)
i L

L N -~ ~ J=as i o Ao 3
rhe equation (36) arrvived at from network consideration,
is an exnression for the reaction velocity at the steady

state.

ation of Relaxation Time: When the concentration of

galcul
+the substrate greatly cxceeds that of the enzyme and the
enzyme-substrate complex, & steady state is reached. In the

steady state flow through the enzyme—-substrate capacitor

and the enzyme capacitor ceases (equations 26 and 27},

For calculating the relaxation time for the chemical reac~

tion system (15) one has to calculate the RC time for the

network shown in ¥Pig VII.4. laking use of the danlste
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. 16
transform method the RC time which equals the relaxation

me for the chemical reasction system (15) can be shown

to be given DY

1 1 1 g za)
O AN e R (38)
i (-31 e “BS ?
Tow malking use of the definition4 of the generalised

the nresent case

-

[5S] g
9)

T (3

Css RT

If

ting the values of R, and R, from eQuation

8,-13 d g1 1 D Jtl tl.

(33) in equation (38) we can write
1 k1[E]ES]
S - ] & ;{2 (40)
T LES

gince the equilibrium between enzayme, substrate and

substrate complex 18 reached very fast equation (55)

enzyme=

can be utilised to transiorm equatlon (40) into

A= Rk (41)

g

which gives an expr ession for the relaxation time in

terms of the velocity constants.
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SUMMARE

-

A concise chapterwise summary is given below.

he studies reported in +he subsequent chapters

(chapbter 11 HoL L) relate either %o the phenomena Of 0SmMosis
or elecﬁro—osmosis, a prusdt sccount of the non—-equilibrium

tnenﬂodynamic theoTy for both clectro—osmotic and osmotic
effects has been given in this chapter. A brief discussion
the phenomenological coefficients describing various

in terms of Spiegler's frictional model

of
osmotic effects,

has 2180 been given.

gince bhe gtudies reported in chapter VII relate to
network shermodynanic modelling ~~ basiC tenets and
nethodology of neswork shermodynamics have been summarized

in this chapteT.

P

HAPTER LI
gubstantial amount of research effort in the area of
water desalination'" ' py reverse osmosis nas been invested

in search 10T suitable membIrarlesS. Since clays are Knowi
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properties when agueous solutio
_ = n
.pe Torced tarough them, it is tempting to assess
snd efficiency of compacted clay membranes

operation.

o o k] 'l iew +© 1 T Hmen - o
this ObJeCt in view the experiuments on simul-
tpansport of salt (sodium chloride) and water

With

taneous
mbrane reported in this chapter

through & kaoliniﬁe clay med
have been per?t cormed. FOF shis we have designed our own
tnis date and +he data of Detey and xemper'
the osmosis of aqueous sodium

onite clay membrane have

osmometer .
i 1 ]_]‘_'ber&—ture on

available 1

L ent
soutions ¥ gh a P

hroug
on_equilibrium thermodynamics

sulphate
1ight of B
to throw 1ight on the salt sieving

nhe three parameters namely

rsed 1 he
been analysed in i

r the 3
flection coefficient ¢ and

sricient Lps *
h sdequately describe the salt

whiC
hrane gystem have been evaluated

o g meml
10rlde sol
Utilising the data on

utions and bentonite/

rejection periormance

, thus ©
g wh jte clay membranes, in a

assegsed using the

Haon, presner and Kraus,
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The data on Lpy O and w have been furvher utilised

how efficient tnese clay membranes would be for

to assesSs

salt rejection in a reverse osmosSis operavioll by using the

criteria for efficient hygerfilteration membranes developed

by Sgiegler and Kedel from the consideration of thermo-
dynamics of hyper—filteration. The criteria developed by

Spiegler -nd Kedel can be stated as folloWs

fsm 22 fwm (1)

fom > gy e,

for the coefficient of friction between the

where £ S tands

apecies denoted by the subscripts. The subscripts 8§, m and
aectively atand for salt, membrane and water. For

w Tres
testing the efficiency of compacted clays in reverse osmosis
operation in the light of criteria of spiegler and Kedem

as gtated 2 boVE, the various frictional coefficients have
been cstimated from tne eXQerijenﬁally getermined values of
LP’ c and @ o For this the equations obtained on the basis
of Spiegler's prictional model connecting Lps © and w with
the various frictional coefficients have been made use of,

From the values qf +the frictional coefficients thus

cgtimated it hasg been found that the inequality (1) holds
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good wnile the inequality (2) does not. Thus the

compacted clay m

for ideal hyger-filteration membranes.

Although vhe compacted clays only partially satisfy

the criteria for jdeal hyperfiilteration membranes, it has

that the idea of using compacted clays as

- iy
scpested

been BSUE

membranes
semitudes of £ and f i

because the order of magnliudes B o 1S more or

less sallCe

of view of peverse 0smoSis technolo&y.

CHAPLER TLEE
Hartin =~ obse

(o]’i the

- VIS i EQgti verse osmosis
methyl etheT (BVLB) to saline feed in re S

effects a large jnerease in the salt r

cellulose acetate membranes with but a small decrezse in

the flux of de ‘

permselectiVity was given by Kesting et al " pasodion

the hypothesis of the existence of a surfactant layer

-1iquid membrane at the interface between the cellulose

scetete membrane and the saline solution. According to

Kegting's liquid membrane hypothesis as the concentration

embranes only partially satisfy tThe criteris

in reverse osmozsis operation can be given a trial

This i€ a significant suggestion from the point

wved that the addition of small amounts

order of a few ppm), of surfactants like poly Vinyl
etention capacity of

galted water. The explanation of the increased

|
|

|

e e ————— -*-—-—..______\
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of the surfactant is increased, the -cellulose acetate
membrane gets grogr:ssively covered with the surfactant
layer liquidrmembrane and at the critical micelle concentra-
tion (CiC) the coverage of the cellulose acetate membrane
with the surfactant layer 1S complete.

The exgeriuents on hydraulic pe rmeability, electro-
ential and current reported in

osmoticC velocity, gtreaming pot

thié chapter 1end suppor® to Kesting's liquid membrane

hypothesis, n these experiments a cellulose acetate micro-
filter&ﬁion membraine has been used as supporting membrane.
rhe data have revealed that the water flux in presence of
poly vinyl methyl ether does not vary proﬁortionally with the
apolied or essure difference. Instead the following non-
progortional exponential type of relationship

Jize |5 L11LnP = uPOf1 - exp (- E%o)}J _ (3)

where Jy ig the water flux, &F the pressure difference,
£p is the oxtrapolated intercept on the «P-exis of ine
zht 1ine portion of the Jy vergug AP euzve and o

ghbrai
measures the hydraulic conductivity, has

coefficient L11

been showr to describe the hydraulic parmeability Sals

In the case of electro-osmotic velocity and streaming
the usual linear relationships between

curredt, nhowevel,
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fluxes =nd the res pective driving forces have been found

to be valid. The non—ideal flow behaviour (equation 3)
appears to Dbe she result of the flow through the Vi
liguid membrane formed 1n series with the cellulose zcetate
microfilteration manbrane as hypothesised by Kesting et alj
-he volume IluX through the cellulose acetate micro--

because
reration membrane was found to obey the ideal Darcy's

£35E
law A more definite inadication of the formation of the
brane 18 obtained from the gradation in the values

1iguid mem
the concentration of PVIE is increased

of coefficient L11 as

s A b
from zero to twelve ppm = twice the CLC value (6 ppm) of
e afficier . '-'
PVLE, Values O+ the coefficient Ly, which measure conducti-
vity to volume flow of water, show a progressive decrease
a8 the concentration of PVIE is increased from zero to six

rther the value of L11

When the concentration of PVIE is

also decreases but this

increased fu
decrease is less pronounced than the decrease which is

observed upto
gimilar trends were observed in the values of the coeffi-
cients measuring electro-osmotic velocity and streaming
current, These trends are in keeping with the liquid membrane

nypotnesis of Kesting et al according to which, as

concentration of the suriactent (PViE in the present case)
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is increased the supporting membrane (the cellulose acetate

microfilteration membrane) gets progressively covered
with the gurfactant layer liquid membrane, and at the
coverage is complete. The decrease in the values

| S = TS
i cne

of Ly beyound the GLC was ascribed by Kesting et al
to densing of the 1liquid membrane which at the CLC is fully
geveloped and completely covers the supporting membrane.

Phe snalysis of the data on electrical resistance
snd sal® Sermeability, however, indicated that when concen-
tration of the surfactant is increased beyond its ClC value,
the increased resigtance to flow is not on account of

ing of the 1iquid membrane as proposed by Kesting
1 \

dens
] 7 but due to the formation of multilayers of The
liquid membralle s

phe analysis for masaic membrane model = has

atilised to demonstrate that when concentration of

beenl
half its eritical micelle concentration

the surfactent 18
(CMC ) the area of the supporting membrane covered with
the liquid membran® is half the area covered at CiC, At
CMC the supporting membrane is fully covered with The

1iquid membranee
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C HAPTER IV

Expe riments on electro-osmosis of agueous solution

of sodium chloride through a cellulose nitrate millipore

filter membrane have been performed. The data obTained
1ave been utilised to calculate tne eificiencies of
iectro-kinetic energy conversion for both the modes of

®

conversions namely electro—-osmosis end streaming potential

in addition to verifying ©he linear phenomenological
relations. The results thus obtained have been shown to be
in accordance with the non-equilibrium thermodynamic theory
of clectro-kinetic energy conversion i=c2 4 mhesdatal reveail
that in all the cases the following three conclusions i.e,

For a sarticular concentration of sodium chloride

solution (7Q)max the optimum value of energy con-

1.

version efficiency for electro-osmosis was always

51 to the value of (Vo) oy the optimum value fow

equ
gy conversion efficiency for streaming potential.

ener

2 For 2 sarticular concentration of sodium chloride
. S

the values of (‘7)max

‘ fficiency are independent of the input

the optimum value of energy

conversion €

forces.

The maximum value of energy conversion efficiency

(7) 4 always occurs when the output force equals
ma.

nalf its steady state value,
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derived from whe non-eguilibrium thermodynamic theory of
slectro-kinetic ensrsy conversion hold zood.

the deta also reveals the concentration dependence

of tne phenomenological coeificients and also +that (7)max

with concentraﬁion,

Phe studles reported in this chapter are inspired

-

by the gtudies on 1iguid membranes described in chapter IIl.
cellent surfactants, it is logical

gince bile salts are ex

ct that their & water or agueous solution

to expe ddition to
flowing througn 2 meinbraile, would also give rise to the

L4tion of such 1liquid memdranes as detected in the ex-

form
poly vinyl methyl ether reported in chapter III,

periments on
The exaerimants reported in this chapter have been designed

rate ThisS. The bile salt used 1n these studies

35, demonst

is sodiunm deoxy cholate.

1t has been gemonstrated that when bile salts, are

cous solution flowing through a membrane

sdded to water O adu

cellulose acetate millipore filter in the preseut case, a

surisctant layer 1iquid membrene 1s formed at the interface
petween he supporting membrane i.e. the cellulose acetate
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. snd the agueous solution. The data reveagl

=

the concentratioln of +the surfactant is increased

-ets progressively covered with

m
(0]

~ting membrane g

1iquid membrahe 20€ ot critical micelle coaceatration
(5 mii in +thig case) cCOVerase of the supporting membrane
with the 1iquid membrane is complete, Area of the support-
'm&mb ‘rMbC, h ) ‘ L ;
inﬂ)govared 26 concentration below bthe critical micelle
o L]

concentration has beeil

that when concentration of the surfactent is hali the

cotimated and it has been concluded

critical micelle concentration (CMC ), the area covered is
liquid membranes deve-

[¢V]

i the area covered at GMC .. - Th

nal
1oped have been shown to offer resistance %o both water
flux and salt fluX.

Values of ©vhe filteration coefficients, reflection
coefficient ond the salt sermeability for the 1igquid

Jd. <l )

membrane have been estimated. Relative magnitudes of the
fpictional coefficients petween salt and water, salt and

18 llq i ‘IIE;.LIDIJ 'IJLE : / = :'I '3 1lq - Ile ha e
8.1.::0 been GS Ulmda i : :. i : i Gl ‘ mOde:}.

for membrane trensporle

A signifiCant physiological implication of the studies

descrived 1n this chapter 1s that in the transport of ions



existence of such liquid membranes in series witl
witin

membranes should also be taken into

=N
al

[ €2}

+he usual muco

accounte.

L; 41;}..[.; ..L'.."'J.f{ —‘l'rI

Exgerimeﬂts and the data of Dainty and Gingburg. ° 3

on the hydraulic conductivity of internodal charzcean cells
have been re—examined. Phe analysis has led to two
signifiaant conclusions. These are:

e The expe riments of Dainty and Gingburg '’ = represent

o situation where the linear formalism of non-

ilibrium thermodynamics breaks dowir and the non-

1 relations of the kind

equ

lineaX phenomenologica
suggested byEhd 7 ( pnould be taken into account,
2. The dependence of hydraulic conductivity on the
direction of water movement, is on account of unequal
+the cell membrane in the exXo-osmotic

=1

shrinkage ©
and endo—osmotic compartments. Thus the fact that

alic conductivity is not equal to

exo-0Smotic hydra

cndo—osmotic pydraulic conductivity is not an

intrinsic property of the cell membrane,



CHAPTER VII

n this caaj ' +1 net e o
I s pter the network thermodynzmics

cen attempted in the following +two
1 ng

o

modelling ’ A28

N

e85

Ca.i

L

1 Pransport through composite membranes

2. Enzyme catalysed reaction.

Equivalent electrical networks and the corres—

ponding bond graphs for both the cases mentioned above

have been prepared.e

In the former case relaxation d:
o imes for the composite

menbrane consisting of a parallel and a series arrangementg
of two constituent membrane elements have been calculzted
as a function of the relaxation time for the constituent
me mbrane clements. In the case of parallel composite

gembrane it has beex snown that the constituent membrane
clement having higher relaxation time determines the

relaxation time for the total parallel composite membrane
L]

In the case of series composite membrene the following

has been deduced

rélationship

o7, = T T b o o EQ )
g a Ca b Gb‘ (4)

the relaxetion time and the

where 7 and C represent
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capacitance for the membranes denoted by the subscripts.

mhe subscripts s denotes the series composite membrane

snd a and b denote the two constituent membrane elenmients,

In the latter case expression for the steady state
peaction velocity and relaxation time for a sim*le engyme
lysed reaction (siwgle enzyme — single substrate system)

catz

nas been deduced. The results thus obtained using network

+hermodynamic formalism match with those obtained using

usuzl methods of chemical kinetics and statistical

consideration.
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