NON—EQUILIBRIUM THERMODYNAMICS OF COUPLED
FLOW PROCESSES THROUGH POROUS MEDIA

A THESIS SUBMITTED
IN PARTIAL FULFILMENT OF THE REQUIREMENT
FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY

BY
M. GEORGE ABRAHAM

CHEMISTRY GROUP
BIRLA INSTITUTE OF TECHNOLOGY AND SCIENCE
PILANI (RAJASTHAN)
1977



(1)

This 18 to cexrtify that the thesis entitled 'None-

equilibrium Thermodynamics of Coupled Flow Processes
Through Porous Modia' gubmitted by Shri M, George Abrahan,
I.D, No. 74583501, for award of Ph,D, degree of the Birla
Institute of Teolnology and Science, Pilani, embodies
original work done by him under my supervision,

\I

. o
L\ ‘T‘ P \/“\_* AL Lf(‘\J &

Piland (R.LC. Srivastava) 25777
Professor of Chemiatry
. Yo Birla Institute of Technology and Science
Date #S-7- 73 Pilani,



(11)

AC KNOWLE DG EMENT 8

I am thankful to Professor R.C, Srivastava, ¥.Sc,,
Ph.D., F.R.I.C.(London), Professor of Chemistry, Birla
Institute of Technology and Science, Pilani, for his
help and guidance during the entire course of this work,

I am also thankful to Dr. Abhay XK. Jain for the
valuable discussion I had with him, during the course of
this work.

Thanks are due to the Director, Birla Inastitute of
Pachnology and Soience, and the Group Leader of Chemistry
Mecipline for providing the nsoessary faocilities,

Financial assiastance from the Counecil of Scientifio
and Industrial Researoh, New Delhi, in the form of a Junier
Research Fellowship first and later a Senior Reaearch

Fellowship is greatly aocknowledged,

The help received from Messers G.D. Sharma and
K.M. Sharma, Glass Blowing Section, in the fabrication of
apparatus and H.C . Pant, Reprography Section, in the
preparation of thesis figures 18 acknowledged



(111)

My thanks are due to Mr. Ram Kumar for typing the
thesis with diligent care,

The help of my friends in various ways dJdeserve

special mention,

l‘\’t ¢ u.:qf thm‘; VAN
|.lI '
Pilani (¥ .George Abraham)

Date -5 .Y



CONTENTS

Certificate
Aclnowledgements

Preface

Chapter I Non-squilibrium thermodynamice
of flow through porous media,

Chapter II Eleoctro~osmosis of liquid
mixtures.

Chapter III Electru-osmotic permeability
of composite clay membranes,

Chaptexr IV Thermo-osmosi s through compesite
slay Membranes.

Sunmary

List of Publications

Wl 903002 b 3 00

Pages

i1

iv

37

97

137

162

vi



(1v)

PREFACE

Nen-equilibrium thermodynamios is one of the most
powerful tools for the study of coupled flow progesses
through porous media. The non-equilibrium thermodynanmic
treatment is mostly phenomenological in nature and treats
the bdarrier, which mey be a porcus plug or a membrane,
natural or synthetic, very much like a black box and one
way only deduce its mechanism and function from obgervations
of input ard output data. The conclusions timg drawn would
obviously be of a rather general nature but the price of
this generality is that not muoh can be learnt about the
mechanism of the phenomenocn, It is for this reason that
several mechanistic models have been proposed of whioch
Speigler's frictional model is the one that has atiracted

attention in recent years.

The studies reported in chapter II on the eleotro-
osmosie of liguid mixtures have been designed to throw light
on the validity of Speigler's frictional model in additien
to verifying the Onsager's formalism, The transport data
have been further utilised to verify the non-squilibrium
thermodynamic theory of electro-kinetis energy conversion

developed by Osterle and co-workers, and XKedem and Caplan,
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Kedem and Katchalsky developed & theory for the
permeability of composite membranes on the basis of non-
equilibrium thermodynamics. This theory was intended
for biologioal membranes which are composite structures
consisting of several layers of substancee differing in
compoaition and permeability charaoteristics. Since the
study of flow through such comsosite porous media (e.g.
porous goils or rocks having layered structure) is quite
imporlant in geo-sciences, it ie of Interest to explore the
extent to which the theory of Kedem and Tatchalaky can be
made applicable to them, This precisely is the aim of
studies reported in chapters IIT and IV,

0f course in chapter I a brief summary of the
postulates and methodology of thexmodymamice of irreversible
processes on whioh the studies recorded in subsequent

chapters are based has bgen given.

(M.George Abraham)
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NON-BQUILIBRIUM THERMODYNAMICS OF FLOW THRQUGH POROUS MED

1.1 INTRODUCTION

The mtudy of the physiocs of flow through porous media
has become basic for many sclientific and eangineering appli-
cations, quite apart from the interest it holds for ite purely
soientific asnects, Such diversified flelds as soill mechanias,
ground water hydrology, petroleum engineering, water
purification, industrial filteration, ceramic engineering
powder metallurgy, and study of gas wasks all rely heavily
upon it as fundamental to their individual problems. All
these branches of saience and engineering have contributed a
vast amount of literature on the subject (Carman, 19563
IEngelund, 19533 Heuoeurt, 19573 Laoey ané Loeb, 1972; Nuskat,
19373 19493 Soheldegger, 1960, 1963§ Speigler, 19663 Todd,
19593 Tuwiner, 1962).

The thermodynamics of irreversidble proocesses (TIP)
describes & relatively recent branch of maoroscopie physics
whioh has achieved great significance for its applications,
partioularly in the physics of flew through porous media.
The extensive application of TIP prineiples in the field of
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membrane phenomena is seen in the litsrature (Risenmann,
19723 Helfferich, 19623 Hwang and Kammermeyer, 19753
Katchalgky and Curran, 19653 Lakshminarayanaih, 1969; Mears,
19763 Scatchard, 19643 Schlogl, 19563 SOllner, 1964}
Speigler, 19623 Staverman, 1952).

1.2 THERMDYNAMICS OF IRREVERSIBLE PROCESSES

A co=ordinated theory of thermodynamios of Irreversibdle
processes (TIP) baped on the fundamental work of Onsager has
been developed over the past 25 years (Casimir, 1945; De Greot,
19663 Melxner, 19593 Prigogine, 1947). The 'thermodynamios
of irreversible processes‘’, should be described more exactly
as ‘the thermodynamio phenomenelogical theory of irreversible
procossen' for it consists of a thermodynamic and a phenemeno—
logioal part. The thermodynamio part of the theory proceeds
via the same method as classical thermodynamics; even the
terms '‘entropy flew' and ‘entrepy productien’, so charactsristio
of the new theoxy, develep from a coneistent elaboratien and
definition of the concepte of elassical thermodynamics, The
phsnomenological part of the theory introduces new nostulates
from the point of view of macroscopio physics, that is, the
tphenomenological eguations' and the 'Onsagers reoiproocal
relations’ which are justified by exprience like the first
and second laws of thermodynamics,



A. An outline of the nrinociples eof the TIP Theory

A convenient starting peint for discussing the eassential
features of TIP is the second law of thermodynamics. The law
contains epsentially three statements
a) Bntropy S 13 a variable of etate for a system in

equilibrium,
b) In order to calculate the entropy difference A § between

two states I and I of a system one must devise a path from

one state to the other completely via equilibrium states. Then

11
88 = f 8,
I

is independent of the patch and
8,5 = P (I.1)

where des is the externally supplied entropy, dQ is the heat
absorbed by the system and T the absolute temperature.
o) If the syetem follows a path via non-equilibrium sgtates,

the process is called 'irreversible’ and then
ds > 83 or & =45 + 4,3 (1.2)

where 619 in the entropy produced inside the system by

irreversible processes.
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The firgt basic assumption made in TIP {s that in a
system not in emilibrium, but not too far from equilidriuam,
the entrony is still a well defined variable of state and can
be ocaloulated in prineiple by integrating the local entrepy
over the volume of the system, with the lecal entrepy s
calonlated from the local temperature T, pressure p, energy u,
volume v and the chemioal potential My of the components
by Gibb's relation

Tda = &1 + pdv = f uy 6ny (I.3)

where n1 is the number of moles of component i,

The fundamental funotien whioh measures the irreversi-
bility of a procemses is the rate of entropy preductien o
for the non-isothermal process or the dissipation funotien
$ = To~ for feothermal processes. The TIP theoxy further
poatulates that —— , the rate of entropy production, can be
expresscd as o mam of products of fluxes (J,) and sonjugate

§
forces (ri), eaohi whieh represent an irreversidble prwcess in

the aystem;

g = i I, X, (I.4)
The forces and thelr conjugate fluxes oan be of diverse

pnature. For insbance, & temperature gradient as a foroe X,

induces a oonjugate hoat flux, an electrical potential

gradient as a ferce causes the flow of electric ocurrent as a
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flux, a chemical potential gradient as a force results in a
diffusional flow of material as a flux, a preasure gradient
gives rise to a flow of material as a flux, the affinity
brings about the flow due to chemical reaction, ete.

The equation (I.4) fer entropy produotion <= is used
for choosing conjugate fluxes and forces. Considerable
freedom, however, is allowed {a ohoosing the forces and the
fluxes. 1t is important that their prodicts should have the
dipensions of energy/time the same as the dissipation funotien
(this latter rule dan be used to test the self consistemcy of

the system).

The fourth nestulate & TIP which confineas 1ts use to
relatively slow prooesses, states that a linear relationship
oxi ets between the fluxes and all the forces which operate in
the system. This postulate is based on the emprical observatien
that many of the phenomenological laws of phyeios are linear

relationships.

In general, the relationship between fluxes and forces

can be expressed as

n

Je =

The above equations are knowmn as the phenomenological equatiens

where Lyy terms are proportionality faotors, imown as pheno-



menologlical coefficiente, If several irreversible processes
take place similtaneocusly then each flux will depend on all
the forces present and vice versa. The phenomenclegioal
coefficients ocan be described as straight coefficients,
correlating fluxes and conjugate foroes orxr cross coefficients,

relating a particular flux with the non-conjugate forces,

Numerous transformations of the phenomenologiocal
equations into more convenient forms are possible as a
consequence of their linearity. Thua one may write the

forces as a linear funotion of flowss

x‘ = 121 B’.J JJ (1 = 1’20000n) (106)
and 813 are the resistance coefficients., In general 11’
and Lij are related by the equation

Ryy = :—:-:-1-1 (1.7)

in whieh |L] in the determinant of the matrix of the
coefficlients LLJ and |L|1’ in the minor of the determinant

corresponding to the terms I'l:l'

In equation (I,5) it is implied that a linear coupling
between all forces and all fluxes participating in irreversidble

processes in the asystem im possible, But this needs a



criticel scriaitiny because it i{s an important question
whether coupling can exist between fluxes and forces of
different tensorial orders, Consider an ianotherme). system
with a scalar flux Ja and a conjugate scalar force I.. and a
veotorial flow J, and the corresponding vectorial foree Xy

The dissipation funotion () in this oase is

b = I X, ¢ I X (1.8)

The phenomenological relations for the fluxes as funotions

of force can be written as
JB = L'. 1.01" & (1.9)

Iy = Iog Xy + Iy Xy (1.10)
In squations (I.3) and (I.10) the coefficient L _, relating
the soalar force X, to the soalar flow J_, is itself a scalar.
The coefficient L" miet be a vector in order to give a
poalar flow through the innex produot with the veotorial
force X,l I." must 8lso be a vestor in order to produce a
vectorial resultant J_, when multiplied by soalar Xy Finally,
Ly, i a teansor of second order whioh transforms the veotor

g into the veoctor J‘,.

The general eoupling desoribed in thesge equations may
ogour in an snisotropioc system in which there iz no spatial
symetry. However, in systems endowed with certain symmetry
properities and especially in isotropic systems for whioh the

O



proverties at equilibrium are the same in all direoctions not
all modes of coupling are possible. It can bs shown that
flows and forces of different tensorial order are not
ecoupled. This leads in the isotropic case, to a reduction

of the equations to the mimplified form

Js = LBB x.

ey = W &
and the coeffiocient L" begcomes a soalar.

The reason for this behaviour is that in an fsotropiec
system a reversal of sign of all the coordinate axes must
leave all the phenomenological coefficients invariant. Since
Lyg 18 scalar, it fulfils this requirement antomatically, but
the veotor L., and L would change sign upon inversion of
the coordinate oystem; L, and L,, 0an remain invariant
only if both are squal to zexo or if no coupling exists
between soalar flowe and vectorial forces and between
vectorial flows and scalar forees. The requirement that L,v
be invariant under any rotation of the ao-ordinate system
leads to the conolusion that for isotropic systems, L,y must
be a soalar. This requirement that there be no ceupling
between sealar and vectorial quantities may be salled the
Curie-Prigogine principle (De Groot, 1966; Prigoegine, 1968)

since it ie baned on the conpiderations of Curie regarding
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cause and effect relations in static systems of different
syzunetry, and wae extended by Prigegine to irreversidble systems
in flow. An important conclusien from this prinoiple is

that simultaneocus diffusion and chewical reaction cannot de

coupled phenomenologically in an isotropic system.

A further postulate of TIP ptates that the oroms
phenomenological coefficients those that relate the

reciprooal fluxes and forces are equal, i.e.

LIJ = Ia“.

or R’-J - Rji

(1.11)

These are known as Onsager's Reciprocal Relations.

Thus the pestulates underlying the TIP theory ean be
sumnarieged as follows:
1) In a closed system which undergoes irreversible
prooesses the entropy always inoreases., The entropy
19 4Aivisible into two terms, the entropy flow and
entropy produetion.

11) A local thermodynamis equilibrium can exlst at any
point and time in the system.

111)  The magnitude of the entropy production is measured
by c— , the rate of entropy production for nen
isothermal systems or { the dissipation functien for

isothermal systems. These can be expressed as a sum
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of the products of the fluxes rexesenting the
irreversible processes, and the conjugate forces

causing the fluxes.

iv) A linear relationship between each flow and all

forces in the system.

v) The matrix of the phenomenologiocal coeefficients are

symmetrical, f.e., the reciprogal coefficlents are

equal (Lij & L31)°

Oster, Pearlson, and Katohalaky (1971) have suggested
an alternative approach to irreversible processes, This is
phenomenological in nature and is based on the theory of
electrical networks, This in fact i® revival of the pioneer-
ing i{deas of Meixner (1063) who for the first time suggzested
an analogy between irreversible transport processes and
electrical networkrs, The formsliem developed by Oster,
parelson ond Katchalsky has heen named as Network Thermo-

dynamics (Oster, et.al, 1971, 1973a,b; Rattee and Breuer,
1974) .

B. Xetwork Thermodynamics

Most irreversible prooesses cah be expressed as a
product of two variables, an 8ffort variagble ‘e’ aud a flew
variable *f£', In electrical networke these variables are
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of course voltage difference and surrent, in mechanics

force and velocity, in chemical reaction affinity and rate
of the reaction and so on. The produot of the two variables
is an energy produstion rate ( e times £ ) which is made of
tw components: a utilizable energy(reversidble energy or
storage) and a dissipated energy (entropy production). The
¢ime integral of either of the two quantities is gencrally
easiexr to measure by experiment than the variables themselves.,
In a diffusional prooess the time integral of the material
flow i8 A q(t)and the amount of material transported during
tine ¢

aq(t) = fte (%) £(t) a4t (I.12)
[+

which 18 an easily measurable quantity.

Any suoh system can be represented by a network of
fini te number modes and branches. The kinetic process whioch
takes place in the system can then be characterised as a sum
of productas e, and !1 representing the effort and flow

1
varigble respe ctively for the ith branoh of the netwdrk.'

As an example, the transport of material from a
Reservior I into Reservior II through a membrane can dbe
represented by the scheme shomn in Fig, [1.1]. The process

through the membrane c¢an be subdivided into three elemente
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in serxies

1) the flux aoross the resexrvior I - membrane interfare,
i1) the flow inside the membrane, and

411) the flow across the second interface into reservior II.

Bach elementary process can be repreasented by two net-

wIrk elements in series; a dissipative process, i.e., a

rogistance
( Genct ad _-‘} )

and a storage process, or capacitance
(denoted by _ g 2 )

The presence of a resistance and capacitance in series
signify the faot that across the membrane, drops in both the
chemical potential and the flow of material J oocur. The
values of the network elements, that of the resistance R,  and
the capacitance C, oan be expressed in terms of measurable

expe rimental quantities. Thiis,

R ax
‘. = = (1013)
and ﬁ
R a
RT

where ll‘ ia the membrane reaistance, c. is the membrane

capacitance Jx is the thiockness of the membrans, N, is the



number of moles of permeant in the membrane and Dn is the

di ffusion coefficient of the psrmeant in the membrane,

The tims course of the transport process aoross the
membrane gan thusg be desorided by an eguation very similar
to the one used to represent alternating electric currents,
exocept that the electric potentials F are replaced by the
chemical potentials

a 2 (%> =u
o . (W> = ug) = —— (1,158
&t R, Cp L m

where <u> the mean chemical potential im the system is

defined as

» I
w> = -E--‘z'—ﬁ— (1.16)

~

and Lm , the relaxation time of the process by

C. The Stendy State

Among the irreversible processes a special role {8
played by thoee in which the siate varigbles of the system
are independent of time. These may be oalled non-equilibrium

1o

stationary states. IZ no resiraints are imposed ou the system
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it achei ves, after a sufficiently long time, a state of
equilibrium, On the other hand, if a number of constant
reatraints are imposed, such as a oconstant gradient of
temperature, a constant gradient of chemioal or electrical
potential, a steady state is attained. In the sieady state
ail flow corresponding to the forces on which no restraint

is imposed vanish, vhila the flows corresponding to the fixed
forces assume a constaat value independent of time. In a
steady state all functions of the state become independent

of time and hence the change of entropy of the system with

time vanishes, i.e.
ds as d, S
/et = ©/qp + /a8 = O

oxr (1017)

a

a8
0%/ gy = = 1%/ |

but since for any state of the system dis/dt > 0, "s/dt < 0.
Thig conclusion means that the entropy productien in a
stationary system must be compensated by the liberation of
entropy to the surroundings. In other words, non-equilibrium
steady states ocannot ocour in isolated systems which do not

pernit exchange of entropy with the surroundings.

In an interesting anclyeis of the approach to the
steady state, Prigogine (1947, 1968) has shown that during
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an irreversible process taking place in a system the entropy
production assumes the minimal value compatible with the
restrioctions imposed on the system. Morsover, if as a
result of some fluotuation, the system deviates from the
steady state the intermal changes tend to bring 1%t back to
1ts initial state. Thus there existe a eituation analogus
to that observed in stable equilibria which are govermed by
Le Chatelier principle of moderation (Klein, 19603 Sohlogl,
1956). The statlonary processeg are therefors in a stable
state. The actual deduction of Prigogine's theorem of
minimim entropy production oan be seen in the exoellent
monographe by De Greot (1966), Xatohalsky and Curran (1965),
Prigogine (1968). A oritiocal discussion on the domain of
validity of Prigogine’'s theorsm of minimum entropy production
has been prescnted by Denbigh (1951a, 1952a).

S0 long as the number of forces and fluxes is small
one oan visualise the steady state, i.e., whioh of the
fluxes would balance easch other. 3But when the number of
fluxes and forees become large such a visualisation becomes
diffioult and it is in such situations that Prigogine's
theorem becomes really useful. It may be kept in mind that
since Prigogine's theorem is deduced considering linear laws
and Onsager's relations, its domain of validity cannot exceed
the domain of validity of linear lawe and Onsager's relation,
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Summariging, the procedure followed in the appli-
cation of the theory is simple, The Gibbs equation with
the help of law of conmervation of mass and enexrgy is
transformed in the form of equation (I.4), for the system
under conaideration. From the equaticn for entropy
production thusg deduced, oonjugate fluxerz and forocs are
spolted out and the rate equaticns in the form of linear
and homogeneous equation (I.5) is written. Then tke
gonCition of steady state ia applied and the expressions
for various steady state phenomena are obtained, the
magnitude of vhich are evaluated from suitable experiments.
The Onsager'’s relations give the connection between various
oross effecta., It may be kept in mind that this formalism
is applicable only so long ae the aystem is in the neighbour-
kool of eguilidbrium, f.e., upte first order perturbations
(De Groot, 1966; De Groot and Vasur, 1962; Fitte, 19623
Prigogine, 1968).

In the following sections the applications of the
TI? theory; briefly discussed in the earlier gsections, %o
proceeses in heterogengus (discontinuous) systems are

df scussed,

\ HEORY TO PROCESSES IN HETEROGE
STt

A3 'processes in heterogenecus (diacontinuona) systems®

we denl with irrevarisble ppoesses whioh prelate to the



exchange of mass, electricity, and heat between two
homogeneous subsystems (‘'phases')., Let the two phases

be isotropic. Let eslectrification and magnetisation as well
as interfacial phenomena be exoluded. Moreover, let the
total system be olosed, i.e., let no exchange of matter
take place with the surroundings, so that mass exchange
takes place only between the two (open) phaeses. Furthermore,
ochemical reactions shali be excluded from consideration
becanse everything importaut about reactlons cccurs either
in the fraume work of homogensous systemo or in the frame

work of continmucus egystems.

The two homogeneous subsystems are separated from
each nther either by a material phase boundary or by a
'‘valve', The valve oan be s narrow opening, a ocapillary,
a system of eapillaries, a membrane, eto, The subsystenms,
genarated by such a valve, can correspond to two different
states of the same type of phases, 5uch as two media whioh
exhibit different pressure and temperature but are the same
with reference to their state of aggregation and chemical
nature, Here ithe disscatinuous sycten represmts a limiting
cese of a continuous system and certain simplications in

the thermodynamic deseription result (Haase, 1969).

In ordey that the methods of TIP omn be applied to
the prosent case, it mat be assumed that the exchange of

matter,electricity and heat between the two aystems parts
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oocurs slowly in comparison to the equilisation of temperature,
pressure, concentrations and elesctrioal potential inside

each phase (Haase, 1969). Then each of the two subsystems
remains homogensous, even during the course of the irreversible
processes, 1.0., ©aoh phase remains in internal thermal

and mechanical equilibrium and has uniform composition and
uniform potential. Temperature, pressure, concentrations

and potential ohange discontimiously on croseing the phase
boundary and are otherwise functions of time enly. This
eliminates solid phases from congideration since, in practice,
the above conditions can be realiged only for fluld systems.
Magur and Overbeek (1951) applied TIP theory and deduced
expressions for various eleotro-osmotic effects, The non-
equilibrium thermodynamic treatment of electro-osmotic

effect, which is summariged below, 18 quite general and does
not make use of double layer model (De Groot, 1966; Haase,
19693 Katchalsky and Curran, 19653 Lakshminarayaniah, 1969).

Keeping in view the nature of the work embodied in
this thesis, which is presented in the subsequent ohapters,
we shall dfscuss the eleotro-osmotic phenomena (similtaneous)
transport of matter and eleotricity) and the thermo-osmotic
phenomena (eimultaneous transport of heat and mass) on the

basis of TIP,



A. Elsotrokinetic Phenomena

Flectrokinetic phenomena was observed as early as
the 19th century {Abrahamson, 19343 Adams, 19413 Overbeek,
1952), To study the eleotro-kinetic phenomena experimentally
two compartments 1 and 2 separated by a porous darrier are
ugsed. Let each compartment contain n, (L = 1,2,...n) compo=~
nents, carrying ziF ocharge per unit mass. Temparature and
concentrations are kept uniform throughout the complete
gystem. Applying Gibbs equilibrium and laws of conservation
of maps and energy to all its mrt, the dissipation funotion

for a discontimious system may be derived,

Conservation of mass and charge are given by

1 2
d.n’. + dni = 0 (1 & 1.2.....!1) (1018)
and
n 1 n 2
I ZFé&n, + & &F én, = 0 (X.19)

twi 1 gad
respectively. FElegtrical ourrent flowing from compartment 1

to 2 is given by

- 1/ s F dnz/
I oy 2Fén/4t = £ 2 dt 1.20

The conservation of energy for the system gives



1 2 1 1 2 2 1 2
Amdl + & s Q- P AV - P AV + (0 -0 ) I at (1.21)

where dQ is the heat absorbed from the surroundings. From
the Gibbs equation the change of total entropy oan be
obtained,

2 2l

2 ave

1 2

ras = 7as! +705% @ @t o w? s plav! 4 p

2 2
- nz én! - T ug ang (1.22)

i  §

substitution of equations (I.20) and (I.21) into (I.22) gives

P g P 1 1 a2 2
T4S w AQ » E 4, O, -~ L p, 07 - ¢ T Z2,F &n, - $“r 3, F dn

sesce (1023)

which becanse of equation (I.18) gives
R ot 1 2 2, .9
™S = d0 - I (u *3?@-»-3?0)@1 (X.24)

From equation (I.2) and (I.1) it ie obvious that the wsecond
texm on the right hand side of equation (I.24) is equal to
T "13‘ Therefors,

n 1
4,S = ..1214 (g + Z;F §) an,/T (1.25)

Since Lu, = ?1.&1’ for our system, the dissipation functien



is given by

a,s .
@-!J‘—a-xvibl‘dn‘/dt-izf‘aﬁ:dn/dt (1.26)
at

where V1 in the s oific volume of the component 1.

BEquation (I.26) enables us to spot out the fluxes
and foroes in the ayestem by remembering that the dissipation
funotion is the sum of the product of the fluxes J1 and
forces X, (Bguatien (I.4)). Thus it follows that the volume
flow J and the ourrent flow I are given by

e =& A em‘/at (X.27)
i
and
2 9
I= =% zir dn. /4t (1.28)
1 1

The correepending forces are hydraulic mressure difference,
AP, and eleotrical potential difference & §. Transport
equations in the linear range would be written as

J m L,,40 ¢ Lyodd (1.29)

I e Lo + Loydd (1.30)

where L's are phsnomanologioal coefficients governed by the

following conditions

1) Lgp = Loy {Onsager's rsciprocity relations)

11)  DyJpn > IpeLyn (00 account of the poeitive definite
charaoter of entropy production),



Bquations (I.29) and (I.30) yield the following expressions

for the varioue steady states.

Eleotro-~-osmosis

() 1pu0 ® L2 (/1) g = Lyo/Tpy (1.31)
Electro-osmotic ressure

(P30 = = (L40/0y,) &4 (1.32)
Streaming potential

(8) 100 = = (Tpy/lng) a2 (1.33)

Streaming current

(1) gao = L2428 (I/3) 40 = T4/Ty, (1.34)

These phenomena areé interrelated on account of Qnsager

relations. Thus

(/) gup = = (/) pup (1.35)
(4/&)1-0 .~ (J/I)M (1.36)

whioh are well knowmn Saxen's relations for the coupled flow

processes.

B. Degree of Coupling

Sinoce the electro-kinetic effeots namaly oleotro-
osmotic mregoure and streanigs potential are a oconsequence
of the coupling between flow matter and flow of elestricity,
it is profitable to summearise hare a pgeneralised discussien



of degree of coupling whieh quantitatively measures the
tightness of ocoupling and the efficiency of Enexrgy Conversien,
A brief account of the discussion of the degree of coupling
which is being presented in the subseguent lines is based

on the important papers by Kedem and Caplan (1965), Merrison
and Osterle (1965) and Osterle (1964a,b).

The phenomenological desoription of two coupled flows
leads to a defini{tion of their 'degree of ocoupling.' This
diamensionless parameter, the absolute value of whioch lies
between gero and unity is a generalization of the coefficient
of coupling used in the theory of electrical networks., It
should serve as a basis of comparison between systems in
which the nature of the flows and the forces are different.
The efficiency of energy aonversion, whioh ts defined by
means of entropy production function of the system, depends
on both the degrce of coupling and the conditions of opera~
tion; but the maximum efficiency and the efficiency at
maximum output are uniguely determined by the degree of
coupling., The reguirement for optimal matohing of the load
to the converter is eassentially diotated by the degree of
coupling., Reversible encrgy conversion (when the efficiensy
18 unity) is a limit towarde which only fully ooupled
systeme can tend at intiniteslmal rates of flow.

No energy conversion ooours when a non-squilidbrium

state 1s maintained against its tendency to relax, without



net flow taking place. The energy regquired for thip is
derived from a spontaneous coupled process. Nor does energy
conversion occuz.; ‘:Elx_nuﬂatter (or heat etc,) is transferred
in the absence orzooncentration (or temperature etc,). The
energy expnded is determined by the degree of ocoupling and

the tnternal rcaistance of the system.

Consider any system in whioh two frreversible
processes take places the entropy production per unit time

GIS/dt has the form of a sum of two produots,
dis/dt =T, X, ¢ I, % (X.37)

Here J,, J, are the two flows and Xyo Xy the tvo oonjugate
forces., This sum mast always be positive while 31 x1 or

J2 Xy separately may be positive or negative. The meaning
of J1
and would take place in the pame direction (although its

X, >0 1s that flow 1 is it self a spontaneocus prooess

magnitude might differ) even if flow 2 were absent, J1x1 <0
{indicates that the direction of J1 is opposite to the
spontaneous one and is made poseible only by coupling to the

spontaneous prooess 2.

In the thermodynamics of irreversible processes, each

flow ia assumed to be a linear funotion of bYoth forces

J1 = L11x1 # L12le Jz - L21x1 & 12212 (IO,B)

with the Onsager gymmetry relatien 312 = L21' From the



themodynamic condition d‘s/at >0 4t follows that Ly,

and.I.22 are always positive and L12 i8 mubjeot to

restrietion,

12, € Iydoo (1.39)
Alternatively,

Xy = RogTa & Rygdos Xp = Rygly + Ryily (1.40)
with the additional relations

2
Ryp = Rpqt Ryp & Ry Ry,

From equation (I.38) we derive the ratio between the
two flows as a function of X,/X;. Defining the quantities

= My 32Ty 3 =TT

one obtains

7 Ly Ly2
3 = + Bx 1+ $x (I.41)
L 11%22

It is assumed that Doth processes ¢an take place at measuyable
rates so that both L‘1 and 122 are different from gero., The
coeffioient 3 then reduces both the flow and forge ratios

to diamensionless numbers,

The value of the ratio L.,/ ?3‘1122 y denoted by q,
is limited by restriction (I.39)j

Q@=L / VB Tpp (=1€q¢1) (1.42)
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The nearer the absolute value of g is to unity the slighter
the dependence of J on x, 1.e., a high value of of g
indicates tight coupling between the two processes. For

q=0, j is proportional to xj then the two proocesses are
indepsndent of each other and each flow is proportional

to the conjugate force without any influence by the other

force.

Thus g is a measure of the degree of coupling, and
a basis of comparison for different processes. From
equation (I.38) and (I.40)

q=- n12/'511 42

2 = YRy,/Ry,

So far we have considered only the absolute value of
g. The physical significanoce of the sign is olearest if
both flows and forces are veotors. The flow of a solute
through a membrane may drag another solute along in the same
direotion (L12 > 0) or tend to pueh it baock (112 < 0). Heat
flow through a wire circuit may oreate eleciric ocurrent in
the game or in the opposite direotion. We refer to these

interaotions as 'positive’ or 'negative' coupling respeotively.

The importance of q ae & measure of ooupling may
also be seen by comparing the relative magnitudes of one
flow under different conditions. let xa be constant and 32



measured for two different values of x,; (a) x1=o. (b) x1
adjusted so that J1=0. The ratio between the values of Iy
in these two measurements is, from equations (I.38) and
(I.42)3

(99)5 w0/ Gadx 0= 1= o® (X, constant) (1.44)

Prom equation (I.44), process 2 cannot take place when T, is
stopped 4f q°=1. It will meke no difference whether J, flows
freely or is stopped entirely if q2=0. By analogy

(J,)ngoi/ (31)12-0 -1-q (X, constant) (1.45)

The symmetry shown by equations (I.44) and (1.45) does not
depend on Onsager relation but is a consequence of the
linear dependence between flows and forees, The definition
of q in the agymmetric case is

Q42 = Bqp / Vi {lpp 808 apy =1, / VEGT,,

C. Thermo-osmosis

The phencmenen of thermo-osmosis through a barrier
Or a membrane is a classical moh-equilidrium phenomenon which
can be patisfactorily intermreted by using methods of
irreversible thermodynamics (Alexander, 1954a,b, 1955)
De Groot, 1966; Denbigh and Rauman, 1951h; Haase, 1959a,d,
19693 Prigogine, 1968; Spanner, 1964), The great utility of
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non-equilibrium thermodynamios is in spotting out fluxes

and forces appropriate to the phenomena which are otherwise
not obvious., In a system consigting of two conmpartments
ecntaining a single fluid (say wmater) maintained at different
temperatures T and T+Lil respectively and separated by e
porous barrier, migration of fluid takea place acxoss the
barrier as a result of which messurc differenoe 4P sets

up in the steady state corresponding to the temperature
difference AT. For mioh a system equation for entropy

productions 18 given by (De Groot, 19663 Denbigh, 1951a;
Haase, 1969; Prigogine, 1968)

SCIEME SR 2 (1.46)

where J_ is the water flow and J’q is the heat flow and ¥ 18
the specific volume, When the departure from the equilibrium
49 small, the fluxes and the foroes are related by the

equations

Ty = Ty (= ,igg_ ) + Lyp (= 'ﬁﬁ' ) (1.47)
Jq = L21 (“';F ) * 1'22 (- -T%_ ) (1048)

where I':l.k are the phenomenologioal coefficients and are
independent of the thermodynanic forces, On aosoount of

Onsager's reciprocal relation, we have

Lyp = Lgy



Co
.

From eguaticns (I.47) and (I.48) it follows that
@ /3) ;3-1 Q" (1.49)
"W gu0 " Ty " ° |

The quantity Q whioh 1s imown ae the heat of transport is
defined as, the heat transnorted per unit mass transport when
there is no temmerature difference aoyoss the darrier (Denbigh
1952b). In the steady state when mass flow oceases, {.6.,

7, = 0 equation (I.47) yields

L
(0P/oT)y o = - i (1.50)
w L11vT
or
(/a2); o = = oV/ve (1.51)

The equation (X.50) repmsents the thermo-osmotio mressure
difference and equation (Z.51) represents the relationship
between thermo-osmotic pressure difference and heat of
transport on ascount of Onsager's rediprocal relations. If
in the given system pressure i8 not allowed to develop
aoross the barrier, 1.e. 4Pw0 we oan write from eqn.(I.47)

- - I“ 4T I.52
(4")&-0 Lyo ':% 12 (1.52)

which is the expreasion for the thermo-osmotie velooity, The
negative sign in equation (I.52) indiocates that thermo-osmotic



movement takes place from warmer to the cooler sida, The

equation
' L.
(- 7,/aT) =Ly, = ;}- (1.53)
is obvious from eguation (I.52).

Some of the notable experimental studies on thermo-
osmosis through porous barriers (Eﬁ' rubbexr memdrane,
aellophane, unglaged poreelain, sopper ferrocyanide, clays
and soil systems ete,) are by Bearman (1957,1966); Dariel
and Keden (1975)3 Denbigh and Rauman (1951b), Hanley (1965,
1966), Rastogl et al (1964,1966), Srivastava and Avasthi
(1975). These atiempts confirmed the validity of linear and
homogeneous equations (I.47) and (I1.48) in a variety of
cases and aleo lead to the intewrpretation of the heat of
transport in terms of the mechanism of flow, It may be
pointed out that the direct experimental measurement of Jq
i{s8 diffioult and, therefore, not many attempts have been made
for its measurements, A consolidated review of suoch attempts

{8 available in the monographs by Haase (1969) and
Lakshminarayaniah (1969).
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IT.t IKTRODUCTIOR

Fleotro-kinetioc phenomena are of considerable interest
from the atand point of biological transport, which has been
stimlated by the need to understand permeability phenomena
and suotion processes, By electrokinetic phenomena we mean
phenomena involving electricity and oonnected with a
tangential movement of two phases along each other. They may
arise either from an external electric field directed along
the phase boundary and resulting in a movement or from a
movement of the phases along each other, resulting in a
transport of electricity. ZExamples 0f the firat kind are
eleotro~osmopis and electrophoresis, of the seocond kindj
streaming potential and migration potential (Abrahamson,
19343 Adam, 1941; Lakehminarsyaniah, 1969; Magur and Overbeek,
1951; Overbeek, 1952), These rbcesses received mich
attention because of their technical importance in separation
procegses (Hwang and Kammermeyer, 19753 Laoey and Lodb, 1972
Marinsky, 1966; Mears, 19763 Speigler, 1362),

Electrokinetic phenomena are of intrinsio interest
since they give rise to 2 nunber of steady stotes which can

be aonveniently etudied experimentally, This affords an



example where the power of non-equilibrium thermodynamics
(De Groot and Magur, 19623 Katchalsky and Curran, 1965
Prigogine, 1968) can be sasily demonstrated, This is one
of the few phenomena where non-linear transport processes
have been axprimentally observed (Rastogl, 1969b,0) and
studied, In this chapter we renort sur studies on the
phenomena of electro-osmosis and streaming ocurrent., The
theory has been dissussed in Chapter I (Ssetion 2.A) and

ceon be found in greater detall in a review article of

Rastogl (1969a).

Studies on the eleotro-osmosis of various liquids
and binary liquid mixtures through pyrex sintered glass
membrane have been gonducsted in the linear and non-linear
region in the recent past (Rastogl, 1966, 19703 Balokhra,
ot al., 1973, 1974). Analysis of the data in the light of the
themodynamie theory of irrsversible processes has confirmed
the validity of the linear phenomenclogiocal relations and

Onsager's resiprocity relations.

The non-equilibrium thermodynamic approach te the
transport prooesses through membranes, as discussed in
Chapter I, is purely phenomenologisal in nature and makes
no reference to the nature of membranes., In faat the
membrane ie treated very mich 1like a black box and one may

deduce its mechanism and funotion from observations of input



and output data, This no doubt makes the equations
completely general but the nries that one has to pay for
this generality is that notmuch gaan de leamt about the
meohanism of the transport processes inside the membrane.
It 18 for this veason that several mechanistio models have
heen proposed., The Speigler's friotional model which
relates the various phenomenological coeffiecients with the
coeffiocients of friction between the rameating species
thempelves and between the permeating species and the
membranes, is the one that has attracted attention in

recent years (Manning, 19723 Smit,etal, 1975).

Experiments reported in this chanter, on the eleotro-
osmosis of liquid mixtures, have been designed with the
intention of throwing light on the validity of the Speigler's
model and for this variation of the various phenomenological
coefficients with the ecomooesition of the mixtures have
been studied, For the study 5f eleotro-~osmosis of liquid
mfi xtures through a pyrex aintered glass membrane (porosity G-4)
the binary liquid mixtures geleoted are aootoﬁ}nethanol,
aggtoﬁ%wator. and methanol-water in ascending order of their
interactions. The experiments have been carried out at
various somositions of the limid mixtures. The data in
addition to studying the concentration dependence of the
phenomenological cosffioients and verifying the Onsager's

formalism have also been ussd to study the efficiencies



of electrokinetio energy oconvernion, for both moden of
conversion namely electro-osmosis and streaming potential,
The results thus obtained have shown to lend supnort to

the non-equilibrium thermodynamic theories of electrokinetio

energy conversion.

I1.2 EXPERIMENTAL

Al Material

&) Acetone

Acetone (BDH : LR) was purified using methods
described in literature (Vogel, 1956). It was refluxed for
3 hours with a emall amount of KMn0, and was subssquently
distilled, The distillate was subjected to fractional
distillation. The purity was cheoked from density and
boiling point measurements . The density of the purified
sample was 0.7742g/om’ at 35% and boiling point 58°C which
matches with the literature values (Hodgmann, 1964),

b) Methanol

Methanol (BDH : LR) was elso purified using the
methods desoribed in literature (Vogel, 1956). It was
refluxed with megnesium and iodine for 3 hours and distilled
in the absence of moisture. The purity of the sample was
cheoked from denegity and boiling point measurements., The
density of the sample was 0.7772 gm/om’ at 35°% and boiling

41
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point was 64.9°C in agreement with the literature values
(Hodgmann, 1964).

c) Yater

Triple distilled water was used in preparing mixtures

of acetons-water and methanol-~-water

B. The Electro~osmotiec cell

The eleotro-osmotic cell has been depicted in FigfiI.1)
It aconsisted of glass tube of length 25 om and 2.5 cm diameter
with a sintered glass membrane M (Porosity G-4) at the
middle., The tube an! was fused with B.24 femsle Joints at
eaoh and, The spiral platinum eleotrodes P, and P, were
so adjusted that they just pessed the sides of the membrane.
The eleotrodes 91 and P2 were fused to the glass tubes !1 and
T, which in turn were fused to B-24 male joints 8, and 3,.
The electrioal contaot between the electrodes and the
terminals of power supply was made through mercury filled
in the tubes T, and T,. The two vertical tubes Q, and 0y
of length 10 om and diameter 1.5 om emerging from the tube
AA‘, were provided with a B-t4 female joint 4in order that
the portions G L,L, and 8,X could be connected with and
detached from the tubs A, e purpose of the stopsook R,
in the portion G L,L, was sixply to adjust the meniaous of
£izuid in the capillary LoL, (diameter 0,2084 om) at any
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FIG. I1.1

ELECTH
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desired distance to note the liquid flew. The portion G,K
is at the same level as 01L2L1 and was connected to the
pressure head. The stopoock R2 was to f£111 the apparatus

without any air bubles,

C. Procedure

The pyrex sintered glass membrane M (porosity G-4)
f1xed at the middle of the glass tube AA‘ in the eleotro-

osmotic cell was treated with 111 nitric acid (AR) and

4

waghed repeatedly with triple distilled water to remove traces

of nitric acid. Finally it was dried in an electrically
operatsd oven at 120-140% and was allowed to cool slowly.

This treatment has been recommended in literature (Rastogi,

1966) in order to aveid fluctuations in the permeability of

glass membrane. The cell was then filled with the liquid

mixture.

Permeabllity measurement were made by applying known

pressure differences across the glase membrane, The conse-
guent volume flux was measured by noting the rate of
advancement of the 1iguid menisous in the Oapilla:y'L‘L2
with a cathetometer of least csount 0.00t1 om and a stop

wateh of least count O.1 seo.

For measuring the electro-osmotis velocity known

elastrical potential differences were applied aorvas the



Tu

ménbrane by connecting the electrodes to the terminale

of an eleotronically operated powsr supply (Beltronix,
Model ED-101). The volume flow of the liquid induced by the
applied potential differemce was observed by noting the
rate of advancement of the 1iquid meniscus in the capillary
I.1L2. The uncertainty in the apvlied potential was ¢+ 0.05V,
Iuring electro-osmotic velocity measurements the condition

LP=0 was enforced on the system.

The streaming potentiale ascross the sintered glass
membrane were measured using a V,T7.V.M. (Philips GM 6020/90).
Known pressure differenses were applied across the membrane
and when the flow in the capillary 1-11.2 became steady, the
streaming potential was measured by csonnecting the eleotrodes
to the terminals of the V,T.V.M. through proper keys. The
assymetry potential of the platinum electrodea were taken
into account in these measurements. The electirical resistance
of the system was measured with a Leitfahiglertsmesaes
conductivity wmeter and the vslues of streaming current were
caloulgted from the streeming potential and resistance of

the gystem using Ohm's Law,

All measursments were made under constant temperature
conditien by plaoing the electro-osmotic cell in an air
thermostat maintained at 40°C with the help of Jumo relay

and Jumo contagt thermometer with an accurasy of 4 0.1°G .
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I1.3 REBSULTS

The permeability data for various compositions of
acetone~-methanol, acetone-water, and methanol-water mixture
have been plotted in Figes, LIX.2], [II.6] and LI1.10]
respectively., The electro-osmotic velocity data are given
in Fige. [IX.3], LII.7) and [IX.11]. Streaming potential
and streaming current data are given in Figs. [II.4], [II.8],
[(II.12) end LII.5), [11.9), LIX.13] respectively.

II.4 DISCU3SION

The linear phenomenological relations for the simul-
taneous transport of matter and electricity as obtained
from the non-equilibrium thermodynamic treatment (DeGroot
and Masur, 19623 Haase, 19693 EKatchalsky and Curran 1965)

for the electro-osmotic effects, discussed in Chapter I

(Section I1.2.A) are

J = 1,44P + Lo0b (11.1)

In equations (II.1) and (11.2) J represents the volume flux
I for the flow of eleotricity, &% @4 4) for the pressure
differense and potential differense across the membrane,
Lik" are the phenomenologiocal coefficients, On asccount of

Onsager’s reociprocal relation ws have
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Tf eouations (II.1) and (II.2) are obeyed the following
relationships would follows

For ordinaxy permeabllity

(7) pu0 = Inn® (I1.4)
For electro-oasmotic velocity

() pa0 = T12¥ (II.5)
For streaming potential

(B/e2)1 o= = Tay/Iap (1I.6)
And for streaming current

(D)g0 = 214 (11.7)

The data plotted in Fige.|I1I.2| %o |II.13| for various

compositions of the three mixtures, viz. acetone-methanol,

agetone-water, and methanol-vweter, demonstrate the velidity

of equations (IT.4) %o (11.7). This in turn implies the
valiaity of the linear phenomenological relations (IT.1)
and (II.2) for various compositions of the nixtures.

The phenomenologiocal coefficients L, Lygy Ly, and

Lso for various compositions of the three mixtures were
est
Figs. |1I.2] to 117,131 .

tables II.1’ II.Z and II.3.
al relations (11.3) for various compositions of the

{mated from the slopes of the straightline plots in
The values obtained are given in
The velidity of Onsagoer's

reciprot

three mixtures ie apparent from the valueg of phenomenological



by

TABLE IT.1

Values of the Phenomenological Coefficients for
various compositions of acetone-methanol mixtures

& 6 I 7y
el
x om® ayn~ | onm™?
N -1 3, =1 3
L 1) om’ AT em AT~}
0.0 9.331 T. 14 3.130 3.302
0.1 9.181 8.72 3.571 5.403
0.2 8,722 10.31 J.845 3,665
0.3 7.929 12.74 4.166 %.924
0.4 7.474 15.73 4.545 4,325
0.5 7.168 19058 4!750 5.000
0.7 6.303 25.09 5550 5.254
5,081 52.40 6.450 6.250

1.0




S

TABLE 11,2

VYalues of the phenomenologloal Coefficients for
various oompositione of acetone~-water mixtures

Vass fraction L11 x 10 522 x 10 L12 x 104 L21 x 104

of w::er ou’ d.vl:"' ohz™ omoa~? ow’ A7~
sac
0.0 9.33 T4 3.303 %.280
0.1 8.50 T.75 3.961 3.989
02 7.70 8.54 4.674 4.773
0.5 6.92 9.52 5.200 5.289
0.4 6.15 10.94 6.028 6,160
0.5 5435 12.48 6.790 6.696
0.6 4.55 14.99 7.520 7,511
0.7 3.79 18,09 8.164 8.160
0.8 2.95 21.87 8.770 8.920
0.9 2.30 51.46 9.434 9.567
1.41 50.00 10.180 10.350

1.0




TABLE 11.3

Values of the Fhenomenological Coafficients for
various Compositions of methanol-water mixtures

6
Mags fraction L, X 10 Loy X 10° Lo X 10t Lyy X 10*

gec

0.0 5.08 2.50 6.34 6.29
0.1 4.73 3.12 7.02 7.39
03 4,06 4.00 7.66 7.78
0.5 3.30 4.54 8.33 8,19
0.7 2.55 5.26 9,09 8.81
0.9 1.83 5040 9.75 9.80

1.41 5.50 10.52 11.03

1.0




coefficients L,, and 1.21 given in tables IX.?1 to II.3

i, Coneentration endence of th
o Fioton FS_LGE__,.,, @ Phenomenological

The concentration dependence of the phenomenological

coefficients L,, and L,y or Ly, for all the three mixtures,

vig. acetone-methanol, acetone-water, and methanol-water
are shown in Figs. [II.14] %o {11.19] . From Fige. [II.14)
to [I I.16] 1t can be soncluded that the variation of L

1

with compeosition of the various mixtures can be gquanti-

tatively expressed as followBs

For aoetonc-methanol

6o

Lyg ™ %4 (Lgq)y + (Lyq)m (II.8a)
For acetone-water
Lyy = %A (Lyqdn * *vw (Lyy)w (11.8b)
For methanol-waber
(11.80)

Lyqg ™ > (Bygdu + Zv Cyqdv
g¢mi1arly from Fig. [1X .17] %o [II.19] the concentration

tatively expressod as followsi

For .c.t“.—”twl mi 2

Typ = %A

(Dyp)a ¢ ™ (Ly2)y (119a)
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For acetone-water
112 - X, (512)‘; + X (1112)' (I1.9b)

For methanol-water
I|12 = Xy (1112)11 * Xy (1'12)w (IX.9¢)

In eguations (II.8a) to (IX1.9c) the subsoripts A, M
and W stand for acetone, methanol and water. And x represents

the mass frastion of the speoies denoted by the subsoript,

the ooncentration dependence of the coefficients
gshown by (11.82) to I1I.90) can be shown to be oonsistent with

the Splegler's friotional model (Katohalgky and Curran, 1965%

smit, 19753 Speigler, 1958).
the concentration dependenage of L,, in the

To disouss this let us consider

as an example,
case of aoetone-methanol mi xtures.

The general treatment of Speigler (1958) assumes the

additivity of the frictional forces that counterbalance the

thermodynanic foroes.
et us consider the situation where ap=0,

iIn order to discuss the concentration

dependence of L4y
gl tuation the
mi xture (acetone-methanol) would reduce to

In such & equation for entropy production

for a binary
a Curran, 1965)

(Katchalsky an
am,/at) &2 + Yy 3y (dmy/at) o (1I1.10)

In equation (11.10) 'V’ remenents the speoifioc volume and



'w! represents the mass. . TIdentifying v(dm/dt) with
the volume flux of the species denoted by the subscripts,
the two conjugate thermodynamio foroes are x,4P and X 4P,

It Xgp X3 snd X,o represent the friotional forces

between the specles denoted by the gubsoripts, the formal

hydrodynamic description of these foroes is

Yo = fup (= Vo)

Iy ™ (Vp - Vm)
(IX.11)

I = I4g (4 - Vg

s = fus Tu=7s)
In (II.11) tke subsoript 'S’ stands for the aintered glase
¢ stands for the
denoted by the subseripts, and V represents the

menbrane, frictional coeffioients between

¢he sppies

yelocities oi the various species indicated by the subsoripts,

gongl dering the membrane velooity Vg aB reference and

gaking \'§ s,o. Spe igler's assumption of additivity of friotional

forces will jead to the relationships
and

Solving (11.12) and (11.13) for V, and V, and idemtifying
Jp W (Vy + V,) the coeffioient

the total volume f1ux (3 1) o



1.. can be identified with the quantity

11
[ (2, ¢ Tyg) * 1
*A luu’i}\s”!n*iﬁe‘;u ;n]’

« 2..)

x, [ £, + (£
W + i;s’ ya * Tus) - Tua Tam

Thus it 18 apparent that the variation of the phenomanoclogioal

coeffiolent L,. with the composition of the mixture, as

given by equation II.8a 19 conmistent with the Speigler's

fraoctional model. Further from comparison with equation II.8a
the following gorregpon

coefficient and friectional

dence between the phenomenologiocal

coefficient becomes apparent,

That 18

(1!_1_ + "3) + fn
“‘11“ = e * !Asmn OF 19 IO F7E 1)

ané ) ot

(fy + 1
(L,,). - “TT;;T?'?:;T??l‘ + 328) -‘Eh.‘fil (11.15)

apply for L,, or L,, slso.

gimilar con:tdorationn would

gonoentration depsndenge of the nphenomsnologiocal

was found to be different from the conoentratien

The
!522. !mw‘?ar.
dependence of Lgq
¢ with <he Spol.sh

and hence does not appear to be
r's Iriotional medel. The data

and Iq2

oonsisteon

~7
O
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on concentration dependence of L22 for the three nixturesg,
viz, acetone-nethanol, acetone~water, and nethanolewater,
are plottad in Figse [11.20], (II.21], and [II.22

respectively, From Figs, [II-E’Q] to [i:I.zéJ the concentras.
tion dependonce of the coefficient L22 in the three cases

gan be gquantitatively expressed as followss

For acetone-nethanol
-5 o5 n
b4

Lo~ (L22)A + 14428 x 10 XM-I'a.lQ x 10 (I1.16)
For ascetame=vater
Ly =wml rx, Y.
Loo (Lo~ A (g, (11.17)
and for mothanolewater
-5 =5
L = (L w D75 1D e 2.1 10
" ¢ 22~ O u ’f (11,18)

A perusal of Figse [_11013] to @1015] shows that the
coefficlent Lu decreages as we lnerease the mass fraction

of the hydrogen panded specles in the throe mixturas, Thege

trends can be shown 10 be consistent with the structural

modifications that are likely to occur in the respsative

mixturess
For flow through a single capdllary 1t can be shown

that (Overbeek, 1063a; Rastogl, 12G69)

L, T ¥Y/8 102 (11.19)
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In equation (II.19), 'r' is the radius of the capillary

'1' {8 the length of the capillary and 'w' 1s the

vigcosity of the medium., If the single capillary is

replaced by a parallel array of 'n' capillaries (here the
gintered glass membrane) the right hand side of egquation
(II.19) has to be miltiplied by '‘n'., The increased moleoular

i{nteractions in the hydrogen bonded system decrease the

¢yecdom of moleoular motion and therefore tend to inorease

the viscosity of the systen (Virvegradov and Linnel, 1971).

s the viseosity increases as Wo go from pure acetone to

pure methanol in acetone-methanol system or from pure

acetone ox pure methunol to 100°/. water in acetone-water

or methanol-water gyctems. This accounts the descreasing

trend of Lg, with inerease in the mase fraction of the

hydrogen bonded species.

From Figs. [11.17], [11.18], and [IT.19] 1t 1s

arent that the coefficient L,y increases as we inorease

app
the concentration of the hydrogen bonded spesies in the
pixtures. This trend can be explained on the basis of the

doudle layer rodel. For #iow *hrough a single capillary we
oan write (overdeek 1953a; Rastogl, 1963)

Ly ® art o/4 w1 (11.20)

In .quation (IquO). ry 1o @, 4y md { stand for radius of

the oapillarys jength of the copillary, dielectrio constant,



O

viscosity, and geta potential of the medium respe ctively
For a system consisting of a bundle of 'n' parallel
capillaries (here the sintered glass membrane) the xight
hand side of equation (1I.20) also has to be mltiplied

t ia clear £ :
It s rom the above ecuation that L12 varies

by n.
di rectly proportional to ¢ and § and inversely proportional
to ue Although both @ and s inerease with the inorease in

the concentration of the hydrogen bonded snecies in the

mixture (dasted, 19733 Vino
not expeoted to be as pronounced

gradov end ILinnel, 1971) the

rease in viagcosity is
inorease in dielectric constant because during the

ino

as the
£1ow through the restricted barrier (sintered

process of
slass membrane) the friotional forces are likely to break

gome of the hydro

consl derations {Overbe

gen bonds. Moreover from double laver
gk, 1955b) Rastogi, 1969) it oan be

ssen that the quantity (e€) te likely to increase with the
{ncrease of the hydrogen bonded species due to the possible
gnorease in the thickness of the double layer.

Conv

of alectro—-osmotic flow and streaming

are examles where energy oonversion from one

y takes place®s
ed into mechanical work while in the latter

_nothe In the former oleotxical

jon of mechanical energy into eleotriecal



work takes place, Osterle (19642,b), Yorrison and Osterl
e

(1965), Groes and Osterle (1968) and Kedem and Caplan (1965)
have &isocuseed (see also Seetion 2.C, Chapter I) the efri

ciency of electrokinetioc energy oonversion utilizing th
e

formalism of
definition of th
of the thermodynani

non-equilibrium thermodynamics. The generalised
e energy occnversion efficiency Y) in terms

¢ fluxes J and forces ¥ can be written es

I ¥
M- --1:1': (11.21)

In equation (11.21) the subscxipts 0 and { fndlcate the output
u

and input The negative sign indicates that the

quantities.

di rection of output fluxes and forces are opposite to that

of the input g
the efficiency ©

antities. In the light of equation (II.21)

{ energy oonversion for the two reciprocal

ro~-0amosis and streaming potential oan

phenomena, j,e. clect
pe written as
= = JOR = J AP
L ’ 100 (h)"/R (11.22)

2
sz - - H‘; » %l# (11.23)

ations (11.22) and (I1.23) the subseript e and ¢

nte the phes
1 ﬂnd R i8 the

In equ
omens of electro-osmoais and streaming

re!reﬂs
eleotrioal resistance of the eystem,



oy

Tn an electro-osmosis experiment, the applied potential
di fference is used to drive the ligquid uphill, This liquid,
1¢ allowed to accumlate, exerts a pressure difference P

acrops the membrane causing a black flow of the liquid.

When AP eguals electro~osmotic preseure difference, the net

water flux J becomes gero. Thus it is olear from equation

(11.22) that (V],) would be sero when either 4PmO or AP
equals electro-osmotic pressure and therefore the graph
between (0,) and AP for a fixed Value of input force &
would pass through a maxium as &P 18 varied from gero to
ro-osmotio pressure and it has been shown earliex
and Jain, 1975e,b) that the value of (7,) woula

m when AP equala half the value of electro=-

the eleot
(srivastava

attain a maximi
1.849 when

osmotioc pressure,

gimilar conliderauons would apply to ( w).

tne values of (‘?,) and (Y)¢) oorresponding to several

¢ input foroes were oaloulated for output
¢ixed values o

ranging 178 gero [o their steedy state value, for
foroes

tgons of soatone-methanal, acetone-water,

ous OWPOS"
vardi = nxm“'. using the m‘pon data in

gthanol-wat®
ofY) was the geme a® laid out by Srivastava and
n

.mnarised below for a partioular

m
and The procedure adopted for the

pigss [X1°

thanol mixture,
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Por a fixed value of &), say 20 volts, the eleoctro-
osmotic flow was read from Fig. [I1.3]. The pressure
difference AP, i.0., the electro-osmotic pressure difference
which induces a flow equal to that induced by AD=20 volte
but in opposite direction was noted from Fig, [I1.2], Fow
having known the value of the electro-osmotic r essure
di fference various values of &P ranging from gero to the
electro-osmotic pressure difference were choeen and the flux
corresponding to them was read from Fig. [II.2]. These
values of flux were gubtracted from the flux corresponding
o0 20 volts read from Fg [71.2) . This gave the net flux
aorrvesponding to various pressure differences ranging from
gero to the aleotro~osmotic messure for the fixed value of
force (=20 volts). With thie data at hand (),) wae
ud ng equation (II.22). An identical procedure

or the caloulation of (Yzé) for different

input
ecaloulated
was adopted f
g1xed input forces,
M) enb (Vz.) values thus oalculated for various
sgions of all the three mixtures, vig. acetone-msthanol

aP.

08
comp cor and methanol-water at two fixed values of
one-watS=te
acet e;ﬁ;ﬁ various values of output forces ranging
fo re
input a their stationary state values, using the
an
from 9OTO

4reneport dat2
pat the outpu
‘ﬂlﬂ'

in Figse |11.2] to [IT.13] were plottea
4 forces. From the plots of (QO) vas &P

agal obtained, the values of fQ)..’ were

and (YZV) ¥4



8

read., These are given in Tablos IT.4 to II.6., Representative

plots of (Yl .) ve &P and (Y)&) vs &) for three mass fractions
of acetone-methanol, acetone~water, and methanol-water are

given in Figs. [11.23] to [I1.28] . From these data (tables

11.4 to II.6 and figs. [f1.23)to[11.28) the following

canclusions oan be drawn for the various compoaitions of all

the three mixtures.
i) Phe maximum value of energy conversion efficiency
(Y)) m: for a fixed value of the input force for

both modes of econversion, vig. electro-osmosis and

streaning potential, in all cases occurswhen the

output foroes equal half ite stationary state value,

the values of (Q)max in all cases was found to be

11)
yndependent of the input forces.
118) The moximm value of (L o)s Le0es (Yz o)max o8 always
gound %o be equal to the maximum value of M o) 1o,
(Yz &)m, 1.9.9 (Yz .)-’ - (YZ w)nax far the variou'
“.pod.““' of all the three mixtures.
phe first gonclusion is in agreement with the
tieal geduotions (Srivastave end Jain, 1975a). The
eore
th eroal aeduoced condition for elestro-osmosis is
re
tnee frx 2] Ao bEIRE IR0 Gondlaatahs) XS
ven by oquatic
gl 1 oordance wi4h the theor¥.
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a P cms liquid

ON OF Ne WITH PRESSURE DIFFERENCE

WATER MIXTURES.
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It has been shown by Gross and Osterle (1968) that
") max 16 Telated to the phenomenological coefricients,
That is

: (1 +l)4- 1
(Dngx = 3 (11.25)
(¢ +B)° + 1

shere g is called the figure of merit and is given by

-1
Lee &
|
Bio '<—"T‘”‘1 (11.26)

Lio

2
The term ‘I‘j.j.I'oo/ Ly) in equation (IT.26) s the rectpracal
of the square of the degree of eoupling defined by Kedem and

Caplan (1965). Since p is much smaller in comparison to

unity equation (II.25) approximates to

Vpax > B/4 (11.27)

The figure of merit p in the specific cases of glectro-
osmosis and streaming potential can be written g

, A =
-1
by " <n,2 > (I1.28)

and Lon T -1
b, (_z_z_!__!_l. ") (11.29)

Y24
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Becaunse
of Onsager's reciprocal relation L

obvious from equation (IIX.26) that

o Bio ™ Po1
5, = B, (I1.30)
which implies that values of (Vpax Biven by ean. (

. (I1.25)

or ®
(11.27) would remain the same for either direati
on of

conversion. 1.8+
(g max = L p)max (11.31)

the values of p and (Q)y,y caloulated from the

values of the phenomono].ogioal coefficienta (table II
1

11.3) are given in tables II.4 %o I1.6. The Valj,dlty. ¥
of

the relations (11.30) and (1I1.31) csn be seen from th
ege

n all caseg 1.6+

ree mixtures.

tables 1 for the various comrositions of
(4]

all the th
{s a function of § only which in turn 2
]

since (Dpax

enomenological coefficients only, ()
»

max

o funotion of the PR
of the input thermodynamie fore
es

be 1nd.pgnd0nt
a the 1inear re
. end do nob %

has %0
gion the phenomenological cosfficients

beocause i

nend upon thermodynamic foroes
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3 Fs)

ELECTRO.0SMOTIC PERMEABILITY OF
COMPOSITE CLAY MEMBRANES

The water content in soll i8 rarely static, water
L 4

additions fron gnow melt,
ater loses fron evaporation transpiration or

rainfall, irrigation or conden-

sation and W

drainage 00CY
and migration of
such as those arl
and from exte
oroes e tn th
other gradieﬂtﬂv
ater will depend

y most of the time. Thus the distribution
water in goils are dependent on may fluxes
ging from the internal energy of the water

mal and surficial mechanisms and

{tmself,
ermal, ionic, osmotic, gravitational
]

The rate of movement or

hydraulic and
on the magnitude of the forces

mi gration of W
tors determining the trans-

and gradl ents and also on the £a0
ent or hydraulio conductivity of the soil

rgio0d

n ©o®
can be broadly classified into

missio

19733 Hillel, 19713 Low, 1961}

the importance of soil-water

etaley

1975) .
gtudies in various directions. The

tpen 18 the soil physiaos which is
gant end quantitative poience in

omena (Babgock mnd Overstreet,



Ju

Ander 4 er and Miller 1 } 1 0
pl 96 )o

The
application of non-equilidrium thermodynami
c8 to

goil water phenomena is
a new exploration in
the field of

soil physics (Cary, 1964} Groenevelt and Bolt, 196
’ 93

grivastava and Rajpal, 19
, 19733 Taylor and Ca
XYy 1960[ Winte
rkon,

1958} .

In the preaent ohapter we
1 report our studie
8 on the

ocoupled flow processes throu
oonalsting of two 4L fforent clay membranes arranged
ged in a

gh composite clay membranes

parallel array a2d in a geries array.

theory for the permeabllity of the composit
, e

The
on the basis of nch-equilibrium thermodynami
o8,

mambraneés,

has been develgped.by'xedum and Katchalsky (1963a,b,¢)
l'co

primarily i{ntended for biological membran
Qﬂ.

tpis theory was
worthwhile to explore, to what extent th
e

It i8 therefore

ry of geden and Katohalsky ean be helpful in anal
Yeing

theo
ata oOn g10w through composite porous media that
one

the d
ross in ‘.""

stems, ©.8+ DOTOUS soils or rooks

ored structures It was with this objeot in vi
aw
g on the alOﬂt
¢ were undertaken recently (Srivastava and Jain
»

having lay
ro-osmosis of water through composit
e

that studle
clay meabran®

1915a,b.c)¢ e oomposite clay membranes chosen for these

T™h



oy

gtudies were of two types — (i) Faolinite and bentonite clay
membrane elements arranged in a parallel array, and (1i)
xaolinite and bentonite clay membrane elements arranged in

a

geries array. These studies revealed that the combination

s for the phenomenologiscal coeffioients as predicted by

ry of Kedem end Katohaleky (1963a,b,c,) cannot be
valid in tolto and need modifications in the

rule

the theo

taken to be
case of composite clay membrane consisting of kaolinite and
pentonite clay membyane elements arranged in both parallel

garies arrays. Thig is because, in the treatment of

and
— il Katchalalﬂ" the validity of linear phononanological
ralations in the consiituent membrance elenents of the

aomp0 i te gystenm as well as in the composite membrane is

gle in the oomposite clay systems studied By

n@EID ;osed, Wi
(197584405 ), the bentonite olay

sny,stava and Jain
Py element does not obey the uaual linear and homo-
oxrm of phenomenolo
gence o both pressure difference and electriocal

pembran
gioal equation for the mass

geneous £

fux in pTe
potemtial 417 feronce (Srivastava and Avasthi, 1973; Srivastava

419752 SwBrtsandrube!u 1962) .

and Jainy
at studies, therefore, the bentonite

Ia the [’"se
t has been replaced by the srysotile

olay memd
rhat {8 %o say the two oomposite

olay memP
clay membTa"

na orysotile

rane eloments
e systems gres

en?ly ohosen are (i) kaolinite
o elexents arranged ina a parallel



array, and (£1) kaolinite and

°rysotile olay menbrane
elements arranged in a

aexries array,

tuents (1.e. kaolinite and erysotile)

of the Comoosite olay

1a78, we can expeot
ental data ang the

systems are expected to obey linear
greater correspondence be tween experin

theory of Kedem and Katchalsky.

I1I.2 EXPERTMENTAL

A, Materials

Kaolinite and exysotile elays ®ipplied by M/s

Impex
Chemical Corporation Bombay and tripile distilleq water wore

used in the studim,

B. Apparatus

The all glass electro-osmotic cell (rig, [x11.4]) useg
in the earlier studies by Srivastava ang Jain (1975a,b) wagq

ed in the present studies also. It consipteq of four parts
us e

Part I of the apparatus donsisted of g gygag tube apt of

length with a B-24 sooket at cagh eng and one B.2q
35 am

joint in the middle at X4. The eleotrodes 8, ana Sp were

fused to the glase tubes Q and R,
u

24 cones, Mercury was filled in q anq p ¢, provide
o e A11 oleotrodes (s,

whioh gpn tum were fuged

electrical sontacts.

atinum wire of 0

w1 om :
made from coiled pl in diameter, mhe

10y

Singe both the conati.
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i0s

electrodes were so adjusted that they just pressed the two
sides of the clay plugs. The two vertical tubes 31 and .’
of 10 om length emerging from the tube AT wore each
provided with a B-14 socket at G, and H,. Part II of the
apparatus wae exactly similar to part I. Part III was a

glass tube pant twice at right angles, with B-14 cones, at

the ends Hy and Hye.
gould he connected to the i essure head, Part IV

The tube x,xz provided in part III of

the appoaratus
of the apparatus was also a glass tube bent twice at right
anglea and raving B~14

capillary L1L2 of 20 cms length and a df ameteyr

cones at the ends G1 and Ga. The

roose of the
re the water flux, The stopcocks

of 0.285 om wab to measu
nelpful in £111ing water in the elactro-ommotic

?1 ‘na !2 were

also foT
The purpose of the stopoooks Ty and T, was

oell and adjusting the water meniscus in the
oapillary Lilae
grt 1 and P

when desired.
{ the apparatus could be joined and detached

co Lgolate P art II of the apparatus from each
a g

as and

As 18 obvious from Fig. |III,.1|

1eaning of the electro-osmotic cell,
and orxysotile clay plugs were
ted in Fige [III41] as K and C)

.11 ( “Pr.sen
tight rubber washers. The cell
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was filled with triple distilled water and allowed to stand

for several days, so that the ¢lay plugs were completely

wet with water., Hydraulie permeabili ty measurementes were

then made and when reproducible values ware obtained it was

concluded that the clay plugs were completely wet with water,

As shown in Fi&. [111.1], the erysotile plug was placed in

the vicinity of tha socket B~29 at X, of part I aad the

v
kaolinite plug was placed withithe B-29 oone at X, of part II,

This was pu
permeabilities torough the series array, portion EX, of

part I with the B-29 socket and portion Q112 of part IT
cone ocould be taken out and joined together whensver

ro-osmotic cell with the series

roosely doue, because, for the measurement of

with B-29
to gj,vé an elect

desired,
(rig. (111 2]).

clay membrane

ror tho measurement of hydraulio permeabilitiens
and composite parallel array

wnown DIEsSuUre differences wers applied

conneoting the tube K.K, to a
ent of water in oapillary'L1L2

ana the moven
athetometer with a least count

gime using & o

a B%OD waton with a least sount of 0.1 seo.

qeurements of electro-osmotic velocitien
o”‘dtll'l and composite parallel array

gnowt potential differences were

the various olay plugs by oonnesting the
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10y

respective electrodes to the terminals of an electroni
nically

ooerated power supnly (Systronics, Type 612) and the wat
water

flow induced by ihb
was obgerved in the ¢
apillary 11152. Obviously, for the

surement of electro~ommotic permeability through the

e various potential differences applied

mea

pa,rallel ocompasite array membrane the electrodes S, and
1

were conneoted to one terminal of the power supply and t:,

&

a s, were commected to the other. The un-

el ectrodes 3, 2
certainty in the appli

In all the measureuants of

ed potential difference was + 0,05 V
electro-~-osmotic veloocity the

condition Ap=0 wi3 enforoced on the gyatem, The current
system was not allowed to exoeed 5 mA, For

gtrength 12 the

water in {he
experiment beocauss it was expected that the

i electro-osmotic cell was changed several
times during the
ctivity of ¢
electmdﬂﬂo

— watcer would inoreass due to slectrolysis

near the
entials aoross kaolinite, orysotile

gtreaming not
omposite 8FTRY
TR B (Pnilips miorovoltmeter 6020/90)

The
and serallel ©

¢f membrane syotems wsare measured
oz a8V
gerences were applied across the clay plugs

» the ompillery Dglg became stecady, the
was measured bY oonneoting the electrodes

plugs to the terminale of the V.2 V.M

the f10¥ i

otentisl of the sleotrodes, which was measured
Bm,ﬂuental mn, was taken into account

‘f“r the



1) ¢

while recording the values of the streaming potentials, The
aleoctrical resistances acroses kaolinite, crysotile, and
parsllel composite array of membrane syctems were measured
with the help of a conductivity meter (Toshniwal, Type
CL01/02A), and the values of the streaming current werse
estimated using the values of the resistances tims obtained,

It may be pointed out that for measurements of all the three

quantities,
velooclty and streaming potential through kaolinite, stop

was clossd and 14 was kept open. Similarly for the

vig. hydraulio permeability, electro-osmotic

eooK T,
gurements in the case of orysotile utop;\oook 134 wms olosed

mea
was kept opan, whereas, for all measurements through

the parallel composi te membrane both the stopcocks Ty and

1‘ were kept open. Stop~cocks !1 and rz were Jmpt olosed

throughout all measurenents.

After all measurements through the composite elay

memhrane consisting of xaolinite and cryeotile in parallel
array end

portion 311
Soptien §'Fp wiih the soue
;ho apparatus (Pig. [III.1]) ware taken out and joined

This gave an electro-osmoiic cell for the series

The electro-osmotic cell thue forwed is
ohe methods for the measursement

{¢s conetituent membrane elements were completed
with the sooket of the B-29 Joint of mx»t I and
of the B-29 joint of part II of

sogether.

m“m’o
w10ted in Pig. {111.2} .

¢ pydraulio pomabinty, slectro-osiaotio velooity and
0 _



nream.tng potentialg have already beepn describeg

All measurements in case of both

pm‘l and aemes
Somposite array membrane systems were made under Constang

an

teaperature conditioen by plaoing the o

lootro-o-ouo cel]
in a thermostat set at 40 . 0,1%,

ITI.3 RESULTS A¥D DISCUSSION

The data on hydraulio pomeability, eleotro‘ﬂﬂlaotio

Yelocity, streaming potential, and sireaming curpent

foxr
the Kaolinite-water, orysotilec-water ang the composi te

membranas consisting of kgolinite and erysotile olay Rombrang
elements in parallel and series arrengementy gpe
in Fige. [111.3] tn [II1.6]. The stratght 1ine o4, -
through the origin in Pige. [II1.5] to [I17.6] oontyrm 4,
validity of the linear 2nd lhomogeneous form of ¢y, Phenowena.

legioal equations (De Groot, 1966)

pPlotteq

(111.1)

I = Ly, &+ Iy (111.2)

spoxrt of water aad eleotuen
altanecus tran 4
for the sim

conﬂtitu'nt olay membrane elomentu 28 wel}
through the

es oonal st
ite membran |
i gq‘llation' (III_O_") and (In.t) ;' stands for
I ntands foi the flow of

compos

arrangemen

jume riux of wateXs .l.ctn“bo
the vo
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th)

AP and ) are the pressure difference and the eleotriocal
potential differenace respectively. The coefficients L

are called the phenomenological coefficienta. The valfetg of
the various phenomenological coefficients estimated from the
glopes of the straight lines plots in Figs, {ITI.3] to
[I11.6] are given in Table IIT.1. From the values of the
phenomonologica.l coefficients given in Table IIT.1 the

validity of ihe onsager's vaciprocal relatiens i.e,

Iyp = Dpg (ITI.3)

s for the constituent clay nembrane elements 1,0

is obviou
kaolinite and crysotile and also for the parallel and series

eomposite clay membrane systems.

A. The Paggel Compoaite Membrane

The data can be uiilised %o relate {he phsuomen elogical

joients oharacteriaing
coeffioients for the constituent olay

coeff the composite parallel membrane

as 5 whole %o the

menbrane elements, In the theory of Xedem and Katchalsky

(1963b) for the parallel componite membrane the linear

phncunolasl.oal relati

asoumed to be valid for ¢
conatituent membrane clements, It is

rallel to the

one between fluxass and foroes are
he compoeite parallel membrane

as well as for the

further casumed that the flows are p&

g-ocoordinate axis, norma) to nmombrane surface and are



TAELE III,1

Phenomenological Coefficients for Kaolinite,Crysotile,parallel
composite and series composite clay systems.

sy Taslimite  Crymewle UL, (0nCite
Ly X100 (e’ see”' am ) 2.245 2.449 4.762 1.173
Lo 210 (e M7V 2.857 12.000 15.00 3.70
Iy 10 (e &Y 3.175 .83 15.66 3.402
Ly, x 10 (0w ') 5.55 7.693 12,33 3.034

FIT



independent of x. The force considered are differences of
the potential aoting across the membrane, Since the game
compartment maintains contact vith all elements on each
side of the membrane, the same forsce which operates on the

parallel somposite membrane is also onerative on all the

aonstitvent wembrone ~lements. Thias seens that the forces

are perne& diovlar to the mermbrane surface and that no
lataral foroces have to be gonsidered and hence no lateral
f£lows ercating internsl ciroulation need to bs considered
and 211 1lines of flows may bo assumed to be parallel, Thus
the total flow through the narrllel com»osite membrane is

asgumed to be the sum of the to#al flows through the consti-

tuent membrane glements., Thie in the pressut cuse of

narallel comroaite olay merbrane would mean

(Jv‘): 0 - (Jv‘):d:’ * (va-o (IIII“)
(,T‘); - (J,‘):_ ; (J"‘):-o (IIX.4D)
A=0 o
k (1)° (III.44)
(1)? = (I) s oP=l d
oP=0 AP=C

x and ¢ stand for the parallel composite

yne sunersexrip¥s p,
e olay membrene and the arysotile olay

mephrand, k&ﬂlinit

du



membrane rescecbively., The date on hydraulic permesbility

and electro-osmotic veloocity, given in Tables III.2 and
I1I.3, oonfirms the validity of equations (IIX.43) and
(XI7.4b). Bquations (117.40) and (III.44) represmt the

well established combination rules for tho flow of electrical
current through conductors arrsnged in parallel to each

other., The streaming current date in Table I11.4 confirm

tine vaildity ol eguation (1II.40)., In view of the validity

of the linear phenemenological equations (IIX.1) and (III.2)

for the composite parallel membrane and i%s conatituent

rane elemente and the fact that the eame force which
parallel comnpogl te membrane 18 also

memb

operatea acropd the
operative on the emstituent clay membrme elements, the

squations (III.48) to (III.44) would in turn imply

() (e - (3)a

(T1I.5a)
X ¢
or Iog, = Ly, + Iy
.. e
()" -G e @)
- u .
=0 aps0
ap=0 (IT1.5b)
o
or 1':2 - sz - Lio
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P k °
&) o
=0 <;§€> =0 " <T%i> =0
(I11.50)
or Lg1 =2 l’og1 + L;1
and
P k e
B, B @
(I11.5q)
or ID, - L3 . I
The validity of the combination rules (III.5a) to (III.Sd)

ie obvious from the values of the phenomenologj;oal

coefficients given in Yable-III,.1,

In view of the validity of the ocombinatign ™mis s
(III.58) to (III.5d) the eleotro-osmotic pressure rop the
parallel composite clay membrane 0an be shown to be related
to the electro-osmotic pressures for the constituent slay
grembrane elements by the following eguation

&) - &) @) @), F) o

Similarly for the streaming potential

@) -3 () @) @) oo



B. 3eries Comrosite ¥embrane

In thia seotion we will try to check the valdity of
]
the combination rules for the various phenomenologioaz_
coefficients in the case of the séries composi te membyran
; e,

Tha osgsumptions made Iin the treatuent aof fedem ang
Yatohalslry (19630) for the perueability of a g9les compoait
o . e

membrane are summarisad baelovs

In series array the same flow passes all the elements

(a)
and the partial elementary flow equals the ob servable
external flow. All the flows passing through the systen
are assumed to be ssationary.

(b) The potentials of the thermodynamic driving forces

are assumed to be continmuous aoroes all boundaries
in the aystem (Eedem and Katchalsky, 1963c Ki riwooa,
1954), The condi tion of continuity 4n the ™ esent
oase is equivalent to the statement that the forge, —
additive aoross the system, that is the thermodynamio
forces aoting across the series membrane are squal to
the sum of the foroes acting aoross the congtituent

membrane elements,
Phe adova condition of gtationarity of flows, in the mesent
ocase of Gomposite seriss olay membrans would mean

9 (III.8a)

] k -
) = (¢} (Jy)m-o

(‘I' 4.0 ')“



7:)
12

{_I )8 » g k = ¢

¥’ aPw0 ( ")‘_,p.o (J').mo (11r.8p)
I 8 = k » e
W o ) o 12 (1I1.80)
) ) ot o (I11.84)

Similaxly the condition (b) of the additivity of farces in
the present case would mean

(22)" = @ . (w)° (I11.9)

(h)° - ()" s (ah)° (II1.10)

wuere the sipersoript s stands fox the series composite

maudrane., If the ooupled Zlow prooesses in the serigeg
composite membrane and in the constituent memdbrane 8lementy

are adeoustely desoribeé by the linear phenomenolozical
relations,oue gets from equations (I1I.9), (I11.10), ang
(I1I.8a) to (I11,84) the following combination mules fop

the various phenowenslogical coeffiotentis,

_.1_ - L. * ;é- (III.11a)

Ly Ly 11

=t , - ;;}- (III.11b)
. (IIT.110)



12,

1
T = ;‘é‘ + -l
22 12, (I1I.414)

In order to test the
> postulate of addit
ivity of fo
- Torces

5 & dmp'
Ziven by equationa (III.Q) and (III.‘lO) the meaour
n # ) ) y 3 ’ |
end ellectrical potential drops aoross the oconstituent
] e 0183
l]&.]hl‘dda elemca te GOI’I'BBPOHGJ.D"‘ to certain fixed val
& ues of

total applied @ and P a0xos3 the composite series ol
ay
mambrane nere estimuted from the data en hydraulic p
ermeability

md eleotro-osmotic velooliy for tihe couposite clay mew
@orane

and for the goastituent olay uembrane elements, using th
: e

mothod adopted by Srivastava and Jain (1975b) in earlie
er

studles. Ia doiug this the condition of stationarity of
flows given by equations (IzI.8a) tv (1iI.84) was presup
posed,

e detalled progedure adepied for estimation of the pre
8sure

drops and elactrical potential drops aGroés the coastituent
‘4 n

clay membrens &l ements, is described below,

Znown presmire differences wer applied across the
geries olay membrane and water 110w (Vy)ppe0 ™o Doted, 1f

one assumes the oondition (ITT.8a) of stationarity of flow
11 4, the value of water flux thus noted %¥ill also de

¢ water-flow through constituent membrane eloments
ané erysotile. /nis being 89, tue pressurv

to ba va
the value ©

1909 ikaolinite

dropa across the
ve & for waolinite and erysotile

trom the plot of (J')_,‘:o



Table 1711.5.

For checking the additivity relation (IIT.

10) a
similar procedurs was sdopted,

Known electriogl potentiay
differences were applied aoross the 86ries membrane and the

values of the electro-ogmotic velooi 1y measursd, Using the
Gondition (III.8b), the values of eleotrical potentiay drops
aoross the oonstituent membrane elements, i.e., ()X ma
(&)° were evaluated from the eleotre-osmotic velocity data
(Fig. [II1.4]). The values are recorded in Table ITT.6, 4
perusal of Tables III.5 and IIT.6 reveals that the additivy ¢y
postulate of forcee holds good for AP (equatien IXY.9) dut
not for s (equation ITI.10), Form this it can be soncludeq
that the character of J, indiced by &) alone is mioh AL rerent
from the oharacter of flow induced by &P alone. Singe
equation (I111.9) has been found to be valid and equation
(I1x.10) l:;as not been found to be valid, the eobvioug eonolu.
sion would be that combination rule, equation (IIT.11a) gop

L., is obeyed vhile the combination rule, equatien (IH'""J
11

does not hold good., On account of the validity of the

Onsager's reciprooal relations for the series olay system
nsa

the ocombination rule (III.110) for the oross ocoeffioient L,
binatien rule (IXI,11d)
t hold good. The com
would also no
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PAMLE I11,6

tal applied electrical potential difference
o membrane (4§)" and the consequent electri~
pr acrose the constituent membrane elements
electro-osmotic velocity data.

Yalues of the %o
across the serie
cal potential dro
caloulated from the

7y), ® 10t ()" (ch)® (ab)*
on® sec™! (v) (V) (V)
2.50 8.50 2.50 6.75
5,00 17.50 4.50 13.25
.50 26.25 6.75 20,75
55.00 8.75 26,00

40,00




l ::.; r'd

for
the coeffioient I.22, whioh resresents the well known

Kirchoff's 1aw for the 2dA1 tiVity of eleotrigay o
ances

was, however, found to be valid,

Ce. Efficienoy of Energy Convarafes

The non-egquilidbrium thermodynamio theory of the
electro-kinetic energy conversion based on linesy phenomeng-
logioal lawa and Onsager's relations, has been worked out
by Gross and Osterle (1968), Morrison and Osterle (1965) ang
Oaterle (1964a,b). Accarding to their detinition, the

efficiecnoy of cnergy conversion for the two reciprogal phenomeng

of electro-oemosis and gtreaming potemntial can be wrl tton

Jy &P J_&apP

o = " 14 ST @ (I11,12)
97 (2)%/r
and Yz‘ = .-J—'—a— - = -_J'.AP (III,13)

respectively. The subscript @ stands for the phenomena
of electro-vemosis mmd y stands for the phenomenon of

streaming potential, The negative sign in equations (IIT,42)
and (III.1%) indioates that the output fluxes and forces are

in the Adirection opposite to that of the input fluxes and

foxces. From the disoussion of the efficiency of the

electro~kine tie energy conversion defined by equations (III.42)



re-
oo
C

and (IIX.13), as outlined in the previous chapter ¢
he

following conclusions oan be drawn (Srivastava and Jal
n,

1975¢)

(1) fme maximum value of the eneray conversion effioci
ency

M)m zor a fixed value of input force, always

ogours when the output force equals half its steady
a
gtate value.
= M
(11) The values of ((Ugax are independent of applied
input foroes.
whioh &8 & consequence of the

(118) odmax = (lmax
validl t¥ of Oneager's yeciprocal relations.

fhe values ofYV] 4 and Yy at various values of the

foreces panging be

tweenl SOX0 and their steady state

clay membrane glements and the
gorresponding to

ues of input foroes WeIe caloulated fxrom the
[III.S] to [III.6]. The method
in the previocus chapter

¢ resulis which heve been

the validity of all

output

paral].Cl
two fixed val

transport data
of caloulation has been desoribed
gection 3,B). ¥rou th
] and (111.9}

gted above ie

glven in Figse

(chap ter II
o in Figse [TTTT

ee cond jusicne 11

plotte
obvious,

the thr
(1968). Morrisen

ross and osterle

(19643.!:) ghionh is based on

m the theory of G

Fro
and osterle

mnd osterle (1965),
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the validity of linear phenomenological relations and
Onsager's reciprocal relations, as has been shown in the

previous charter, the relationship between (")) __ and the
Umnx

figure of merit § is given by the equation

1
(1+B)!-1
(I1I.14)

(Vgax = 3
(148)° + 1

where § 18 related to the degree of coupling q in the
fcllowing manneér

. (-

-1
fie . ) (117.15)
o

- esent the output and input
oupling as defined by Kedem and

enonenalogiocal coefficients

The subasoripts o end 1 re

quantities. The degree of ¢

OCanlan (1965) is related to the ph

by the equation

: - ;"m (II1.16
3;- Iyo )
en sccount of Onpager’'s iheorem follows the equality
S0 = Pot (I11.17)
which in turn implies the relationship
(III.18)

(?o )llx - (?0)-3
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The values of B
and
("))-x for both the modes of conversio
n

h
ave been c¢aleulated from the values of phenomenologi
glecal

c
oefficients (Table III.1) uslng equations (IIT,14) ang

(III,15) and are given in Table III.7. From the data 4
ata in

Table III.7 the agreement between the values ( ) &
caloulated and th K et
ose obtaired from Pigs. [ITT.7] ana
[T11.8] 18 obyious in all the cases. The data in Tabl
e ITI.7

also confirm the validity of equations (III.‘;) amad (II’I 18)
o
fopr £11 cases, 1.2y oonsti tuent clzy membrane elenonts d
= an

the parellel and sexies comorite clay membranes,

The degres of coupling g for the parallel composite
olay membrane, which is intimately related to (V. . through
max

equations (III.14) and (III.15) can be shown to be related
the constituent clay membrane

to the degrec of coupling for
alements by the f0llowing equation

k o )
91 * L22 o Legy » Do
(I11.19)

+ q
ERTREIR

qp - qk X
(15 #154) (Lg2#72)

aity oz the combination rules given by

,5d4) for the parallel comosite

) 18 a useful relationship

on agcount of the vall

equations (I11.58) %o (111

The equation {(111.19
enables us to prediet the values of ¢’ from

because it
knowledge of the values of phenomonological coefficients for
ginee the combination

the constituent

membrane.

membrane elementa.
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j 13 ‘4

rules for the cross coeffiaients given by equation (IrT 11b)

and (III.110) were not found to be valid in the case of
series acomposite membrane {t s futile to look M p 2 relaty
on-

ship similar to equation (IIX.19) for the series composite

menb rane .,

I1I.4 REFERENCES

Babeok, X.L., and Overstrect, R. (1955): The thermod
of poil moilsture s a new approach, Soil gﬁ?ﬁﬁ?agég?

Baver, L.D. (1956): Soil Physics. Wiley, New York,

Bolt, G.H., and Frissel, M.J. (1960)s Thermodynamic
’ moisturo. Neth. 5. Agr. Scl. 8, 57. 8 of soilg

Cary, J.¥. (1964)3 An svavoration expe riment and its jrre-
versible thermodynamics, Intern. J. heat and mass

tranafer I, 531,

Childe, E.C. (1969)s An sintroduction o the chysiosl bamis
of soil water phenomena. Wiley (Interscience), New

Yorxic,
5.R., {1966)¢ Thermodynamics of irreversible processes

De Groot
45th resrint. North-folland, Amsterdam,
of thermodynamics to soil

De Jong, E. (1968): Applications
g;oiéhsro. Proc. Hydrology Symp. 6th National Research

Council of Canada,
ABL . (1943)s Thermodynamios

Edlefsen, N.B., and Anderson,
of soil moisture, Hilgardia 13, 31.

He 69)s Non-equilidrium

¢,H. (1969) .

Groenevelt, P.H,, and Belt,
1 water system,

thermodynamics of the soi
1. 3%8.



j e.ju

(1968)s Mesbrane tranepert

Groee, R.J., and Oaterle, J.F.
characteristios of ultrafine capillaries J.Ch
o . en,

Pbys. 49, 228,
Hadas, A,, Swartgendruber, D, Rijtema, P,.E., Ruohs
5: Ecological uzud.iea 4 !:-*and

Yaron, B. (eds.) (1973
Physios of soil water and saltas, Springer-Verlag

Hillel, D. (1971): Soil and water-Physi
Academic Press, Hw g:i-k?muph“ ;g

Dezree of counlin
energy t:o:umrerls!.clg.m(x

processes.
Kedem, 0., and Caplan, S.R. (1965):

its relation to efficienoy of

Trons, Feraday Soc. 61, 1897,

0., and Xatchalsky, A.(19632): Permeabilyti
)
Elsotrical ourrent, sg;;m,,

Kedea,
comosite membranes,t.
flow snd flow ofsolute through membranes, PTrans
Favaday SOO-, 22' 1918. *

Kedem, 0. and Katohalsky, A. (1963a): Permeabilities of
composi te membrenes, 2. Parallel Elements, Trans

Faraday SoC. 22. 1931, =

0. md Tatchalaky, 4. (19630)s Permeadilities of

composi te mMemoranes, 3. Series array of elements
(19%4): In fon transport aoross membranes,

Kirkwood, J.G.
ir (0'131:-1:0 ed.) Acadmie Press, New York.
4961)s Physical ohemistry of olay-water inter.
Advan, Agren. 13, s
. a miller, R.D., (1955)s Theory of eapil}
nner,‘f‘;f’ '1?n Pmtioa:l implications, Soil Soi, ls’oc:.&Ilv
Amer. Proc. 13, 267.
and Miller, R.D. (1956)s Physical theory for
o J. Appl. Phys. 27, 324.

Miller, g.fﬁaﬂ £low phenomena.
7.F. (1965): Fleoctrokinetic energy

cap
terle
Fohe ﬂnd 0os ra}"n. capillari.sp Je Uhell. Phy..

Morxrison
o;nveru {on in ult

43, 2111,
: T.F. (1964a)s A unified trea
oa“rl‘imuios of ateady state energy

foi. Res. _1_2_' 425-
ctrokinatic onergy econversion,

J.F. (1964b)s Ele
"pl. '”h. n. 16’.

Keden,

Low, P.Fe
actions.

triont of the thermow

aonversion, Appl,

ontcrlo}



Philip, J.R. (1960); Absol
g e / ute
5041 wator studfes, Safgegi d“ma’""“’functiona in

SriVasta!'a, K.Cop and Avast P
«Co i, P.K. (1973)
effeots in a bentonite-wate~ syae?' S180tT0~ogmgt
£, 37. nite-water system, J, Hydroy , ke

Srivastava, R.C,, and Jain A.X. (1975a
thermodynsmios of efeotm—gmoaig 'J"::E?‘ %ﬁb‘““
comosite clay membdbrane, 4, The parallel ra!bngngh

» HBydrol. 25, 307. e fment,

thermodynamics of élcctra-oamous or‘;g%i;i :hrg-
composi te membrane, 2, The series arrangement ugh
J e Hydrol, 32’ 3. .

Srivastava, R,0. m@ Jain, AK. (19750);: Kon-eouilibpiy
thermodynamios of eleotro-osmosis of water throun
corwomite elay aembrane, 3, The electrokinetio e
couversion. J. Hydrol. 25, 339. nersy

Sriveptava, H.0., and Rajpal (1973)s Non-equilibrium
dyn;.m:los.'{n 8011 physics. Oxford ana 1B, New ;2;};‘1?-

Swartgendruber, D. (1962)3 Wodlfioction of darcy's 1lay
the flow of water in soils, Soil Sof, 93, 22, " °F
lor, S.A. end Oaﬂ JV, (1960)' M&lyﬁiﬂ of the ®i -
o 'taneorzc flow of water and heat of eleotrioi ty .,g",‘:lm
thermodynamics of irreversible processes. Trang,
Intern, Cong. Soil Sei,., Kadison, 7th 1, 80,

F. (1958)s Mass transpart phenomena in mojgst
W.tnterkf;;ogs aygtma a8 viewed fron the thermo-dynamicy
of irrcversible processes., Highway Res. Board, Sepg,

H@c ig. ,24'

4 Warkentin, B.F. (1975)s Developments {n
Yong, Réfe;t:ghnigal engiﬁee;ing. 5. £oil pronerties ang
behavior, Eleevier Soientific Pub. Co. Amsterdam,



l"i 'a

CHAPTER IV
KMQ-0UQSIS THROUGH COMPOSITE Cray
Iv, Introductt
1 0 on 135
Iv,2 Phenomenolegical relations 139
Iv,.S Experimental 142
A. Anparatus 142
B. Procsdure i
IV.4 Results 146
IvV,.5 Discussion 150
Ao The parallel composite membrane 150
B. The series composite membrane 156

IV.6 References 160



130,

ERMO-0SMOSIS T GH COMPOS CLAY

IV.1 INTROIUCTION

The fact that temserature gradientes ¢an induce wate
movementis in goile has been known for over the last 60 ye )
(Bouyoucons, 1915), Studies on the relative imnoriance a::"
the interaction of tharmal and suction gradients {n trans-
porting soil moisture were carried out by Hutohison, etal.,

{1948), Philip and DecVries (1957), Tayler and Carxy (1560)
]

Cary and Taylor (1965, 1966). Taylor and Cary in their

analysin of tne simultangous transport of water and heat
through #0il systems made use of the formalism of frreversible

thermodynamics. A brief but coneclidated acount of the
utility of non-equiiibrium thermodynamics in the study of

gimultaneous transport of matter and energy in noil systems

ig available in the recent monograph by Srivastava and

A8 already stated in the previnus charter, ledem and

Eatchalsky's non-equilibrium thermodynamie thoory for the
1ty of composite membranes was prirarily intended

permeabll
Experiments exploring the extent

for biological membraenes.

to whioh this theory oan be ugeful in analysing the dsta
one comes across

on flow through composite porous media that
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in geosystems, e.g. porous soils or rocks having layerea
etructure, have been degoribes in the mr'evious chapter
(ohapter III). Since migratioh of water under thermal
gradiente i3 an important phenomenon with practical Gonsequen-
oes especially in agriculture, the studies reported in the
previous chacter (Chapter ITI) have been extended in thie

Shapter to the case of thermo-~osnmosis of water through

ocomposite clay membranes.

The hydraulic permeability and thermo-osmotic permea-

bility measurements for parallel and series composite olay

membranes and also for their oconstituent elay membrane

elemante have been made, The data has been utiliged to

test the validity of the combination rules as deduced by
Kedem and Katehalsky (1963a,b,e) connecting the various
phenomenologicsl coeffiofents, for the total composite olay

membranes and the corresponding phenomenological coefficients

for their constituent clay membrane elements. The compogite

¢lay membrane systems chosen for the present studies also
were (1) Kaolinite and orysotile olay membrane elementsg
arranged in a parallel array and (2) Kaolinite and orysotile
clay membrane elemecnts arranged in a series array,

IV.2 PHENOMENOIOGICAL RELATIONS

Although the phenomenologiocal relations for the simul-

taneous transport of water and heat kave been described in
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Chapter I (ssction I.3.C), these will be raeveated here again
for the sake of the continuity and readability of the chapter,
When two chambers containing a eingle fluid (say water) are
separated by a porous barrier, the pore sige of which is
aomparable to the mean Iree path of the permeating fluid and
a difference of temperature is maintained on the two sides

of the porous plug,migration of filuid occurs and a pressure
difference AP sets up in the steady state corresponding teo

the temperature difference &P, PFor such a situation the

equation for entrepy production ¢ oan be written as

(De Groot, 19663 prigogine, 1368) -
(Iv.1)

(-8 ) es (-5)

masa flow of water and the heat

G‘-J'

present the

here Jg and J q re
is the spoific volune of water. The

210w respectivells v
phtﬂallnoiogical rel
of water and heat acro

ations for the simultanecus

linear
pe the pormue plug can dbe

transport

written as
(1v.2)

. (-ffe)*‘wz ("ﬁ)

Tw

%) (IV.3)

J_ = Dy (‘-!f)'hmz('Q

a
phenomenologioal

IV.3) x,ik'a are the

In equationd (1v.2) and (
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coefficients and the squality
L = L
12 21 (IV.4)

holds among them on account of Onsager's reciprooity theor
en,

From equations (IV.2) and (IV.3) 1t follows that

= LZ w
(Jgﬂ')al‘-o 1711 - 9 (1V,5)

The quantity g® is known as heat of transport and is defined

as the heat transported per unit mass transport when thare

is no temperature difference across the porous plug. In

the steady atate when .T“r = O, the equation

L
( )J'. 5 z, 1 (1Iv.6)

for thermo—osmotic pressurs difference can be deduced fyon

equation (IV.2). The relationship

»
(/o) - - & (xv,7)
-.T"-O ¥v7T

batween thermo-osmotic nressure difference and the heat of
ence of Onsager's reciprooal

tranaport follows ag a consequ
relation (IV.4). If in the given gystem pressure is not

allowed to develop the equation
L . v

(- J')Ar.o o2
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for thermo~cemotio velooity can be deduced from equaty
ation

(IV.2) by imposing the restriction (P=0,

IV,3 EXPERIMENTAL

A. Apparatus
The thermo-osmotic cell used in the present
It conaisted of mix parts

studies

has been depicted in Fig, [IV.1].
Part I, I1, III and IV oonseisted individually or 8lass tubes
Aghny B' o C and D1:D2 of length 12 oms and diameter 4 onm,
Each of the tubes A1Az. B, By, O'C
outer jacket, through whioch waler at desired temperature coulg

2 and DD, contained an

be oirculated, and each of them were fitted with a B-14 mocket

at one end and a #liding etandard ground glass jJoint at the

The part I end part IIT or the mrt IT and part Iv

other end.
ocould be joined or detached from each other through these

The mrt V of the apparatus

sliding ground glass joints,
consisted of a glass tube bent twioce at right angles with B-14

cones at the ends E:1 and Ez. The tube 0102 provided in
Pars v1 of

part V sould be connected the pressure head.

the apparatus was alsc a glass tube bent twice at righg
?2 and a capillary

anglee with B-14 cones at the ends ¥, and
L 11‘2 of length 20 om and diameter 0,232 em, The water flux
was measured by noting the rate of advancement of water

"2' The purpose of the two step-

mintscus in the ozpillary L.'
in part VI of the apparatus wae to connect or

cooks T1 and ‘1.'2
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disconnect the two halves of the thermo-osmotic cell (L
€.

parts (I+III) and (II+IV)) with each other as and when

The purpose of the other stopcocks 13, T, and %
4 5

r bubbles if any vhile filling

required.
was simply to remove the al

the apparatus with water.

B. Rrocedure

After a thorough oleaning of the apnaratus, compressed

i1te and crysotile olay plugn were placed at the ends

kaolin
d
an 52 of the tubes A1A2 and 8152. The part I wae then

art IIT and part 1I was 4oined with part IV
These two portiens

A
joined with p
tarough the gliding ground glass jointe.
4,0, parts (I+I1I) and (11¢17V) were then joined together

through parta ¥ and VI.

[IV.1]) was used for
The thermo-

The arrangement thus obtained
measurements on the parallel
oamotio oell (Fig. [IV.1])
11ed water and was allowed

(Fig.
{te membrain®.

1103 with triple diatl
s0 that the elay plugs were completely

compos

was then fi

to stand for gevaral da¥s
In order %o teat whether the clay plugs were

+h water or not hydraulie permeadbility

values vwore

wet with water.

acompletely gaturated wi
ntes were made., When mproduoiblo
plugs were comoletely

mensurene
at the cla¥

obteined, 1t was ooncluded th

wet with water.
o nermeabilitie® threugh

Por the peasurensnte of hydrauli

kaolinite, exysotile an



system mown pressure differences were applied across th
88 @

h r

and the movement of water in the capillary L.L., was noted
172
with time using a cathetometer with a least ecount of 0,00
V01 om

and a stop watoh reading upto 0.1 secs,

For the measurement of thermo-osmotie velooities,
temperature difference 4r aoross the clay plugs was created
by ocirculating water at different temperatures in the cuter
jaokets of parts I, II, III and IV of the apparatus and

water flux induced by the temperature difference thus

oreated was measured by noting the movement of water minisou
]

in the capillary I.,I-z. In all measurements of thermo-osmotic
velocity the condition AP=0 was enforoced by adjusting the

T™he temperature differences in the measure-

pressure head.
of thermo-osmotio velocity were mo adjusted that mean

merts
temperature did not vary. The mean temperature was kept
constant at 45%¢C. The hydraulic permeability measurements
were also made at 45°% ., For this the entire thermo-osmotio
oell was placed in an air the

pointed out that for the measurement of both

mostat set at 45.0.

1t may be
p.g..bj.nty and thermo-osmotio velooity threugh

hydraulic
was olosed and !I!2 was kept

kaolinite plug the stopeoek T,
y the measurements through orysotile plug

epen. Similarly fo
was kept open whereas for

the stopeook T, was closed and 1'1
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the measurements through the parallel composite ¢lay membrane

both stopcoocks T1 and T2 were kept open, The stopcooks T,,
T‘ and 1‘5 were kept closed throughout all measuremsnts,
After all measurements through the parallel composite
clay membraine were completed, the part I of the apparatus
was Joined with the part IT through the sliding grouna glags
Joint. This gave the thermo-osmotic cell for the measurements
on the series olay membrane and has been shown in Fig.|1IVv.2|,
The method for the measurements of hydraulic permeabili ty
and thermo~osmoiic velocity in the case of series membrane
aleo were gimilar to tﬂoso described for the parallel comnosite
membrane. While measuring the thermo-osmotic velosity rop
the series composite membrane also, the temperature differences
aoross the series composite olay plug were so adjusted that
the mean temperature was always 45’0. The hydraulic permes-

bility measurements, in this case also, were made at 45%,

IV.4 RESULTS
The data on hydrsulio permeadility and thermo-osmotio

veloeity for the paraliel componite clay mezbrane, the seriey
composite olay membrane and their constituent olay membrane

elements are plotted in Figs. [IV.3] and [IV.4]. It may be
ntioned that the thermo-osmotic movement of water as observed
me

coldey
in the present studies was alwsys from warder to the oo

side,
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IV.5 DISCUSSION

The etraight line plots in Fig. [IV.E] and [IV.4]
oonfirm the validity of the linear phenomenological equati
(IV.2) for both the parallel ocomposite ¢lay membrane ana -
the series composite ¢lay membrane and also for theip
constituent clay membrane elements. The values of the
phenomenologioal coeffioients L" and 1'.12 obtained from the
slepe of the straight line plots shown in Figs, [IV.3] ana
[IV.4], for the various gystems studied are recorded in

Table 1V.1,

A. The Parallel Composgite Membmgns

The treatment of Kedem and Katchalsky (1963b) for the
parallel compoaite membrane assumes that linear phenomeno-
logical relations between fluxes and forces are valid for
the parallel composite membrane and also for the constituent
clay membrane elements, It ie aleo assumed that flows are
normal to the membrane surface, parallel to the x-axis and

indenendent of x. The forces considered are differences of
the potentials acting eoross the membrane. Since the same
compartment maintaine contaot with all elements on each
side of the membfane, the same force which acts on the

parallel comvosite membrane also operates on the oonstituent



TATLY IV,.1
V. £ the Phenon ¢al Coeif
Mazbrane System 11 12
= glzdeg erg 'sec”!  gm deg seo™!

Kaolinite 7.35 1.00
Crysotile g8.35 1.55
Comrosite series array 4,00 2.05

13.63 2.60

Composite navallel array
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membrane elements.
e th: i T:is implies that the forces are per-
e o e:m rane surface and no lateral forges
resing tner 1ﬂmm:t;t:ulaf:!.cm need be oconsidered., Thus
e totaa Sov ¥ ozgththe parallel oomposite membrane ias

e total flows through the constituent

membrane
elements, Thie in the present would mean

k
@)’ e ) e Gy
A= v a0 s5)
P k
) ]
v im0 (J')AP-O * (J')APIO (IV.10)

o .

xsolinite clay membrane elements and

composite membrans,
The data on hydraulie

orysotile clay membrane eloments.
”"‘)}Il” and thermo-osmotic velooity given a1 Tables

Iv.2 and 1v,5 confirus the validl

In view of the validity o

2) for the parsilel
pane elements (Figs.

whioh aots

ty of equations (IV.9) and
¢ the 1lineéar phenomenc~

(Iv L ‘O) L4
aoﬂpcﬂit‘ 018’

logiocal
membrane and ite cond

gquation (Iv,
¢4tuent oley memd

a the faot that same foroe

nonst!.'hlmt
would in tum smply
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and
P K o

L
12 = Dy ¢ I, (17.12)

Values of the phenomenological coeffiocients given {n Tabdle
IV.1 confirm the validity of the combination Tules given by
equation (IV.11) and (IV.12). In view of the validity of the
combiration rules given by squation (IV.11) and (IV.12) the
thermo~osmoiia preasure difference for the composite parallel
membrane can be shown to be related to the thermo-osmotio
pres3ure differences for the constituent olay memdrane

elements by the equation
1

» X l.'k1 o 1°
(3/3).1'-0 - (ﬁ):'-o (x.:,oni,)* ('s).r'-o <r.:,:r.5"> (1¥,13)
The equation (IV.13) on account of eguation (IV.7) can de
reawritten as

° ik Lk 0 © 1‘°1
() =(q) ;f'-gi + (a) Gﬁ) (IV.14)

which gives a relationship between the heat of transport for
composite parallel clay membrane and the heats of transport

for the consgtituent clasy membrane elemenis.



B., The Series Comuosite Membrane

The assumptions made in treatment of Kedem and

Eatchalsky (1963c), for the series composite membrane are

gurmarised below:

(1)

(2)

present caPo,

where the sup®

In the series array the same flow passes all the
elements and the partial elementary flow egquals the

observable external flow. All the flowe passing

through the system are assumed to be stationary,

he thermodynamic driving forces

The potentials of ¢
e nontinuous across all boundaries

are assumed %0 b
in the system (Keden and Katohalsky, 1963c; Kirkwood,

1954)., This in the prosent case lmplies that the
thermodynamic forves aoting aocross the series compoasite
are equal to the sum of the forces acting

memb rane
aeroas the congtituent membrane elcments.

The condition (1) of gtationarity of flows, in the

would mean
8 k J . (IV
(J')AM = (J')M - (')M .15)
[ k &
e (I (1IV.16)
O oo " 00 o = 7 are0

rsoriot ® gtande for the gories membraneé.



3imilarly the requirement of oondition (1IV.2) of the
continuity of potentials or additivity of thermodynami o

foroes, in the present case, would mean

- B = k - o
(v 2P/T) = (Y a2/T) & (¥ ap/r) (IV.37)

and

8 K
(/%) = (/1) . (and)’ (17.18)

Equations (IV.17) and (IV,18) in view of the validity of the

linear phenomenological relations (IV,2), for the series
membrane as well as for the constituent clay membrane
elements (Figs. [IV.3] and [IV.4]), and the condition of
stationarity of the flows given by equations (IV.15) ana
(1V.16), would lead to the following combination rules for
the phenomenologioal coefficient,

o k ¢
Vigy = iy + Vigy 3. 19)

[ k .
iy = Vi * Vi o

In order to test the validity of the postulate of
additivity of thermodynamio foxces given by equations (IV.17)
and (IV,.18) the gcomponents of the total thermodynanic force
(vap/1) or (A'l'/l'a) acting aoross the series componi te membrune,
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TABLE IV,.5

Values of the total thermodynamic foroe (4T/T°) acting across
the series array of clay membrane system and its components
aoross the constituent membrane elements caloulated from

thermo-oanotic velocity data.

o) = W (@A) 'z 107 () x 105 (an/r%) % 105
am sec” ! (mg"'ll deg deg™?

0.5 2.5 5.0 3.75
1.0 5.0 10.5 6.50
1.5 7.43 14.85 10.52
2.0 9.85 19.50 13.00
2.5 12,00 25,60 16,05

28.85 20.75

300 150’5
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which aot acroes the constituent membrane elements, were
estimated from the transport data in Figs. [IV.3] and {1V.4],
In doing this condition of stationarity of flows given by
equations (IV,.15) and (IV.16) was assumed. The detailed
procedure adopted was similar to the one desoribed in the
previous ohapter (Chapter III section 3.B), The values thus
obtained are recorded in Tahles IV.4 and IV.5 from which it
is apparent that the postulate of additivity of forces holds
good for '7AP/§ (equation IV.17) dbut not for “m/;2
(equation IV.18). Consegquently the combination rule given
by equation (IV.19) for the ptraight coefficient L,q would

be obeyed while the combination rule given by equation (Iv,zo)
for the cross coefficient L., would nol be obeyed. This 1s

also apparent from the values of the phenomenologioal

coefficients ]?.11 and 1,12 given in Table IV.1.
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STMMA RY

This thesis embodies the work done by the auther on

'Non-equilibrium thermodynamice of coupled flow processes

through porous media'., The theeis contains four chapters.

A brief summary of each chapter is given below,

Chapter I
This ohapter gives a brief introduction to thermo-

dynamics of frreversible pmmoesses, Introduction has alsgo
been made to the formalism of Network thermodynamics whioh
is relatively a more recent development, While discuassing

the postulates and methodology of Thermodynamics of Irre-

versible processes, attention has been fooused on eleoctro-
kinetic phenomensa, thermo-osmotic phenomena and degree of

counling, because the work revorted in the subsequent

chapters are concerned with these,

Chepter II
Thig chanter describes the studiss conducted on
slectro-osmosis of binary 1iquid mixtures through a sintered

glags membrane (Porosity G~4); The three binary liquid
@i xtures chosen for the study are acetone-mothanol, acetone-



1bo

water, and methanol-water, The data demonstrate the validity
of the linear and homogeneous forms of phenomenological
relations for the simultanecus transport of matter and
eleotricity and Onsager's reciprocal relations for the

various mass fractions of all the three binary liquid
mixtures, viz,, acetone-methanel, acetone-water and methanel-
water. Concentration dependence of the phenomenological
coefficients for all the three binary mirxtures has dbeen
studled., It has been revealed that in all cases concentration
dependence of the phenomenclogical coefficient L,, renresent-
ing the volums flow per unit pressure differenoce and the
coeffiolente L12 or-L21 reoresenting the electro-osmotio
valocity or streening current conforms to the Speigler's
¢rictional model: while the concentration dependence of the
coerficient Lao representing eleoirical conduotivity does not.
The data have heen further utilised to calculate the effi-
ciencies of electrokinetic energy conversion 2‘1) for both

tne modes of gonversion, vig. ¢lectro~osmotic flow and

ing potential for all the three binary mixtures, The
8 obtained have been shown in all oases, to be
with the ngn—‘quinbﬂun therzodynamic theories

strean
regults thu
in accordance

by Gross and osterle, Zedem and Caplan, Morrisien ana

osterle, and psterle.



1t

chggter IIT

Theory for the narneability ofr Qompoat te memd raneg hag
been developed dy Xedem and Fatohalsicy, Thia theory wag
prinarily intended for binlogioal merhranes whien Are compogyte
struotures consisting of several laoyers or Mibatancen differing

in composition and permeabi ity charncteristica. Since auch

comnosi te porous media eg, porous soils or Trocks having
l~yered structure are of interest in Ze0sciences gg well ¢+¢
is worthwhile to exnlore the extent o which the theory of
Kedem and Katohalsky can be made adplicable to them, Studieg

reported in this chapter have been conducteg With thig

object ir view.
Eleotro-osmosls of water through Compogite olay
meabranes considting of kaolinite and oxysotsje clay membrene
elemente in parallel and in series arrangement has boep
studied, The linear ohenomenological relationg and On!ager'g
reoiprocal relations have been shown to be valig for boty

parall

also for the oconstituent clay membrane elements, The comby
nation yules for the various phenomenological °°°ff101ant. -
deduced from the theory of Kedem and Katohalsky have been
found to be valid for the parallel composite clay Hembrane,
Hewever, in the case of the series composite olay membrang tha

mbination rules have been found to be valid oniy Hr the
combina



J f.)()

atraight phenomenological aoefficients and not for the cross
coefficients. This suggests that, {n the case of series
composite clay membrane the nature of flow induced by electri-
cal potential difference alone ie entirely different from

the nature of flow infuced by pressure difference alone. The
efficiencies of electro-kinetic enorgy eonversions have been
caleulated for both comnosite clay membrane and alse for their
conetituent clay membrane elements, The results thus obtained
hove heen showm to he in accordance with the non-equilibrium
thermodynrmic theories of energy converaion i{n al) the oases,
The volidity of the combination miles in the cage of parallel
composite olay membrene has ylelded the following relationship
betweenn the degree of coupling 'q' for the paralle} composni te
elay membrane and the degree of counling for the conatituent

clay membrane elements

- q v a K _;0 14k
£

/1'11 : "zz °© [ 13y +13; .

0

where the subscript p, k, and o represent the parallel aomposite
membrane, kaolinite clay aaubrane, and orysotile clay membraneg
respoctively. Similsziy from the validity of the combination
rulee for the parallel composite membrane, following correla-

tions have been deduced for electro-osmotic pressure

(P/B)y wo and streaming potontial (:@/@)I.o.
v
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These correlations (equations 1,2 and 3) are helpful in
predicting the values of the respective quant{tyaes for the
parallel composite membraone from the knowledge of the pheng-
nenologicel coefficients of the oonstituent membrane elementsy,

Chavter IV

Since the movement of water through pomgyug barriers
induced by thermal gradients is an important Phenomangn with
practical consequences, studies reported in the Previoug
chapter (Ch. III) have been exteuded in this chapteyn ¢4 the
phenomenon of thermo-~osmosis, The objeot of thege studieg
also is to assess the extent to which Kedem and Kﬂtohalgkyu.
theory for the permeability of composite membranes, whygqy, wag
primarily intended for biological membranes can be helpryy in
analysing the flow data through composite porous media thas

one comes aorofs in geo-gysiems ¢.ge porous soils or rooks

having layered structure.
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With this object in view thermo-osmosis of water through
composite ¢lay membranes consisting of kaolinite and orysotile
olay membrane elements in parallel and in series arrangement
has been studied. Water flux in presence of both pressure

difference and temperature difference for both parallel and
geries composite clay membranes and also for the constituent

olay membrane elemente has been shown to be adequately desori-

bed by the usual linear and homogeneous phenomenological

equation . The combination rules for the phemomenological

coefficients Ly, and L,y representing hydranlic permaability

and thermo~osmotic permeabili
nave been found to be valid for the

ty as deduced from the theory

of Kedem and Katchalsky,

1l composite olay membrane.
however, the combination mles have

saralle In the case of the series

oomoosite olay membrane,

been found to be valid only for the ptraight coefficient Ly

and not for the cross phenomenologioal coefficient L.,. This

again gugeests that in the c¢a
re of f{loWw {ndnced by pressui
¢rom the nature of flow induced by temperature

ge of series composite membrane,

the nafu e ¢lifference alone is

mich aiffervent

a1ffexence alonce
mbination rules for L11 and Lyps in

validity of the 00
gite membrane has led to the

the case of parallel compo

ationship between the heat of transport of water

following rel
and the heat of

(o') for the parallol composite membrane
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transport of water through the conatituent olay memb rane

elements,

@) = (o')k< + (@) ( |
) L” ) (4)

Where the subscripts p, k and ¢ denote varallel composite
membrane, kaolinite clay membrane element, and orysotils olay
membrane element respectively. The above equation is a useful

relationship on aocount of its predioctive value.
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