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Abstract

In this thesis, the theory of classical non-equilibrium thermodynamics is used as a tool for
the analysis of transport processes in ion exchange membranes, and for designing experiments
for the determination of coupling coefficients quantifying the degree of correlation between
transport of heat, mass, and charge under operation.

Chapter 1, along with appendix A, give a brief account of the theoretical derivations and
assumptions leading to the constitutive relations and an expression for the local entropy pro-
duction, which are later applied to the special cases considered in chapters 2 and 3.

Chapter 2, along with appendix B, address the case of coupled transport of water and charge
carriers across a selection of ion exchange membranes in a variety of aqueous alkali and alkali
earth chloride solutions. Appendix B covers the derivation of the regression model needed
for analyzing the measured data, which is also a generalization of previous work. It is gener-
ally found that the transference coefficient of water, defined as the average number of water
molecules transported per unit of elementary charge transferred, decreases in magnitude with
the size of the charge carrier. The sign of this coefficient indicates that for all membranes
considered, the net transfer of water is in the same direction as the transfer of charge carrier,
and correlations are confirmed between water transport and water content of the membranes,
and also between water transport and the mass-corrected solvation entropy in external so-
lution. The water permeability, defined as the volume flux of water per unit of pressure
difference across the membrane, was also calculated by using the regression model. Although
the errors in the permeability estimates are large, likely due to membrane deformation during
measurements, the permeability is significantly reduced as the valence of the charge carrier
is increased.

In chapter 3, we consider a non-isothermal cell in order to measure the thermoelectric prop-
erties of ion exchange membranes. A flow cell was designed and built specifically for these
experiments. In order to combat the phenomenon of temperature polarization, the cell poten-
tial is measured with membranes stacked together in order to increase the effective membrane
thickness. A non-linear model is developed in order to find the Seebeck coefficient, defined
as the ratio of cell potential to temperature difference in the stationary state, as a function
of the stack thickness. This model is then used for assessing the stack thickness required to
eliminate temperature polarization, and to extrapolate to limiting values. The measured val-
ues of the Seebeck coefficients are then combined with the water transference coefficients from
chapter 2 in order to calculate the transported entropies of the principal charge carriers in
each membrane. The results indicate that in both cases considered here, heat is transported
along with the charge carrier. The Thomson effect, which is a heat effect due to the temper-
ature dependence of the entropy transfer, was found to be insignificant for all experimental
conditions that were considered.

In chapter 4, we present conclusions and perspectives for further work, along with suggestions
for improving the experimental techniques. The results of chapter 3 are used for discussing
the possibility of enhancing the efficiency of salt power plants by using them as thermoelectric
generators. Estimates based on these results indicate that a 40 K temperature difference can
increase the cell potential in a typical salt power plant by up to 50 %.







Sammendrag

Dette masterprosjektet omfatter bruken av klassisk irreversibel termodynamikk for a anal-
ysere koplede transportprosesser i ionebyttermembraner, og utforming av eksperimenter der
malinger av koblingskoeffisientene som beskriver korrelasjonene mellom transport av varme,
masse, og ladning er ambisjonen.

Kapittel 1, sammen med appendiks A, gir en kortfattet oversikt over den teoretiske bak-
grunnen og de fysiske antagelsene som leder til de grunnleggende transportrelasjonene og et
uttrykk for den lokale entropiproduksjonen, som senere spesialiseres i kapittel 2 og 3.

Kapittel 2, sammen med appendiks B, tar for seg korrelasjonen mellom transport av vann
og ladningsbaerere gjennom en handfull ionebyttermembraner i et utvalg vandige alkalie- og
jordalkaliekloridlgsninger. Appendiks B dekker utledningen av regresjonsmodellen som brukes
til & analysere eksperimentelle data. Vanntransporttallet, definert som det gjennomsnittlige
antall vannmolekyler transportert gjennom membranen per elementaerladning, ble funnet &
korrelere negativt med stgrrelsen pa ladningsbeereren. Transporttallets fortegn indikerer at
i alle tilfeller som ble undersgkt, ble vann i netto transportert i samme retning som den
dominerende ladningsbeereren. Det ble i tillegg funnet korrelasjoner mellom transporttallet
og bade membranenes vanninnhold og massekorrigert solvatiseringsentropi i vandig lgsning.
Vannpermeabiliteten, definert som det volum av vann transportert per flateareal og trykkdif-
feranseenhet, ble ogsé beregnet ut fra regresjonsresultater. Usikkerhetene i permeabilitetene
er store, antageligvis grunnet deformasjon av membranene under trykkgradienten. Perme-
abiliteten ble funnet & bli signifikant redusert ved gkende valens av ladningsbeerer.

I kapittel 3 méles det termoelektriske potensialet over et lite utvalg membraner. Til dette
formal, ble en helt ny termocelle tegnet og konstruert. For & redusere effekten av temperatur-
polarisering i malingene, ble membranene stablet sammen i tykke stakker, slik at den effektive
membrantykkelsen ble gkt. En modell ble konstruert for a finne Seebeck-koeffisienten, defin-
ert som forholdet mellom cellepotensial og temperaturforskjell ved stasjoneer tilstand, som
funksjon av stakktykkelsen. Modellen ble brukt til & ansla hvor mange membraner som ma
stables sammen for & gjore temperaturpolariseringseffekten neglisjerbar, og til a ekstrapol-
ere til grenseverdier for den observerte Seebeck-koeffisienten. Disse mélingene ble kombin-
ert med vanntransporttallene fra kapittel 2 for & beregne den transporterte entropien til de
dominerende ladningsbererene i de forskjellige membranene. Resultatene indikere at i begge
tilfellene som ble undersgkt, transporteres varmen i samme retning som ladningsbaereren.
Thomsoneffekten, som er en varmeeffekt som folger av temperaturavhengigheten til entropi-
transporten, ble funnet & ikke veere signifikant i noen av tilfellene som ble undersgkt.

I kapittel 4 gis konklusjoner felles for hele masterprosjektet, samt forslag til videre arbeid
og eksperimentelle forbedringer. Deriblant diskuteres mulighetene for & gke effektiviteten til
saltkraftverk ved & anvende kraftverket som en termoelektrisk generator. Resultatene indik-
erer at en temperaturforskjell pa 40 K kan gke cellepotensialet i et saltkraftverk med opptil
50 %.
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Chapter 1
Introduction and General Theory

We give here the background and motivation for the master thesis work, along with some
general theory that will be applied in later chapters. Practical expressions for the entropy
production are derived from assumptions of energy and mass conservation, and the second
law of thermodynamics. Analogous expressions for the excess entropy production of two-
dimensional surfaces, derived in a similar manner, will be useful for analyzing interfaces
between bulk phases. A brief account of the statistical foundations of the theory, derived
from classical statistical mechanics, is relegated to appendix A.
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1.1 Background and Motivation

Among the principal instruments for meeting the growing international energy de-
mands and restraining greenhouse gas emissions is the energy efficiency improvement
of industrial processes [1, 2]. An investigation by Cullen and Allwood [3] indicates
that low-temperature applications of high quality energy sources, such as electricity
and fossil fuels, exhibits a loss of around 40 - 80 % of potentially useful energy in
the form of waste heat, with heat exchange processes being the worst off. Further
investigations [4] indicate that a substantial fraction (> 60 %) of this occurs as low-
grade waste heat at temperatures below 100°C, with the largest share coming from
electrical power production. The higher end of these temperatures overlap with the
lower end of the temperature range of efficient waste heat harvesting processes such
as the Rankine cycle, and the exploitation of thermal gradients at lower temperatures
are mainly the domain of thermoelectric generators.

Thermoelectric phenomena are the macroscopic physical manifestations of statisti-
cal correlations between transport of heat and electric charge. The dynamical phe-
nomenon is the transfer of heat associated with the transport of charge carriers, known
as the Peltier effect. The reciprocal effect, which is the formation of an electric field
due to a gradient in temperature, is called the Seebeck effect. The Peltier effect has a
wide array of applications e.g. in heating and cooling, where temperature is regulated
carefully by controlling heat transfer by means of passing an electric current through
a thermoelectric system. The Seebeck effect can be used for extracting electrical work
from a temperature difference, using a thermal driving force for an electric current.

Solid-state semiconducting devices are traditionally dominant in applications of ther-
moelectricity. As thermoelectric generators, their efficiencies typically range from 5
to 8 % of the theoretical maximum demanded by the second law of thermodynamics,
and further development is largely restricted to expensive nanoscale-engineering [5].
This becomes one of the motivations for exploring a different concept for thermoelec-
tric generators — the ion exchange membrane. Such membranes are already being
used in the development of promising concepts in saline power production, where the
energy potential of mixing between sea water and brackish water is exploited in areas
such as estuaries, where the two aqueous solutions naturally meet. An interesting
question to pose in this context is whether the salt power plants can at the same
time be used as thermoelectric generators for extracting work from industrial waste
heat. To give a quantitative answer to this question, an account of the thermoelectric
properties of the ion exchange membranes in aqueous salt solutions is required.
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The degree to which electrical work can be extracted from a temperature difference
depends on the amount of heat transferred along with the charge carriers in the ther-
moelectric generator, called the heat of transfer of the relevant charge carrier. A large
heat of transfer means that the system can transport a large amount of heat down the
temperature gradient by driving the transport of charge carrier. This is a reversible
effect that competes with the irreversible Fourier type diffusive heat transport. The
loss of work by Joule heating is proportional to the electrical resistivity. An efficient
generator in the second law sense is therefore characterized by a low thermal conduc-
tivity, a high electrical conductivity, and charge carriers with large heats of transfer.
Reported values of the heats of transfer of ions in aqueous solution are typically two
orders of magnitude greater than that of electrons in solid state semiconductors [6],
and the thermal conductivities and fabrication costs of ion exchange membranes are
relatively low [7]. This gives the impression that the prospects for applications of ion
exchange membranes in aqueous electrolytes for thermoelectric power generation are
resoundingly favourable.

Although the ion exchange membrane may sound like a remarkably good fit for this
role so far, it is important to keep in mind that the membrane in aqueous solution con-
stitutes a multi-component system, with several degrees of freedom associated with
particle transport. In particular, it is important to keep in mind that the transport
of charge carriers through the system couples not only to the transfer of heat, but
also to the transport of other, neutral components. The transport of solvent along
with charge carriers in a membrane system is known as electroosmosis, and affects
the thermoelectric properties of the system because the solvent also carries heat. In
order to fully understand the operation of the system as a thermoelectric generator,
it is therefore important to also investigate this coupling effect, which is the subject
of chapter 2. Combining knowledge of this coupling effect with knowledge of the
thermoelectric potential of the system allows the estimation of the heats of transfer
of the ions in the membrane, which is the subject of chapter 3.

While we restrict our attention to ion exchange membranes in aqueous solutions of
chloride electrolytes in this thesis, the theoretical considerations will be of a general
nature with respect to the choice of cation. Experimentally, we will explore water
transport using several different cations, but will restrict our attention to sodium in
the thermoelectric measurements, as it is the dominant cation in salt power appli-
cations. An important question that we seek to answer is whether it is feasible to
improve the efficiency of salt power plants by creating temperature differences across
their working membranes, e.g. by means of routing waste heat into the plant, and
in which direction such a temperature gradient should be applied. Answering this
question can be taken to be the principal aim of this thesis. The answer, in light of
the theoretical and experimental results of the preceeding chapters, is proposed in
chapter 4.
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1.2 The Entropy Production

We identify the local entropy production as given by the linear force-flux relations and
general conservation laws. In this thesis, we are dealing with gradients in temperature
T, pressure P, and electrochemical potential ji. The systems include homogeneous
phases separated by surfaces. We will therefore treat couplings between the energy
flux J,, and molar fluxes J; of both ionic and neutral components. The notation
and methodology presented here follows closely that of the book by Kjelstrup and
Bedeaux [8]. In this work, we neglect viscous effects, electromagnetic polarization,
and magnetic fields. Central to the theory is the local equilibrium hypothesis, which
is the assumption that the system can be divided into microscopic volume elements
that can each be treated as an equilibrium system at all times.

1.2.1 Homogeneous Phases

The starting point of our analysis is the differential of the internal energy U

dU =TdS — PdV + > i;dN; (1.2.1)
J

with S the entropy, V' the volume, and fi; and N; the electrochemical potential and
number of particles of j, respectively. We rewrite this in terms of densities

Vdu+udV = VTds + TsdV — PAV + Y fi;Vde; + 3 fize;dV (1.2.2)
J J

with s and u the entropy and internal energy densities, and c; the molar concentration
of j. Homogeneity of u implies

u=Ts— P+ fic; (1.2.3)
J

such that subtracting udV from both sides of the equation, and dividing throughout
by V gives

du=Tds+ > fidc; (1.2.4)

J

which is the local form of (1.2.1). The local equilibrium hypothesis allows us to iden-
tify these local variables with the macroscopic equilibrium quantities. Rearranging
and dividing by an infinitesimal time interval dt gives

ds 1du

fij de;
Ba N ) 1.2.
dt T dt ZJ: T dt (1.25)

The time derivatives of the different densities can be expressed by local conservation
laws. Let J be the entropy flux. Then,

d
—/sd?’x = /Ud3x— J, - nd*x :/(a— V- J,) d®x (1.2.6)
dt Jo Q 0 Q
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in words, the total change in entropy in any volume element is equal to the total
entropy production inside the element minus the total entropy flux out of it. The
local form of this conservation law is

ds
—+V-Jg=02>0 (1.2.7)
dt
where the inequality expressing the second law has been included. For reversible
processes, we have o = 0, and entropy is conserved. For irreversible processes, o > 0,
and the total entropy of an isolated system increases with time.

The total energy is conserved, with the local form of the conservation law

du
—+V-J,=0 1.2.8
o TV (1.2.8)
i.e. the total change in internal energy density is equal to minus the energy flux out
of the volume element. Finally, conservation of mass gives
de;

k

which states that the total change in concentration of component j is minus the flux
out of the element, plus whatever amount of j is produced by all the chemical reactions
occuring with reaction rates r* and stoichiometric coefficients UJ’?. In the systems
considered here, we assume that no chemical reactions occur in the homogeneous
phases, and therefore r* = 0 for all k. Inserting (1.2.8) and (1.2.9) into (1.2.5) and

applying the product rule gives

% _ v (W) 43,V (;) + ;Jj : (—v (’;3)) (1.2.10)

Js o

where we have identified the entropy flux and the entropy production. We see that
the entropy production has the bilinear structure of euclidean dot products between
fluxes and their conjugate driving forces, as in (A.13). This form of the entropy
production is a fundamental starting point for analyzing homogeneous phases. We
note that the energy flux in an electrochemical system is

Ju=Jg+¢j=J3g+ > zFJ; (1.2.11)
j€{ec}t

where {cc} is the set of charge carriers in the system, each with charge z;F, ¢ the
electrostatic potential, and J, the total heat flux. For deriving expressions defining
experimentally available quantities, it is most often more convenient to recast the
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entropy production into a form that uses the measurable heat flux J ; =J¢—>,;J;Hj.
We write out the electrochemical potentials

Viij =Vu; +2;FVi (1.2.12)

where z; = 0 for neutral components. One can obtain the properly conjugated forces
by the following transformation

A
Vi = Ve + 57 TANT = Vpr + TSV < ) (1.2.13)
such that
Hi\ _ Vi , . 1)_Wa:T ‘ <1>

with the result being that the second term from the chemical driving force cancels
the enthalpy terms in the heat flux. We define the electric current density

i=Y_%FJ; (1.2.15)

then, the entropy production is

a:(J;+j¢).v<;>+j.< ( )>+ZJ ( V“J’) (1.2.16)

or, applying the product rule
1 . VT
a:J;-V<T)+J-( )+ZJ ( = ) (1.2.17)

from which the conjugate flux-force pairs are easily identified. It is important to note
that the measurable cell potential is not a difference in . The measurable poten-
tial must be that representing the total work required to move the charge carrier
involved in the electrode reactions, and will therefore also include its chemical poten-
tial. Rather than give an overly general treatment of this issue, we will obtain the
experimentally available potential explicitly for the special cases involved.

1.2.2 Surfaces

In the systems considered in this work, there occur surfaces separating the homoge-
neous phases, which have thicknesses much smaller than the extent of the surrounding
phases. The discrete nature of the surface calls for a slightly modified treatment, and
an expression for entropy production of the surface will be derived for easy identifi-
cation of the properly conjugated forces. We consider only transport normal to the
surfaces, assume that the surface is isotropic with respect to coordinates normal to
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the surface normal, and that the surfaces have no appreciable curvature. The entropy

balance is q
—/sd3x:/(a—V-Js)d3x (1.2.18)
dt Jo Q

This time, the assumption of isotropy parallel to the surface allows the integration of
two degrees of freedom in exchange for a factor of the total membrane surface area
A. Furthermore, we define the one-dimensional integrals

é 0
s° ::/ sdz o’ ::/ odx (1.2.19)
0 0

which we call the entropy density per unit surface area, and the entropy production
per unit surface area, respectively. Letting § — 0, these become excess quantities
of the dividing surface between two homogeneous phases, which is additional to the
entropy density in the bulk phases that meet at the surface. Finally, we apply the
fundamental theorem of calculus
59 A A

—Jdx = JO* — J¥° 1.2.20
0 6w s S s ( )
which are the entropy fluxes out of the surface at point ¢ and into the surface at point
0. Scalar fluxes denote the flux components normal to the surface. The combined
second law and entropy balance becomes

ds® . .
0t _ JLO —_ 55 > 1.2.21
T + J— J: c®>0 ( )

Similar considerations of energy yield

du®
dt

+ JoT — Jo =0 (1.2.22)

and of mass AT
J 0,1 4,0 __ k. k
S+ ge = zk:r VA (1.2.23)
where I'; is the number of particles of j per unit surface area, also called the adsorption
of j. Furthermore, we introduce the change in Gibbs energy A,,G* due to process k,

which can be chemical reactions or phase changes at the surface

ApGF =" s (T%) vf (1.2.24)
j

The local internal energy differential is [8]

ds®* 1 duf fi5 (T°) dr;

at ~ Ts dt —~ T at

(1.2.25)
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The use of a thermodynamic formulation for such a small system as a dividing surface
has been demonstrated to coincide with molecular dynamics results for as few as 8
particles [8], justifying its use here. Inserting (1.2.22) and (1.2.23) into (1.2.25) and
comparing terms with (1.2.21) gives

ds* . (1 1 vil 1 1 v [ AnGF
a = (TT>” (Tw‘Ts)+ZT ( T )

k

) g BT ()
JZO ] i _ JOZ ] i
. (W )3 ( )

1,0 0,1
Jg Js

where the entropy fluxes are clearly identified. An important remark here is that this
implies a linear coupling between r* and the reaction affinities, which only holds very
close to equilibrium. See e.g. [9] for a discussion. The entropy production is then
made up of the remaining terms. We introduce the difference notation from [§]

A 1 , A,GF
of = JN (T> + o A < ) + Zr ( ¢ )

+ ; J;’O <—Ai,s (iﬁ)) + ; ‘]J('%Z <_A8’o (22))

We would again like to have a form of the entropy production using the measurable
heat flux, as was derived for the homogeneous phases. The procedure is similar

po\ _ (T gt (T) () ()
Ais| = | = — - — +
AT Ts T%0 Ts s
_ A (T9) 15T (T)
Ts Ts T0
To first order in the temperature difference between one of the homogeneous phases
and the surface, we have

Iu;}o (T*) B M?o (Ti,o) 9 ,U]
Ts TWo tar orT

following the style of being first order in the temperature difference, we obtain by
approximating (Tivo)2 ~ TsTH

5

(1.2.27)

(1.2.28)

» (= — 1) (1.2.29)

B Ti,oS;O (Ti,o) 4 M;,O (Ti,o) N H;-’O (Ti,o)
=— o ~ — : (1.2.30)
i (Ti) TsTio
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thus A (%) )
i\ RiskyT 1,0 ;, ) <
Ais <T> n DRET) | (Tz o> Ais (T> (1.2.31)

where the second term cancels with the enthalpy terms in Jg’o, analogously with how
the procedure went in the homogeneous phase. Similar arguments yield the same
result for Jg’i, and the entropy production becomes

, 1 , 1 io A,GF
o= g () w i (7) w3 (5« 2 ()
] ] 0,1 s,oMg T°
g (B IT) 5 (B )
J

which is the form of the entropy production that will be used for surface contributions.

(1.2.32)






Chapter 2
Streaming Potential and Electroosmosis

A theoretical expression describing the electric cell potential of an isothermal cell with an
ion exchange membrane separating two half-cells of aqueous chloride solution with Ag/AgCl
electrodes in response to a pressure difference was derived in the framework of classical non-
equilibrium thermodynamics. A linear regression model was developed to fit time-dependent
cell potential data, with higher order correction terms than those used by previous workers.
Streaming potentials, water permeabilities, and water content were measured on membranes
in aqueous solutions of LiCl, NaCl, KCl, MgCls, CaCls, and BaCls at 0.03 mol/kg, and, addi-
tionally, NaCl at 0.10 and 0.60 mol/kg. The membranes used were NAFION 115, NEOSEPTA
CMX and AMX, and FumMAsep FKS-PET-75 and FAD-PET-75. Observed streaming po-
tentials were found in the range 60 - 260 pV /bar, which is in the lower end of typical results for
this type of membrane. Water transference coefficients were estimated by means of Saxen’s re-
lation, and range from 2 to 14 in magnitude. The sign of the water transference coefficient was
found to be positive for all cation exchange membranes, and negative for the anion exchange
membranes. This indicates that water is in each case transported in the same direction as
the charge carrier. Water permeabilities were estimated by regression on the time-dependent
cell potential, and was found to decrease with cation size in the cation exchange membranes.
The water content of the membranes ranged from 10 to 30 mass percent, and was found to
decrease with cation size in the cation exchange membranes, and was invariant with respect
to the type of cation in the anion exchange membranes. A correlation was confirmed between
the water content and the water transference coefficient in the NAFION 115 and NEOSEPTA
CMX membranes. A positive correlation is presented between the average number of water
molecules transported with cations in the cation exchange membranes, and the Jones-Dole
viscosity B-coefficients, which hints at a possible connection between water transport and
structural bulk properties in external solution. Much of the data is subject to relatively large
errors, likely due to deformation of the membranes under the pressure difference. Suggestions
for improving the experimental techniques are proposed in chapter 4.

11
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2.1 Introduction

The coupling process between fluxes of ions and solvent in electrochemical membrane
systems is known as electroosmosis, which is a reversible transport phenomenon, in
contrast to irreversible diffusion processes. In all applications of such systems where
an electric current is used for extracting work, it is, for various reasons, important
to consider the magnitude and direction of this effect. It affects the potential for
moving charge carriers across the system, due to the additional work involved in the
co-transport of solvent. Solvent transfer also affects the composition profiles in the
membrane and in the external solution. The latter alteration gives a dynamical con-
tribution to the concentration potential of the cell, while the former can manifest
itself as a drying out of the membrane under operation, possibly leading to degrada-
tion of the membrane material.

Theoretical expressions for the design and interpretation of experiments are derived
here in the framework of classical non-equilibrium thermodynamics, and the theoret-
ical basis is grounded in works on thermodynamics such as Kjelstrup & Bedeaux [§]
and de Groot & Mazur [9], more fundamentally based on linear response theory in
classical non-equilibrium statistical mechanics [10]. The most important assumption
in the theory is the local equilibrium hypothesis, which allows at all times the unam-
biguous definition of thermodynamic variables in the mesoscopic volume elements of
the system.

We investigate in this work the electroosmotic transfer of water across ion exchange
membranes in aqueous chloride solutions by an indirect method. Rather than mea-
suring the amount of water transferred with electric currents directly, we measure
the potential for volume transfer in the system, and relate this to the electroosmotic
volume flux by means of an Onsager relation. This is done by measuring the electric
cell potential in response to a pressure gradient across the membrane, known as the
streaming potential of the cell. Notably, this particular Onsager relation, also known
as Saxen’s relation [9], was shown to hold experimentally by Brun and Vaula [11]. In
this, we demonstrate how analysis of the volume changes occuring with the passage
of an electric current can be used to estimate the mean number of water molecules
transferred per elementary unit of charge passing through the system, called the wa-
ter transference coefficient of the membrane.

The streaming potential method has been used previously by several workers, along
with attempts to connect results to structural properties, see e.g. [12, 13, 14, 15, 16,
17, 18]. The dynamical contribution to the cell potential due to volume transfer down
the pressure gradient was analyzed by Okada et al. [19], and we give a more general
treatment of this problem in appendix B. We show how it is also possible to obtain
the water permeability of the membrane by analyzing the time-dependent behaviour
of the open circuit electric cell potential under the influence of the pressure gradient,
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and give criteria for the validity of the regression model.

2.2 Theory

We consider an isothermal system of two chambers of aqueous metal chloride solu-
tion separated by an ion-exchange membrane. Each chamber has its own Ag/AgCl
electrode, and the system is initially in global equilibrium. At one instant, the sys-
tem is perturbed from equilibrium by an abrupt increase in pressure in one of the
chambers. We assume that, apart from the electrode reactions, no chemical reactions
occur in the system. We express fluxes within the rest frame of the membrane sur-
face, with positive direction of vectorial quantities counter-clockwise in figure 2.1. We
divide the system into three subsystems: the aqueous solution, the membrane, and
the electrodes along with the external electrical circuit. We will then sum together
the different contributions and analyze measurable quantities.

2.2.1 The Aqueous Solution

We treat the aqueous solution as a homogeneous and isotropic medium with no net
flux of water, such that there is no pressure gradient in the bulk solution. The entropy
production is then only due to fluxes of cations, J,;-+, and of chloride anions, J-.

€ Ag €
¢ Compartment 1 IEM Compartment 2 ¢
o
MCl,,, (aq) MCl,,, (aq)
Jar-
P]_ P2
Jw
Ag/AgCl Ag/AgCl

Figure 2.1: Sketch of the system considered in this paper. Two compartments of electrolyte solution
are separated by an ion-exchange membrane, and kept at different pressures P; and P,. The resulting
fluxes in cation, chloride, and water (Jyz+, Jo1-, and J ) are indicated. The flux directions indicated
are defined as the positive directions.
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The entropy production is

1 - 1 ~
Osol = _TJMZ-F : VMMZ-F - TJCI— : V,u(jl— (221)

where T is the cell temperature, and fi; is the electrochemical potential of ¢, which
can be written as

i = Wi + 2 F (2.2.2)

where p; is the chemical potential of 4, F' is Faraday’s constant, and v is the local
electrostatic potential. The charge number z; is defined such that z;F' is the total
charge of one mole of i. Since the system is isothermal, the chemical potentials are
understood to be evaluated at the cell temperature.

The entropy production is invariant under the following set of transformations
Je == JMz+
j=2Fdyer — FJg-

e = Pzt + Zlicy— (2'2'3)
_ . Ha-
b=yt

where J, is the net flux of neutral electrolyte in the cell, j the electric current den-
sity, pe the chemical potential of the neutral electrolyte, z the valence number of the
cation, and ¢ the measurable electric potential. The chemical potential of the charge
carrier involved in the electrode reactions gives a measurable contribution to the mea-
sured electric potential difference between the electrodes. This is due to differences
in chemical potential of the charge carrier presenting an additional contribution to
the work required to move the particle. The measurable cell potential is therefore the
difference in ¢, and not 1. Making the transformations in (2.2.3) has the advantage
of yielding such measurable quantities. However, the flux of neutral electrolyte is
non-local, and has no physical meaning in each subsystem locally. We will therefore
use the locally valid form that we started out with to derive the relevant expressions,
and then use the transformations in (2.2.3) to find experimentally available quantities.

We confine our interest to one-dimensional transport along the axis x orthogonal to
the membrane and electrode surfaces. Applying the linear regression hypothesis [9]
gives the following set of equations

JMz+ 1 L++ L+_ aa;ﬂMz+
_ ! ! 2.2.4
[Jcrl T [L+ L__| | Ouficy- ( )
We use (2.2.3) to identify the electric current density

) F _ F _
J= T (2L44 — L) Onfip=+ — T (2L4— — L——) Onficy-

2.2.5)
L Ly_ L (
=7 ;}f@fcMMH - ;aa:/icr - ,;iwaaﬂ’b
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where the new coeflicients are
Lw+ = F (ZL++ — L,+) Lw_ = F (ZL+, — L,,)

)l (2.2.6)
Lyy =F [Z Liy+L—+z(L4+ L+,)]

which inherit the Onsager symmetry of the original coefficients. We show this for one
of the flux equations by writing out the electrochemical potentials

S+ = —TaxMMZ+ - Tax,ucr -k (zL44 — Ly—) On (2.2.7)
Ly
where we see that if Ly _ = L__, then also Li, = Ly4. The same relation can be

shown for L_,, = Ly_. We find from (2.2.5) the open circuit (zero current) electric
field

L Ly_
(azw)jzo - _#a’rﬂM” - LL xHor— (2.2.8)
P vy
and we can identify the coefficients by exploiting the Onsager symmetries
L L
dPEYE = pTY R (JM) =ttt (2.2.9)
Lyy Ly 7/ du=0

where du = 0 means uniform composition in the bulk phase. The coefficient ¢,z +
is the transport number of the cation, and is defined as the fraction of the electric
charge transported in the system by the cation. Similarly, we find

Ly L_ Ja-

_F P = _F ¥ = _F < C.l ) =5 tCI* (2210)

Lyy Lyy 7/ du=0
the transport number of chloride. We have already assumed that these are the only
charge carriers in the solution, and therefore obtain from the definition of the electric

current density that
tyet +tog- =1 (2.2.11)

Using these relations, along with (2.2.3) to identify pe and ¢, (2.2.8) becomes

th+

2O e 2.2.12
F Oz pt ( )

(8x¢) j=0 —
We introduce the electrolyte activity model in order to obtain a more explicit com-
position dependence

Olte RT
Oxfte = Laxme = - <1 +
Ome Me

Jln (Ve)
01ln (me)

) Oxme = T'vRT O, In (me) (2.2.13)

where m, and 7. are the molality and the mean molal activity coefficient of the
electrolyte, R the universal gas constant, and v the total number of ions per molecule



16 CHAPTER 2. STREAMING POTENTIAL AND ELECTROOSMOSIS

of neutral electrolyte. We have introduced the thermodynamic factor, I'; in order to
ease the notation. (2.2.12) is then

(8x¢)j:0 = _%&c In (m) (2.2.14)

For the sake of integration, we parameterize ¢ and m, as mutually independent
functions of position, such that

Ox¢dx = do 0z In (me) dz = d1n (m,) (2.2.15)

We will consider small concentration differences in this system. Neglecting the con-
centration dependence of I' and t,,-+, integration of (2.2.14) is trivial, and the con-
tribution from compartment 1 is

Ay = —

[ (Py) vRT b+ (P1) | ( me ) (2.2.16)

zF mi

where we have introduced the difference notation A; . f = fr— fi, and denoted by sub-
scripts 1 and £ the positions close to the electrode and close to the membrane surface
in compartment 1, respectively. We will denote by subscripts  and 2 the membrane
surface and electrode in compartment 2. Equivalently, integration of (2.2.14) over
compartment 2 gives

N _T(P)vRTt: (Po) (mQ >

2.2.1
zF my ( 7

Neglecting the pressure dependence of I' and t,,-+, and taking m; = meo then adding
the two contributions gives a simple expression for the total contribution

TvRTty -+ <m>
7111 -

Agbsol = o F me

(2.2.18)
While we will seek to keep the composition profile as close as possible to uniform, this
contribution will be important in practice due to composition changes driven by the
pressure difference. This dynamical effect will be discussed in detail in section 2.2.5.

2.2.2 The Membrane

We treat the membrane as a homogeneous phase, separated from the two bulk aqueous
solutions by two membrane-solution interfaces. The treatment of the membrane bulk
is similar to that of the aqueous solution. Here, we also allow for a net flux of water
as a neutral component, by means of a hydrodynamical flow driven by the pressure
gradient, and through electroosmotic transfer along with the charge carriers. We
will denote by a bar any quantity evaluated in the membrane phase. The entropy
production is

al‘ﬂMer 890!101*

Or fiw
- . —Jy

T T

Umem = _Jl\/[z+

(2.2.19)
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where the subscript w refers to water. The corresponding flux equations follow pre-
dictably

Jyz+ L L+t Lo Lyw| |Onfine+
Jo- | = T £—+ £—— £—w O ficy- (2.2.20)
Jw Lyt Lw— Lww Oz pow

Following the same procedure as for the aqueous solution, we identify the electric
current density

Tut Ty T T
J= _%a‘r/ﬁv{fr - % zHe- — %ax,uw - %&,ﬂ[) (2.2.21)
with the coefficients defined similarly to those in the aqueous solution, and can by
the same procedure be shown to inherit the Onsager symmetries. The open circuit
electric field is then given by
L, Ty Lo

(axd’)jzo === Ozfyat — ZL@%UCI_ - %awﬂw (2.2.22)
Y Y Y

and we find the ionic transport numbers in the membrane phase

L L Ty _
P2 A ek K ( M *) =t fypet
du=0

iw’ IZ“" j (2.2.23)
_Fiiw_ = —Fii_w = —F <C‘l ) = ECI_
Lyy Lyy I/ dp=0
and the transference coeflicient of water
Lyw Ly, J, _
Py —p2v <W> =1y (2.2.24)
Lyy Ly J / du=0

Similarly to the situation in the aqueous solution, the ionic transport numbers are
subject to the constraint that their sum equals unity. Using this constraint along
with (2.2.3), we find the measurable electric potential

f z+ t
(8x¢)j=0 = - Z’IF Oz ple — fwaz/ﬁw (2.2.25)
Before proceeding to integrate this equation, we note that the flux equation for water
gives
l Ly T
Oty = — = Dppinget — ——= i — =— (Ju):_o (2.2.26)
where the open circuit coefficients are
_ _ L Lo
Uj; =Ly — —2=03 (2.2.27)
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We now use that water is in excess compared to the electrolyte, such that each moving
volume element is dominated by water flux, and the solvated ions are carried along.
This allows us to set

Oy - Ty

= + = 7+ = < ; +> = wme

EWW EWW w / j=0,dpu=0 (2 9 28)
by Uy, - o

= = = = <JCI ) = ZMWme

gww EWW JW 7=0,dp=0

where My, is the molar mass of water. Furthermore, we assume that the open circuit
water flux is mainly driven by the gradient in pressure, such that

gww*
(Jw)j:() ~ _vaaacp (2229)

with Vy the molar volume of water in the membrane. Using the relations (2.2.3), we
find
Opiwy = —MymeDypic + Vw0, P (2.2.30)

also, we rewrite the gradient in the chemical potential of electrolyte

_ Opte Olhe B TvRT —
O lte = Ome Opme + aTaaxP = Teaxme + Vo0, P (2.2.31)

such that (2.2.25) becomes

1 i z+ — J— - —
(02)j—0 =~ & (( - wmetw> Ve+ twvw> 0. P ( |
_ _ 2.2.32
TvRT [ ty- _
- vh ( M - thw> 8J:me
F 2ZMe

We make the approximation (m, —my) = mln(m,/my), with 7 the mean molality,
and define the apparent transference coefficient of the electrolyte

_ Ttz - z
T = M0 Moty tq = M (2.2.33)
z z

o~

We follow again the procedure of parameterizing the profiles in electric potential,
pressure, and composition as explicit functions of position only, such that

Oy ¢dx = do O, Pdz = dP Ozmedz = dme (2.2.34)

We neglect second derivatives of the chemical potentials, and assume that f,,-+ and

tw are constant over the concentration range. Integration over the membrane gives

AG. = _% (V. + T V) AP - r i

(2.2.35)
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where we see that the potential difference over the membrane has one term similar
to the contribution from the aqueous solution, being logarithmic in the concentration
difference. It occurs here with the opposite sign, and with the membrane value of
the cationic transport number instead. The coupling to water transport is taken
into account by the apparent transference coefficient, which will be discussed in more
detail in section 2.2.5. Next comes the question of the membrane phase molar volumes
and thermodynamic factor. We will now show that we can replace these quantities
with those in aqueous solution, by adding the membrane surface contributions to the
electric potential. Assuming a continuous temperature profile, the temperature is
constant over the surface. The steady state entropy production of one such surface is

Ai,oﬂMer Ai,o/lcr _J Ai,oﬂw
T T YT

Following the standard prescription for the flux equations, as was done for the bulk
phase, we can again find the electric current density through the surface

— Jor (2.2.36)

Osurt = —Jy=+

ot Ly Ly, L
J= A Ajoptyz+ — TALOMCF - TWAZEOMW o TAZFOI/} (2.2.37)

In the exact same manner as for the bulk phase, we find the transference coefficients
of the different components at the surface. Continuity of the fluxes demands that
these transport numbers are the same as in the membrane bulk, i.e. that there is no
accumulation of water or charge at the surfaces in the steady state. The open circuit
electric potential across the surface is

(Az}ow)j:o = _tzl;; Ai,OMMz+ + %Ai,oNCﬁ - %Ai,oﬂw (2'2‘38)
then, subtracting the difference in the chemical potential of chloride gives the measur-
able potential. It is worth noting that if the surface is in equilibrium with the aqueous
solution, then all these contributions vanish. Identifying the electrolyte chemical po-
tential and decomposing it to a composition and a pressure term, and also making the
same volume flux argument as in (2.2.28), we obtain at the surface in compartment
1

(Aios) = —”Z];Tza (C=T) nm, - % (o (Ve = Vo) + 7w (Vi = Vi) )
(2.2.39)
similarly, we obtain the jump across the surface in compartment 2
(206®) ="t (T D) e+ 32 (10 (Ve Vo) + 5 (Vo = W)
(2.2.40)

then, approximating the activity jumps with differences in thermodynamic factors,
and adding the two contributions gives

AQbsurf = Z/ZR;FTECL (F - F) In (ZZ) + % (fa (Ve - Ve) + %w (VW — VW>) (2.2.41)
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Then, adding this to (2.2.35) gives the total membrane contribution. We define the
streaming potential of the membrane

1 _
pret = 0 (taVe + 1w Vay) (2.2.42)

such that

my

A¢rnem = BmemAP - Lyt (mr)

teIn (2.2.43)
which is the same expression as in (2.2.35), but with the partial molar volumes and
thermodynamic factors of the membrane phase replaced by those in aqueous solution.
An important result here is that this expression is exactly the same whether the
membrane surface is in equilibrium with the aqueous solution or not. The often-
invoked assumption that the surface is in equilibrium with the external solution is
therefore superfluous in the steady state case.

2.2.3 The Electrodes

The electrode surfaces host the chemical reactions needed to change charge carrier
from chloride in solution to electron in the external circuit. We model this as adsorp-
tion of charge carriers to the electrode surface, with a chemical reaction transforming
the electrode materials. The entropy production is

As,oﬂe* CAnG

Jo —r (2.2.44)

N
_ _gi BisHa-
Oel T T

Cl— T

where subscript e™ pertains to electrons, ¢ is the rate of the chemical reaction, and
A, G is the change in Gibbs energy due to exchange of neutral components in the
chemical reaction. The reaction rate is determined by the electric current

r“=j/F (2.2.45)
while the fluxes of charge carrier are what make up the electric current

Jio =J% =—j/F (2.2.46)

Cl— e

which means that there is only one independent flux-force pair in the entropy pro-
duction. The electrochemical potentials are

Ajsiio- = Djspro- — FA; s = —FA; 50

B (2.2.47)
As,o,ue— = As,o,ue— - FAS,Ow = _FAs,od)
The entropy production is then
] A,G
ol = —% (Ai,ogb + > (2.2.48)
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from which we observe that reversible conditions (o, = 0) for j = 0. The linear
flux-force relation gives
A,G
(Biof)jmo = =5 (2.2.49)

We can now use this equation to assess the electrode contribution to the cell potential.
For each Faraday of positive charge transferred from compartment 1 to 2 through the
membrane, we have the reaction

Ag+Clm — AgCl+e™ (2.2.50)

compensating for the loss of positive charge in compartment 1, allowing negative
charge to be carried by means of the electron from compartment 1 to 2 through the
external circuit, with the opposite reaction occuring in compartment 2. The Gibbs
energy change due to neutral components in compartment 1 is

NGO = 10 () — ) (Pr) (2.2.51)

and in compartment 2
A,GP = D Py — 2, (P 2.2.52
n IU’Ag( 2) MAgm( 2) ( e )

we distinguish the chemical potentials at each electrode in order to take into account
that the electrode surfaces can be slightly different, giving rise to a bias potential. We
denote mean values between electrodes by a hat

i = ’u’(l)—;'u’@) (2.2.53)
and the deviation parameters
e =i —wY = nl® — (2.2.54)
The total Gibbs energy change is then, to first order in the pressure difference
AnG = (Vig = Vager) AP + 2 (eas — Eager) + 2 (VE, = Vi) AP (2.2.55)

where the V;° is the deviation in molar volume. We will take the electrode materials
to be incompressible, such that the volume deviation vanishes. Then

AnG = (Vag = Viger) AP + ApGhias (2.2.56)

with A;Ghias = 2 (€ag — €agar) being the Gibbs energy of the electrode bias. We
define the electrode streaming potential

_ VAgCl - VAg

el
: 2.2.57
8 . (2:2.57)
The electrode contribution to the cell potential is
AG
A¢el = _% = 661AP + A¢bias (2258)

which gives a measurable contribution to the observed streaming potential, and a bias
term that we have assumed to be pressure-independent, such that it can be subtracted
by a baseline measurement.
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2.2.4 The Total Cell Potential

We now add up the contributions to the observed cell potential. Adding together
(2.2.18), (2.2.43), and (2.2.58) gives

A¢ = B°PSAP — Sz (ta —ta)In (m) + Aobias (2.2.59)
F my

with gobs = pmemy gel - For small molality differences, we can make the approximation
m, —my = mygIn (m,/my). The relative error of this approximation as a function of
my with m, constant is shown graphically for the neighborhoods of 0.03 mol/kg and
0.6 mol/kg in figure 2.2. We make the observation that the approximation is a better
one for higher salt concentrations, and that the approximated term is still negligible
at lower concentrations. This means that unless the accuracy of an experiment is
better than a relative error of the order 1 %, this approximation can always be made.

The streaming potential of interest is S™™, which is a material property of the mem-
brane. The observed streaming potential is the sum of the membrane and electrode
contributions, such that for a given observed value, we find f™e™ = 3°Ps — gl Once
the streaming potential has been determined experimentally, knowledge of the molar
volumes and the ionic transport number yields the water transference coefficient

- Fpmem 4t V2

tw = 2.2.60
Mwm‘/e - Vw ( )

Determination of this water transference coefficient will be the main goal of the
streaming potential measurements in this work.

2.2.5 Time Dependence of the Electric Potential

While the electrode bias can be eliminated by a baseline measurement, and the first
term in (2.2.59) should be observed as a simple jump in the observed potential dif-
ference as the pressure is applied, we expect the pressure difference to drive elec-
troneutral mass fluxes through the membrane as time passes. This will alter the
compositions of the electrolyte solutions close to the membrane surfaces, and lead
to measurable, time-dependent alterations to the observed cell potential. Assuming
that the streaming potential, pressure difference, and electrode bias remains con-
stant throughout the measurements, the only time dependence lies in the composi-
tion changes driven by the pressure difference. Since the transient period between the
initial equilibrium and the steady state is strongly non-equilibrium, we will apply a
model with which we can find the streaming potential by extrapolation. In appendix
B, we derive a differential equation describing the time evolution of the composition
changes, and expand the analytical solution of the form

7
Ap=a+bVt+ct®? +dat*? + O ((VWJW\/t/D> ) (2.2.61)
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with ¢ the time, and D, the diffusion coefficient of the electrolyte in the aqueous
solution. Fitting this model to the experimental data allows the estimation of the
initial jump in cell potential, as well as other parameters characterizing the time
evolution. The first two terms of the model coincide with the simple model used
by Okada et al [19], while the higher order terms are included in case the diffusion
processes approach a time scale comparable to the fluxes driven by the pressure
difference. All coefficients are in each case checked for statistical significance, and
any superfluous terms are discarded. For more details on the statistical treatment of
the measurements, see appendix B.
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Figure 2.2: Plots of the relative error of the approximation (m, — m¢) & m¢In (m,/my) as a function
of m; with m, held constant at 0.03 mol/kg (top) and 0.6 mol/kg (bottom).
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2.2.6 Volume Flux and Water Permeability

The volume flux in the system is Jy = Voo + ViyJy + AVgj/F. We approximate
that most of the open circuit volume flux in the system consists of water, and we
obtain an approximate expression for the volume flux by multiplying (2.2.29) by Vi
and integrating

KWW
() jmo & Vel = =5 VOAP = —L,AP (2.2.62)

where L, is the water permeability of the membrane. Knowledge of the volume
flux in response to a pressure difference under open circuit conditions thus allows
estimation of the permeability. Using the linear model described in (2.2.61) to fit the
time-dependent data, it is possible to estimate the permeability from the regression
coefficients. In particular, we find from the coefficient b

I V7TDEF'b B VT DezFb
P7UATVRT (t, — to) AP ATWRT (tyet + 2Myinty — ty=+) AP

(2.2.63)

Diffusion coefficients and transport numbers in aqueous solution are generally well
investigated in the literature. Knowledge of the ionic transport numbers in the mem-
brane can be combined with the streaming potential estimate of the water transference
coefficient to estimate the permeability.

2.2.7 Partial Molar Volume of Electrolyte and Dielectric Permittiv-
ity

In order to estimate the molar volume V, of the electrolytes at low concentrations, we
employ the well-known Debye-Hiickel result (see e.g. [20]) for the activity coefficients

of ions 24
In(y;) = — oV (2.2.64)
V2 4+ Bay/wm
where
Pw Fe 2
B=F A= B = i 2
eRT/2 87eRT v Z v

where ¢ is the bulk dielectric permittivity of the solution, R is the gas constant, e
is the elementary charge, pyw the mass density of pure water, v; the stoichiometric
coefficient of species 7 in the electrolyte, m the molality, and a is a size parameter,
acting as the lower spatial integration limit for the linearized Poisson-Boltzmann
equation leading up to the expression. We assume here that no degree of ion-ion
association occurs, and that the electrolytes are fully dissociated. The parameter « is
purely empirical, and is interpreted as the distance of closest approach of ions. The
total activity coefficient of the electrolyte is obtained by

In(7) = Y wiln(y,) = —\/% (2.2.65)
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while the pressure derivatives of A and B are

_ [ Pw OpViy B }
apB =F 728RT VW ap 111(6) 25
F26 /pw aPVW ( . 66)
8]314 = 3 — 3813 ln(a)
8v2n(eRT)2 L Vw

in which the ratio of the volume derivative and the volume is recognized as the
isothermal compressibility of water. The second bracketed term is also available in
literature by studying permittivity data at different pressures. Assuming that the
size parameter does not vary appreciably with pressure for the relevant experimental
conditions, the excess molar volume of the electrolyte can then be estimated by

aw? (AdpB — BOpA)m — /2w20pA/m

VEF = RTOpIn(y) = RT 2.2.67
e P (7) (\/5 + Ba\/m)Q ( )

and the molar volume of the electrolyte in solution is then estimated as
Ve=V2+VFE (2.2.68)

where V0 is the molar volume at infinite dilution, obtained by extrapolating activ-
ity coefficient data. For estimating the dielectric permittivity, we use an empirical
equation [21]

€ = Ew — PwEQOM (2.2.69)

where 0. is an empirical fitting parameter, e, is the permittivity of pure water, and
€9 is the permittivity of vacuum.

2.3 Experimental

The apparatus and experimental methods used were similar to that in a previous
work by Barragén et al [22], and a sketch of the apparatus is given in figure 2.3. The
cell consists of two glass chambers with an internal volume of approximately 125 cm?
each, connected by a threaded joint where the membrane was inserted between two
plane O-rings. The effective area of an undeformed membrane was 2.27 + 0.02 cm?.
Each chamber has two inlets, one through which Ag/AgCl electrodes were inserted,
and another for pressure control. The low-pressure chamber was maintained at atmo-
spheric pressure by means of a capillary tube. The inlet of the high-pressure chamber
was connected to a bottle of pure pressurized air delivered by PRAXAIR through a sin-
gle stage regulator from AIR LIQUIDE. The pressure difference was measured using
a CEcoMP ELECTRONICS DPG1000B15PSIG-5 digital pressure gauge with a reso-
lution of 68.9 Pa (0.01 PSI). The cell voltage was measured with a HP 34401 high
resolution multimeter. The entire cell was immersed in a thermostatted bath kept at
25.0+ 0.1 °C using a TECHNE RB-12A refrigerated bath with THERMO SCIENTIFIC
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Figure 2.3: A sketch of the apparatus used for measuring the streaming potentials. The membrane
sample is locked in a threaded ring joint (1), separating the two chambers of electrolyte solution.
Each chamber is equipped with an Ag/AgCl electrode (2), connected to a voltmeter (3). The pressure
is regulated by a series of valves (4) connecting one half-cell to a cylinder of compressed air, and
is monitored by a manometer (5). The pressure is maintained at ambient in the other half-cell by
means of a capillary tube (6).

HaakKE AC150 heated immersion circulator.

The salt solutions were prepared by weighing appropriate amounts of salt (all MERCK
analytical grade) for 1 kg of solvent using a high precision SARTORIUS balance (+0.1
mg) and then dissolving in 1 kg of distilled water. The membranes were pretreated by
immersion in the appropriate salt solution at least 48 hours prior to the experiments.

For each measurement series, the electric potential was measured for 6 minutes prior
to the application of the pressure gradient. The pressure pulse was prepared by
closing the valve at the cell inlet and building up the desired air pressure using the
pressure reducer. The gradient was then applied by opening the valve, and the time
dependence of the potential was recorded for 3 minutes, after which the pressure was
immediately released by opening a valve connecting the high-pressure cell chamber
to the atmosphere. The potential was then measured for another 460 seconds before
the measurement was terminated. This procedure was for each membrane-electrolyte
combination repeated twice at pressure differences of approximately 1 bar, 0.8 bar
and 0.6 bar, in that order.

In addition to measuring streaming potentials, the solvent uptake of the different
membranes in different salt solutions was also measured. Both the membrane samples
used for the streaming potential experiments, and new, unused membrane samples
were equilibriated in appropriate salt solutions and weighed once per day until a
stable weight was found for at least 3 consecutive days. The samples were then dried
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in vacuo at 25°C with activated silica as dessicant. The dried samples were then
weighed over the course of several days until a stable weight was found. The solvent
uptake was then calculated as the relative mass difference between the wet and dry
membranes.

2.4 Results and Discussion

A typical regression result for the streaming potential is plotted in figure 2.4. The ob-
served streaming potentials as calculated by extrapolation are given in table 2.2. The
normality and homoscedasticity of the deviations from the fitted curve are demon-
strated in figure 2.5. The regression interval was chosen from quantitative criteria
on the normality and homoscedasticity of the errors. See appendix B for details. An
example of a plot of the observed initial jump in electric potential versus the applied
pressure difference is given in figure 2.6. The streaming potential was for each case
calculated as the slope of the least squares simple linear fit of initial jump in electric
potential as a function of the applied pressure difference.

7450 | | | | |
16 18 20 22 24 26 28

Vi (512)

Figure 2.4: The experimentally observed electric potential between the Ag/AgCl electrodes over
the course of an experiment using the NAFION 115 cation-exchange membrane in 0.03 mol/kg LiCl
solution, plotted against the square root of time. The transient period between equilibrium and
steady state is indicated by the blue lines, and the fitted regression curve is plotted in red. The
applied pressure difference in the plotted experiment was approximately 1 bar.

For calculating the molar volumes of the electrolytes at 0.03 mol/kg, a water com-
pressibility of 0.45248 GPa~! [23] was used. The pressure derivative of the permit-
tivity was estimated by taking finite differences of permittivity data as a function of
pressure [24] and interpolating. The value used is dp In(g) = 0.52645 GPa~!. This
value was taken to be approximately the same for all the electrolytes under investiga-
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Figure 2.5: Top: Deviations from the fitted regression curve in the regression interval after the

transient period plotted in figure 2.4. Bottom: A histogram showing the frequencies of the observed
deviations from the fitted regression curve.

tion. The dielectric permittivity of pure water was taken to be 693.8 pF/m [25], and
the permittivities of the salt solutions were calculated according to equation (2.2.69).
The excess molar volumes were calculated according to equation (2.2.67), using ex-
trapolated data from [26]. Empirical data gathered from literature, along with the
resulting estimates are given in table 2.1.

For calculating the electrode contribution to the observed streaming potential, molar
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Figure 2.6: Absolute values of observed streaming potentials plotted against pressure applied over
the NAFION 115 cation-exchange membrane in 0.03 mol/kg LiCl solution. The black and red dashed
lines indicate 95% confidence and prediction bounds, respectively. The observed points lie along
a straight line within their error bounds, and the regression result contains the origin within the
confidence bounds.

masses of 107.8682 g/mol and 143.321 g/mol [25] were used for Ag and AgCl, respec-
tively. The densities used were respectively 10.49 g/cm? [25] and 5.589 g/cm? [29].
These values yield molar volumes of 10.283 ¢cm?/mol for Ag and 25.643 cm?/mol for
AgCl. Together, this gives an electrode contribution of 5° = 15.920 1V /bar, which
is taken to be the same in all experiments. The molar volume of water was taken to
be approximately the same as in pure water, and therefore estimated by the ratio of
a molar mass of 18.0153 g/mol [25] and a pure water density of 997.047 kg/m3 [25],
giving an estimated molar volume of 18.0686 cm?/mol. We take all membranes to
be perfectly selective at 0.03 mol/kg concentration for all electrolytes, and, in light

Table 2.1: Molar volumes at infinite dilution, Debye-Hiickel size parameters, permittivity fitting pa-
rameters, and estimated permittivities and molar volumes at 0.03 mol/kg for the relevant electrolytes.

Electrolyte  V.2[26] al27]  0.[28] 5 Ve
(em?/mol) (pm) (dm3/mol) (pF/m) (cm3/mol)

LiCl 17.1 432 13.3 690.3 17.6

NaCl 16.6 397 11.0 690.9 17.1

KCl 26.8 363 9.4 691.3 27.3

MgCly 15.3 002 24.0 687.5 17.3

CaCly 18.5 473 27.2 686.6 20.5

BaCly 23.9 445 22.8 687.8 25.9
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Table 2.2: Membrane streaming potentials and water transference coefficients for different combina-
tions of membrane and electrolyte at molality 0.03 mol/kg. Missing values are either pending for
measurement or temporarily under revision due to severe lack of precision in raw data.

NAFION 115 NEosepTA CMX
Electrolyte | ™™ (nV /bar) tw grmem (uV /bar) tw
LiCl -280 £ 10 14.0 £ 0.5 | -129 + 20 59+ 1.1
NaCl -207 + 56 10.1 £3.0 | -102 £ 8 4.5 +£0.4
KCl -121 £ 7 4.9 4+ 0.4 -90 £ 18 3.3 £1.0
MgCls -241 £ 8 124+ 04 | - -
CaCly -193 £ 19 9.7+ 1.0 | - -
BaCly -119 + 10 5.6 £0.5 | - -
Fumasep FKS Fumasep FAD
LiCl -141 £ 21 6.6 1.1 - -
NaCl -90 £ 9 3.9 £0.5 52 £+ 18 2.8 +£1.0
KClI 97 £ 14 3.7+£07 | 97+ 23 -52 + 1.2
MgCls -169 £ 7 85+ 0.4 68 £ 49 -3.6 £ 2.6
CaCl, - -] 45+ 16 -2.4+0.9
BaCl, -119 £5 5.6 £ 0.3 59 4 58 3.2 £3.1
NEOSEPTA AMX
LiCl 64 + 4 -3.4 £ 0.2
NaCl - -
KCl - -
MgCIQ - -
CaCly 54 £+ 21 -29+1.1
BaC12 - -

of transport number data by Zlotorowicz et al.[30], we also take the FKS and FAD
membranes to be perfectly selective also at elevated concentrations of NaCl, introduc-
ing an error that is found negligible a posterori in all cases. Unless stated otherwise,
all errors are reported as 95 % confidence, under the assumption of normally dis-
tributed residuals. Normality is in every case confirmed at the 5 % level by means of
an Anderson-Darling test.

We observe that all streaming potentials are in the range 60 — 260 nV /bar, which is
just below the lower range of values reported for Flemion S [32], which are found in
the range 0.3 — 1 mV /bar, and 3 orders of magnitude smaller than values reported
for Cyclopore filtration membranes [33]. The magnitudes of the water transference
coefficients found in these experiments are typical. To the precision in these exper-
iments, we cannot conclude that ¢y, of the anion exchange membranes change with
cation. For the cation exchange membranes, we observe a tendency for t,, to decrease
with cation size. A plot of ¢y, against the ratio of the cationic charge number to the
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Table 2.3: Streaming potentials and water transference coefficients of the FUMASEP membranes
for different molalities of NaCl. The molar volumes at 0.10 and 0.60 mol/kg were obtained by
interpolating experimental data by Dunn [31]. The streaming potentials are given in pV/bar.

Me Ve FKS FAD

(mol/kg) | (cm3/mol) | grmem tw prmem tw
0.03 17.1 -90 £ 9 39+05| 52+£18 -28 £1.0
0.10 17.4 -78 £ 17 32£09 | 92411 -4.9 £ 0.6
0.60 18.0 97 £ 14 4.2 + 0.7 | 150 £ 92 -8.1 +£ 4.9

crystallographic radii of the cations is given in figure 2.7. This ratio is an estimate of
the magnitude of the local electric potential due to the electric field of the cationic
monopole at the distance of closest approach, and thus indicates the depth of the po-
tential well of the solvating water molecules. We observe that there are two different
trends — one for the monovalent cations, and one for the divalent cations. For each
separate trend, we see a monotonous increase with the charge-radius ratio. Xie and
Okada [13] found that %, increases with the size of the cation in NAFION membranes,
likely due to a size exclusion effect pumping the water along with the ions. This effect
becomes more appreciable when the volume of the cation is made up of hydrophobic
groups, contrary to our situation in these experiments. The strong tendency of ¢ in
table 2.2 to decrease with ion size suggests that the ion-dipole interaction dominates
the water transport in these cases.

The aqueous solution cation transport numbers, t,;.+, were found by interpolating
experimental data found in the literature. Data was found for LiCl, NaCl and KCl
[34]; CaCly [35]; MgCls [36] and BaCly [37]. Diffusion coefficients were found by inter-
polation of data from [36, 38, 39, 40, 41, 42, 43, 44], and thermodynamic factors were
estimated by finite differences on interpolation of activity data from [25]. All data
are given in tables 2.4 and 2.5. Water permeabilities were estimated using equation
(2.2.63), and data for different electrolytes and different concentrations are given in
tables 2.6 and 2.7, respectively.

The measured water content for all membranes in different electrolyte solutions are
given in tables 2.8 and 2.9. Although the error in much of the data is sizeable, the
numbers indicate that the water content of the anion exchange membranes is insen-
sitive to the type of cation in the solution, while the water content of the cation
exchange membranes seems to decrease with increasing cation size and charge. For
the cation exchange membranes, there appears to be a correlation between the water
content and the water transference coefficient. Due to the large error in the FKS data,
however, only the correlations for the NAFION 115 and NEOSEPTA CMX membranes
are significant, and a plot is shown in figure 2.8. Such correlations have been found
previously by other workers, see e.g. [17], and suggest that part of the water trans-
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Figure 2.7: Plot of water transference coefficients against the ratio of cationic charge numbers, z,

and the crystallographic radii at coordination number 6, 7.

Table 2.4: Aqueous solution transport numbers, diffusion coefficients, and thermodynamic factors

obtained by interpolating literature data at 0.03 mol/kg and 25°C.

Table 2.5: Aqueous solution transport numbers, diffusion coefficients and thermodynamic factors of

Electrolyte | ty=+ De (1079 m?/s) r
LiCl 0.324 1.29 0.942
NaCl 0.389 1.52 0.937
KCl 0.490 1.89 0.932
MgCly 0.380 1.10 0.864
CaCly 0.419 1.15 0.853
BaCly 0.430 1.21 0.836

NaCl obtained by interpolating literature data at different concentrations and 25°C.

Molality | ty=+  Do(1077m?/s) r
0.03 0.389 1.52 0.937
0.10 0.386 1.48 0.922
0.60 0.376 1.47 0.939

30
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Table 2.6: Water permeabilities Ly at 0.03 mol/kg, calculated from diffusion slopes using values from
table 2.4 and assuming zero electrolyte flux and perfect ionic selectivity. The values are all given in
units of nm s~ ! bar™?.

Electrolyte NAFION 115 NeosepTta CMX Fumasep FKS

LiCl 6.3 +04 7+ 15 6.3 +1.2

NaCl 7.0+ 1.6 0.9 4+ 0.9 34 +1.6

KCI 42+ 1.2 21+14 2.3+ 0.6

MgCly 1.9 +0.9 - 1.6 £ 1.0

CaCly 6.2 £ 54 - -

BaCly 1.9+ 1.9 - 1.0+ 1.3
Fumasep FAD NEOSEPTA AMX

LiCl - 1.6 £ 3.0

NaCl 9.5 + 4.7 -

KCI 914+ 1.6 -

MgCl, 11.5 + 7.6 -

CaCls 12.2 + 4.1 1.1+ 23

BaCly 17.0 £ 4.2 -

Table 2.7: Water permeabilities calculated for different concentrations of NaCl. The values are all
given in units of nm s~! bar~!.

Molality | Fumasep FKS Fumasep FAD
0.03 34+16 9.5 +4.7
0.10 2.6 £ 0.1 6.1 = 1.1
0.60 2.6 £0.7 6.3 £ 3.7
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Table 2.8: Measured water content in mass percent for unused membranes immersed in 0.03 mol/kg

CHAPTER 2. STREAMING POTENTIAL AND ELECTROOSMOSIS

aqueous salt solutions.

Electrolyte NAFION 115 NeosepTA CMX Fumasep FKS
LiCl 192 £ 04 23.7 £ 0.6 177+ 14
NaCl 16.8 £ 0.4 21.3 £ 0.5 17.7 + 0.8
KCl 92 +1.3 20.5 £ 04 141 +1.1
MgCl, 15.3 £ 04 19.6 + 0.6 174 + 1.3
CaCly 144 £ 0.5 19.8 £ 1.0 15.6 &+ 2.1
BaCl, 10.3 £ 0.7 14.2 £ 0.6 14.1 £ 2.7
Fumasep FAD NEoOsEpTA AMX

LiCl 23.5 + 2.1 16.2 + 0.6

NaCl 22.3 £ 0.5 172 £ 0.7

KCl 24.5 + 1.4 14.6 + 0.8

MgCly 255 £ 2.1 16.9 £ 1.0

CaCly 26.7 £ 1.1 169 £ 14

BaCl, 24.3 £ 1.5 15.8 £ 1.0

port is bulk transport of loosely bound water in the membrane, which is additional to
that transported by electrostriction due to the ion-dipole interaction. Interestingly,
the water content of the FAD membrane appears to decrease with concentration of
NaCl, though the effect is small.

The water content of membranes that were used for streaming potential measure-
ments, and thus exposed to a pressure difference of approximately 1 bar, is given
in table 2.10. The deformation of the membranes made removal of surface solution
from the wet membranes less reliable, and caused some increase in the error. We can
see, however, that the general tendency is for the water content to decrease in all
membranes after deformation. This is possibly an effect of structural collapse in the
membrane, such that it can accomodate only a smaller volume of water than prior to
the deformation. Since the correlation between water content and water transport is
positive, it is possible that this effect serves to shift our estimates for the water trans-
ference coefficients to a lower value than the true value of the undeformed membrane.
If this is true, then we expect that the water transference coefficients of the cation
exchange membranes are underestimated by a value of up to around 1, according to
the correlations given in figure 2.8.

An interesting connection can be made to the effect of the ions on the solvent struc-
ture. An empirical measure of the ion-solvent interaction is the B-coefficient of the
Jones-Dole equation. For details, see the original paper [45], or e.g. [46]. It was shown
by Nightingale [47] that there exists a direct correlation between the B-coefficients
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Table 2.9: Measured water content in mass percent for unused membranes immersed in aqueous NaCl
at different concentrations.

Molality | FumaAasep FKS FumAsep FAD
0.03 17.7 £ 0.8 22.3 £ 0.5
0.10 18.8 + 0.6 21.3 £ 0.7
0.60 17.0 £ 0.6 20.9 £ 0.7

Table 2.10: Measured water content in mass percent for membranes immersed in 0.03 mol/kg aqueous
salt solutions after exposure to a pressure difference of 1 bar.

Electrolyte NAFION 115 NeosepTtA CMX FumMmasep FKS
LiCl 16.8 £ 0.9 22.0 £ 1.0 19.5 £ 2.7
NaCl 155 + 1.2 185 £ 1.5 14.7 £ 1.8
KCI 10.1 +£ 0.9 18.0 £ 0.9 14.9 + 3.1
MgCl, 133 + 1.1 16.5 £ 1.5 14.1 +£ 24
CaCly 144 +£1.2 171 £ 1.2 15.7 £ 1.9
BaCly 10.1 £ 0.6 16.5 + 1.4 174 + 4.8
Fumaser FAD NEoOsepTA AMX

LiCl 22.2 £ 2.6 143 £1.6

NaCl 219 £ 2.6 13.3 £ 2.0

KCI 21.0 + 3.4 13.7 £ 2.0

MgCls 18.7 + 1.7 129 £ 1.5

CaCly 19.9 + 2.6 13.4 + 2.2

BaCly 21.0 £ 1.0 15,0+ 14
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Figure 2.8: Plot of water transference coefficients against water content of the cation exchange
membranes, obtained by changing the cation of a 0.03 mol/kg aqueous chloride solution. The black
and red dashed lines indicate 95 % confidence and prediction, respectively.

and the mass-corrected partial entropy of solvation. The average number of water
molecules transported per ion is zty. In figure 2.9, we show a strong correlation be-
tween zty and the B-coefficients. We observe that the water transport through the
membrane is correlated with the effect of the cation on the solvent structure in free
solution. For NAFION 115, the correlation is not monotonous, which may be due to
an effect of the ion in the membrane structure. The fixed charge groups are monova-
lent, which means that a divalent cation requires the proximity of two such groups to
achieve electroneutral conditions. It is possible that this strong monopole interaction
between a divalent cation and two sulfonic acid groups strains the polymer structure
so as to alter the water transport properties of the membrane. This hypothesis is
supported by the trend in water permeability in table 2.6. We observe that, apart
from the highly uncertain estimate in calcium chloride solution, the permeability is
significantly lower in solution with divalent cations than with monovalent cations.
This indicates that the divalent cations strain the membrane structure such that the
nanopores are more constricted. The correlation also further supports the hypothe-
sis that the water transport is dominated by ion-dipole interactions, rather than the
pumping effect seen with hydrophobic cations.

The water transport through the FKS membrane appears to be insensitive to the
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Figure 2.9: Plot of the product of cation valence number and water transference coefficient against
the Jones-Dole B-coefficients of the cations in aqueous solution.

concentration of NaCl in the range 0.03 - 0.60 mol/kg, while that of the FAD mem-
brane increases in magnitude with the concentration. This is contrary to findings
by Trivijitkasem and Ostvold [18], who found for all membranes they investigated
that the magnitude of t,, either decreased with or was insensitive to electrolyte con-
centration. The permeabilities of both membranes appear to be insensitive to the
concentration, though the estimates are quite uncertain. Several of the streaming po-
tential measurements suffer from large errors, which is due to observed perturbations
to the cell potential after application of the pressure difference. These perturbations
are postulated to occur due to mechanical deformation of the membrane. Interest-
ing investigations have been made on the viscoelastic response of such membranes to
a pressure gradient [48], which may lead to interesting results relevant for applica-
tions of non-isobaric membrane systems. Previously mentioned workers applying the
streaming potential method have used a perforated support plate for their measure-
ments to avoid deformation. Investigations on finite size effects of the perforations
have not yet been performed to a satisfactory degree, however, and we suggest a
completely different method in chapter 4.






Chapter 3
Seebeck Effect and Transported Entropy

A theoretical expression describing the measured electric potential difference over an ion
exchange membrane in contact with a nonisothermal aqueous metal chloride solution with
Ag/AgCl electrodes was derived in the framework of classical non-equilibrium thermodynam-
ics. The expression includes the effects of temperature polarization, Thomson effect, and
concentration polarization. The effect of stacking membranes together to diminish the polar-
ization effects is discussed, and an empirical model is applied. A thermocell was designed and
built for measuring the Seebeck coefficient of ion exchange membranes experimentally. The
Seebeck coefficient was measured for the FUMA-TEcH FKS-PET-75 and FAD-PET-75
membranes in sodium chloride solutions with molalities 0.03, 0.1, and 0.6 mol/kg, with tem-
perature differences spanning from -20 to 20 Kelvin, and with membranes stacked together in
numbers ranging from 1 to 20. The arithmetic mean temperature of the cell was kept at 25
°C. A regression model was used to fit the observed Seebeck coefficient of the total system as
a function of the membrane stack thickness. In both cases, the Seebeck coefficient converged
towards a limiting value with increasing thickness, suggesting that the polarization effects
vanish. The Seebeck coefficient of the two membranes were found to range from 1.41 to 0.98
mV/K, and 0.56 to 0.48 mV/K for the FKS and FAD membranes in stacks of 20, as the
NaCl concentration was increased. From the experimental data, estimates of the transported
entropies of the ions in the membranes were obtained. The Thomson effect was found to be
insignificant in all cases. A theoretical bound for the Seebeck coefficient, given by the second
law of thermodynamics, is also discussed. A figure of merit of a thermoelectric generator is
derived and related directly to the second law efficiency. The transported entropy of Na¥t in
the FKS membrane was found to be insensitive to the composition of the aqueous solution,
and remains around 300 J/mol K. The transported entropy of Cl~ in the FAD membrane
appears to increase with salt concentration, ranging from 250 to 600 J/mol K. The errors
are, however, large, due to large errors in the estimates of the water transference coefficients.
More accurate methods for determining the water transference coefficients are needed in order
to obtain better estimates of the transported entropies.

39
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3.1 Introduction

A complete description of a non-isothermal system with electric currents includes
considerations of the coupling of heat and charge transfer, known as the Peltier ef-
fect. Even isothermal systems can become non-isothermal under operation due to this
effect, which carries heat along with or in the opposite direction of the electric flux.
This coupling allows the extraction of electrical work from non-isothermal systems,
by allowing the temperature gradient to act as a driving force for the electric cur-
rent, an effect known in the literature as the Seebeck effect. The Peltier and Seebeck
effects are mutually reciprocal, and are related by an Onsager relation in the local
equilibrium theory.

Notable experimental work on the thermoelectric potential of ion exchange mem-
branes was done by a Japanese group [6, 49, 50, 51, 52, 53|. Although parts of their
theory could have been more transparent regarding the physical origin of the potential
that is being measured, their results do provide valuable insight. They demonstrated
that the potential was dependent on the flow rate in their cell, suggesting an effect of
the diffusion layers adjacent to the membrane. This was further investigated by Bar-
ragan et al. [54], who also investigated the effect of changing the mean temperature
of the cell [55]. More recent investigations have focused on the explicit application of
such systems to harvest waste heat, see e.g. [56, 57].

In the experiments presented here, we investigate the cell potential as the temperature
difference between the two compartments is varied, measuring the Seebeck coefficient
of the cell. We apply the Onsager reciprocity theorem to relate this to the Peltier
heat, quantified by the transported entropy of the charge carrier in the ion exchange
membrane. Agar [58] provided a review on the transported entropy of ions in aqueous
solutions, which are typically much larger than those of electrons and holes in con-
ventional semiconducting thermoelectric generators. Estimating and reporting the
transported entropies of ions in ion exchange membranes from Seebeck coefficients
appears to be the standard in the literature.

We develop here theoretical expressions describing the measurable cell potential of a
non-isothermal cell made up of two compartments with Ag/AgCl electrodes in aque-
ous chloride electrolyte, separated by an ion exchange membrane, in the framework
of non-equilibrium thermodynamics. We follow closely the conventions of workers
such as Kjelstrup & Bedeaux [8], and de Groot & Mazur [9]. The theoretical con-
siderations are somewhat general with respect to choice of cation, and we restrict
experiments to the case of NaCl, which is the most relevant for non-isothermal salt
power applications. See chapter 4 for more details on this particular application.
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3.2 Theory

We consider an electrochemical cell, where two compartments of an aqueous chloride
solution are separated by an ion exchange membrane. Each compartment has its
own Ag/AgCl electrode, and the electrodes are connected through an outer circuit by
means of metallic conductors. The system is nonisothermal, and there will therefore
be a net heat conduction through the membrane. The membrane also allows for
transfer of ions and solvent. A sketch of the system is given in figure 3.1. The
temperatures close to the electrodes in compartment 1 and 2 are 77 and Tb, and
the corresponding temperatures close to the membrane surfaces are Ty and 7,. We
define positive fluxes to be counter-clockwise in figure 3.1, using the rest frame of the
membrane as reference. We will divide the cell into distinct sub-systems, treating the
aqueous solution, the membrane, and the electrodes with external circuit separately,
and finally sum their contributions to obtain an expression for the total cell potential.

A
>
<
A

Compartment 1 Compartment 2

MCL,,, (aq)

Ty ib)

Ag/AgCl Ag/AgCl

Figure 3.1: Sketch of the system considered in this work. The system is assumed to have mirror
symmetry with respect to membrane plane before the application of a temperature gradient. The
temperature difference 75 — 71 acts as a driving force for fluxes of energy, cations, chloride, and
water, denoted J., Jyz+, Jo—, and Jy, respectively. Charge transfer is facilitated by reactions at
the electrodes, which are at electric potentials ¢1 and ¢2. The temperatures Ty and T, close to the
membrane are also indicated.
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3.2.1 The Aqueous Solution

We treat the electrolyte solution as a continuum where fluxes of energy, J,, cation,
Jy=+, and chloride, J - occur. With this, we assume that there is no net flux of water
in the bulk solution. We give the entropy production, o, in terms of the conjugate
flux-force pairs

1 TN (Lo —
c=J,-V (T> S, N v (”“:‘F*) S R v (’“‘; ) (3.2.1)

where [i; is the electrochemical potential of ¢, defined as

i = i + 2z FY (3.2.2)

with p; the chemical potential, F' Faraday’s constant, and v the electrostatic poten-
tial. The charge number z;, is defined such that z;e is the charge of a particle of ¢,
with e the charge of a proton (i.e. the elementary charge unit). The linear flux-force
relations prescribed by the linear regression hypothesis are

B l B [LMz+) _ (ﬁcr)
Ju = L.V <T> LV ( T L,V T

1 JIN" -
Jyer = LoV () = Lasw (B0 ) - Ly (P ) (3.23)

1 e flor
I =L,V <T> L.V (“ﬁ}*) v (“’;)

where we have used scalar conductivities under the assumption that the solution is
sufficiently isotropic. A connection can be made to the Kedem-Katchalsky formula-
tion, which instead includes the net flux of neutral electrolyte, J., and the electric
current density, j. This, however, requires the introduction of constraints from the
global properties of the system. In our case, the electrodes are reversible to the chlo-
ride anion, and the net electrolyte flux can only occur with net flux of cation through
the membrane. The transformations are, therefore,

Jeo = Iyt
j=2FJye+ — FJg-
He = Hy=+ + ZHo~

¢ =1 — pe-/F

where . is the chemical potential of the electrolyte MCl,, z is the valence number of
the cation, and ¢ is the measurable electric cell potential. This formulation has the
disadvantage of using a non-local electrolyte flux, which complicates local treatment.
It does, however, include measurable quantities, such as pe and ¢. We will use the
formulation with electrochemical potentials in order to derive the local contributions
to the cell potential, and use the relations (3.2.4) to reformulate the expressions in

(3.2.4)
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terms of measurable quantities.

We now restrict our attention to one-dimensional transport along the axis x orthog-
onal to the membrane surfaces, such that (3.2.3) becomes

Ju Luw Lut L 8, (1/T)
S+ | = |Liu Lyt L | | =0z (fiy=+/T) (3.2.5)
Jcr L_y L—+ L__ —0Op (ﬂcr /T)

We use (3.2.4) to find the electric current density in terms of the flux equations for
the ion fluxes

, 1 P+ Poi- Y
] = quaz (T) - L¢+8( I\C/le ) — L¢,8$ ( ;i ) — Lw¢a$ (T) (326)

where we have used the relations for j and v in (3.2.4), and defined the coefficients

Lyy =F (2L4y — L_u) Lyy=F(2L4q — L—4)

Ly =F(zL,_ —L__) Lyy = F? (Z2L++ n L,,) — 2F(L_4 +Ls_)
(3.2.7)
for which the Onsager symmetry L,; = L;, also holds if it holds for the original coef-
ficients. This can for instance be shown by rewriting one of the other flux equations,
say

. l _ =t Nm)_ . <¢)
= Luuds (T> LwaI( T) Luﬁz( &) F (L — L) 0n (&

Loy

(3.2.8)
where we see that if L, = Ly, and L, = L_,, then L,y = Ly,. The same
can easily be shown for the remaining cross coefficients. Imposing the open circuit
condition, j = 0, we find from (3.2.6)

Oz < = Oz | =) — Oz — Oz 3.2.9
< T)/j=0 Ly “\T/  Lyy T Lyy T 329

from which we can now exploit the symmetries among the coefficients to identify the
ionic transport numbers

L L Tz
zFlH:zFW:zF(Mf) = tyet
Ly Lyy, J/ar=odu=o (3.2.10)
Ly L_ _ -
B e e R (‘]C') =it
Ly Ly JJ ar=0,du=0

which are linearly dependent through the definition of the electric current density,
such that
tyet Ftg- =1 (3.2.11)
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The energy flux can be expressed as
Ju=Jy+ Hyer Jyet + Ho- Jo- + ja (3.2.12)

where Jc/1 is the measurable heat flur, and H; is the partial molar enthalpy of i, such
that the three first terms give the total heat flux. The fourth term is the electrical
work contribution to the energy transfer. We express the measurable heat flux in

terms of entropy
Jé =TJs — TS+ Syt — T'Se - Joy- (3.2.13)
=T [( f\k/[z+ — Syt ) Jyet + (Sél— - Scr) Jcr]

where S; is the partial molar entropy of i, and we have introduced the transported
entropy S; of i to represent the contribution of ¢ to the total entropy transfer. Using
that pu; = H; — T'S;, we obtain

Ju = (TSev + pags+) Sye+ + (TSE- + par-) Jor- + J0 (3.2.14)

such that, by the Onsager symmetry
b=+

FTW =F <u) = (TS3e+ + pags+) — tar- (T'SE- + pa-) + FY
v J /7 ar=0,dp=0 z
(3.2.15)

and (3.2.9) becomes

(0 (7)), = 5 Lersies w2 (7) -2 (%)

_ t;{ [(TS;; + ey ) O (;) — 0 (M% )] 0 (:;)
(3.2.16)

we use that

1 o\ 1 m) (1) 1

— ) = )= ) =y — — i (3.2.1
wor (1) =0 (5) o and oo (5) —pn (3 )+ g0 (3217)
so that (3.2.16) can be rewritten to

t z+ t —

subtracting O, pq,- /F from both sides, and applying (3.2.4) and (3.2.11), we obtain
the measurable potential

(S, 0,T + Oy pic-] (3.2.18)

tl\/Iz+

O —
v zF

L [ly=+ ou
Fl 2z ™™

(8x¢)j:0 = —ta- S

Cl1—

Do e (3.2.19)

and the temperature dependence of the chemical potential can be separated from the
composition dependence to first order as
Opte

amUe = Ozlle, T + 878IT = aa:,ue,T — 8:0,T (3220)
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where the subscript T' indicates that the chemical potential is evaluated at the tem-
perature around which the expansion is taken. We employ the activity model for the
composition dependence of the chemical potential

Otter = g“ L Opte.r = vRTpOp In (e 1) (3.2.21)
Qe T
where R is the universal gas constant, a7 the isothermal activity of the electrolyte, v
the number of ions per molecule of electrolyte, and Ty the temperature from which the
temperature dependence is expanded. The activity can be expressed as the product
YeMe, Where . is the mean molal activity coefficient, and m, is the molality of the
electrolyte. The gradient in electric potential can finally be expressed as

]. |:thIZ+ VRTOth+

(8a:¢)j:0 = f “F

Before proceeding to integrate (3.2.22), we make explicit the temperature dependence
of the entropies

(Se — ;;z+)+tCISZ;_]8xT— Oy (aer) (3.2.22)

S; (T) =5; (T) + /TTC;’Z'dT =5; (T) + Cpyi In (;)
Tr

S;(r) =87 (F) + [ 4T =5 (T) +7ln (;)

T

(3.2.23)

where ¢, ; and 7; are the partial molar heat capacity, and the Thomson coefficient of i,
respectively. We have here neglected the temperature dependence of these quantities
in performing the integration in (3.2.23), and have introduced the mean temperature
of the cell, T = (Th + T3)/2. We will neglect the composition dependence of the
transported entropies and transport numbers. We take the steady state profiles in
composition, temperature, and electric potential to be explicit functions of position
only, and form the integration measures

Ozdxr = do 0,Tdx =dT Oy In (ae,r) dz = dIn (ae 1)
(3.2.24)
In order to ease notation, we define the partial Seebeck coefficient of the solution,
and its corresponding Thomson coefficient

1 [ty "
201 = Fa [ MZ+ (Se — IT/[z+) +la- Scr]
1 e (3.2.25)
8ol _ f [ MZ (Cp,e — TMz+) + tCl—7—01—:|

Unless otherwise stated, all quantities are evaluated at temperature T. The integral
of (3.2.22) over compartment 1 is then

e 7 T ag(Th) y RT -
/ do = Ay = / [n?’l +7°'In ()] T — / PRt 4y 7
1 ’ Ty T al(ny) 2Faer

(3.2.26)

sol sol VRTlth+ ag (Tl)
= T, Tp)| AT — |
{773 + 7 f (T, z)} 1,6 7 <aé )
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Figure 3.2: Plot of the function f defined in (3.2.27) as a function of the temperature difference when
the mean temperature is kept constant equal to 298.15 K.

where we have introduced the difference notation, A; . F' = Fj, — F}, and the function

Ty In (Tk /T) ~T;In (T] /T)
Ty — 1T,

F (T, 1) = -1 (3.2.27)
A plot of the function f is given in figure 3.2. We observe that for a mean tempera-
ture of 298.15 K, the order of magnitude of f remains at 10~* up to a temperature
difference of about 40 K. Thomson coefficients in aqueous solution are typically on
the same order of magnitude as their corresponding Seebeck coefficients [8, 58], and
we therefore expect the nonlinear dependence of the cell potential on the temperature
difference to be important at the third or fourth decimal.

Equivalently, we perform the integration over compartment 2, expanding the chemical
potential around the temperature 75

(3.2.28)

Toty - 2(T.
A= [ 4 70 (13, T)] AT — VT (“e ( 2)>

zF ag (Tg)

The total contribution from the aqueous solution is obtained by adding (3.2.26) and
(3.2.28)

Aol = 1 (AL T + Ao T) + 75N f (T2, Ty) Ay 4T + f (Tr, To) A 2T

VRt al (Th) a2 (1) (3.2.29)
- [TI In (ag (Ti)> +TyIn (ag (Tz)ﬂ

which is a sum of a thermoelectric contribution, represented by the Seebeck coeffi-
cient, and two isothermal Nernstian potentials due to nonuniform composition profiles
between the electrodes and the membrane surfaces.
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3.2.2 The Membrane

The treatment of the homogeneous phase is very similar to that of the aqueous so-
lution. A principal difference is that, in the membrane, electroosmotic transport of
water as a neutral component may occur. Let the subscript w denote quantities per-
taining to water, and denote by a bar all quantities evaluated in the membrane phase.
The flux-force relations are

Ju Euu £/u+ Euf Euw az (1/T)
Jy=+ — £+u £++ £+— £+w —0y (:aMZ+ /T) (3.2.30)
Jar- £—u £—+ £—— £—W —0y (/101— /T)

Jw qu Lw+ LW— wa _838 (,UW/T)

Again, we can identify the electric current density

. T 1 T Hopz+ + M- - Mo - w
L T R
(3.2.31)

where Ly, = F(zL4w — L_y), and the remaining coefficients are defined exactly as
in (3.2.7). The open circuit condition gives

L 1 L . Ly_ - L w
(o (7)) oo (7)o () - oo () - 220 (%)
(3.2.32)
The ionic transport numbers are found in the same manner as in the aqueous solution,

L L Iz .
dPEYE = p Y R ( M +) = lyat
dT=0,du=0

Ly L Jor- . o
By e <C‘) =T
Ly Ly J/ar=0.du=0
and, similarly, the water transference coefficient
L L Jyw -
P2 — p2 () =Ty (3.2.34)
Ly Lopy J / ar=0,dp=0

The energy balance proceeds in a manner similar to that of the aqueous solution.
The energy flux is

Ju = (TS0 + T ) Tt + (TS + o) Jor- + T + 50 (3.2.35)

where we have neglected the transported entropy of neutral water, as the electroos-
motic water transport is a reversible effect which should not contribute to the entropy
production. See e.g. [8] for a discussion on this. The electric field strength is

t z+ [—=x* t — —% %W
o S5+ 0aT + Oupiyges | + - (Se-0T + Opic-| — Fa(zuw |
3.2.36

(8x¢)j:0 ==
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Subtracting O, pi,- /F from both sides and using that #,;:+ + .- = 1, and identifying
the chemical potential of electrolyte, this becomes

1 % Z+ —% — —%k E z+ fw
(8x¢)]:0 == —F [MSMz+ — tCI_ SCI] (%T — 378xue — Faxﬂw (3237)

Using (3.2.20) and (3.2.21), this is

1 [ tyet /= = . o
(0x9) j—0 = o [ M (Se - SMz+) + - Se- + tWSW] 0, T
z
i i (3.2.38)
I () — T 5, o ()

where ay, 7 is the isothermal activity of water. We define the Seebeck and Thomson
coefficients

‘ 1 [Eyer /= = o
Usmem = = [ MEF (Se - SMZ+) + tcl*SCI— + tWSW]

F z
_ (3.2.39)
‘mem ,__ l th‘" -~ = - = - _
T ~TF > (Cp,e Tae+) Flo-Tao- + twCp,w

We choose to expand the temperature around the mean temperature, T. More ped-
agogically, this can be obtained by expanding around both 7, and T, and taking
the symmetric combination of the two expansions, assuming that T is also the mean
temperature of 7, and 7. Upon constructing the integration measures as in (3.2.24),
integration of (3.2.38) leaves

A(b;nem = [U;mem + T‘memf (T€7 T’I‘)i| AZ,TT

_vRTRe (ag (T)) _RTE, (a; (T)) (3.2.40)

= am)

We will now show that adding to this the electric potential jumps at the interfaces
between aqueous solution and bulk membrane will eliminate membrane phase state
variables in favour of those in aqueous solution, while the kinetic variables, such as the
transported entropies, will remain specific to the membrane. Assuming that there is
no jump in temperature at the interface in the steady state, the steady state entropy
production of one such interface is

Ai,o/]MZ""
T

Ai,oﬂct _J Ai,o,uvv
w

—J.
Cl T T

Osurf = —Jyz+ (3241)
where we note that all driving forces are zero if the interface is in equilibrium with
the external solution, and there will be no net contribution to the electric potential.

Rather than assume that the interfaces are in equilibrium with the solution, we derive
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an expression for the steady state contribution. From the same arguments as in the
bulk phase, we obtain the electric current density through the interface

LS LS LS " LS
J= w+ Ajoptyz+ — %ALOHCF - %ALOMW - %Aiﬂw (3.2.42)

The transference coeflicients and transport numbers derived from these coefficients
must, by the steady state constraint that there is no accumulation of charge or water
at the interfaces, be equal to the membrane bulk phase coefficients. The open circuit
electric potential jump is therefore

th+

2 F

by

— XA ofhy 2.4
7 Diokt (3.2.43)

(Ai70¢)j:0 —— A4 , oMzt + L Az Jolbc—

Correcting for the chemical potential of chloride, and identifying the electrolyte chem-
ical potential, the jump in measurable electric potential is

%Mz+ %W

~F iolte — fAi,on (3.2.44)

(Ai,o¢)j:0 = -

Made explicit in compartment 1, expanding the chemical potentials around T

Aol =~ B [(HL - L) ~ 11 (5L 5L) + (G — cpe) (T~ T~ Ty1n (1/7))
b [~ L) 10 (5L~ 52) + e — ) (T T~ Ty (1/7) )]
(3.2.45)
and similarly for the interface in compartment 2

A2 =D (I~ 1)~ Ty (51— 81) + (e — ) (To — T = Tyl (1,/7))]

zF
O [(Hy 1)~ (S5 80) + (e — ) (T~ T~ Tl (1/7) )]
(3.2.46)

We now introduce activities again by noticing that e.g.
7Z 76 _ A —
H,— H. =T, (S, - 8 ~ it — p— (To = T) (Se - Se) (3.2.47)

and similarly for the remaining terms. We have neglected the composition depen-
dence of the entropies, as we expect these variations to be small. Adding the two
contributions then gives the measurable contribution to the electric potential

tz; {[(Se —ge) + (cpe — Cpe) f (10, T, )} AVEVAES vRT [ln <Z:> —In (Z;)]}

+ t;?’v { KSW N ?w) + (epw — Cpw) [ (T0, T, )} BerT + RT {ln (ZT > ( ﬂ}
2.48)
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where activities are evaluated at temperature T. One may notice that adding this
to the bulk contribution in (3.2.40) simply replaces membrane phase thermodynamic
entropies and activities with those in aqueous solution. We therefore define new
coefficients

1 % 1% =% i <F I
ngnem = f llj (Se - SMZ+) +te- Scl* + tWSW]
i (3.2.49)
t z n n
Fmem . _ F ll\/j (Cp,e — 7Mz+) Flo-Ta- + thZLw]

the total contribution from the membrane and its interfaces is

mem mem VRTE]\/IZ+ al RT%W a’
Adem = [ + 77 (T, T,)] A, T — Z22 1 (f> F o (5)
(3.2.50)
which remains the same under steady state conditions, regardless of whether or not

the membrane surfaces are in equilibrium with the external solution.

3.2.3 The Electrodes and External Circuit

We have thus far described the membrane and the aqueous solution, and have ref-
erenced the electrodes at each subsystem through the relations (3.2.4). We will now
describe the contributions due to the chemical reactions at the electrode surfaces, and
any contribution that may occur in the external circuit. We assume again a contin-
uous steady state temperature profile. At the electrode surfaces, the charge carrier
changes from chloride in aqueous solution, to electrons in metallic silver. This can
be described as transport of chloride (7, s) into the layer of silver chloride, a chemical
reaction transforming metallic silver to silver chloride, and transport of electrons out
of the silver chloride layer into the metallic silver (s, 0). The entropy production is

o AS,Oﬂe* cAnG

AN TP
achem:—Jél_%”Cl—Je_ T (3.2.51)

with 7¢ the chemical reaction rate, A,,G the Gibbs energy contribution of silver and
silver chloride in the electrode reaction, and J.- the electron flux. We take the
reaction rate to be constrained by the electric current

r‘=j/F (3.2.52)
and the other fluxes are those making up the electric current

Ji

Cl—

=J, =—j/F (3.2.53)
and the electrochemical potentials are

Ai,sﬁm* = Ai,sNCF - FAi,sl/} = _FAi,s¢

. (3.2.54)
As,o/ie* = As,oﬂe* - FAs,ow = _FAS,0¢
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there is thus only one independent flux-force pair in the entropy production

' A,G
Ochem = _% (Ai,o¢ + ;, ) (3255)
then, the linear flux-force relation gives
A,G
(Ai,o¢)j:0 = - ;, (3256)

which is the Nernst equation from equilibrium thermodynamics. We can now use
this relation to find the electrode contribution to the measurable electric potential.
In compartment 1, the transference of 1 Faraday of positive charge from compartment
1 to 2 through the membrane is compensated by the reaction

Cl” +Ag — AgCl+e™ (3.2.57)

while the opposite reaction occurs at the electrode in compartment 2. The reaction
Gibbs energy contribution from the neutral components in compartment 1 is

ALGY = U (1) — Y (1) (3.2.58)
and in compartment 2
AGP = ) (1) — plle (1) (3.2.59)

We use the superscripts to distinguish the states of the electrode materials at the
different electrodes. The reason for this distinction is the practical challenge of making
the electrodes similar enough that their structural differences do not give rise to a
measurable difference in electric potential, known in the literature as a bias potential.
We will assume that these differences are small, and use mean values at temperature
T as reference

@y ,®
i = % (3.2.60)
then,
utY = iy — e
22) (3.2.61)
pi =i + &
with ¢; = /%(2) — i = [ — ugl) introduced as the deviation parameter between the

electrodes. Adding together the Gibbs energies of the two electrode reactions, and
using the mean chemical potentials and their temperature dependencies, we obtain

AnG = [Suuer = Sus+ (Cpaser — Gpae) £ (T, To)| AoT + ApGrins  (3.2.62)

where we have to second order in the temperature difference

1 0%
AnCTYbias =2+~

1973 (A 2T)? with € = ea, — Eazcn (3.2.63)

T=T
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which gives rise to the measurable bias potential of the electrodes

An Gbias

A ias — —
®b Fa

(3.2.64)
The total contribution from the electrode reactions is then
114 A . R
A¢Chem = F SAg - SAgCl + (Cp,Ag - Cp,AgCl) f (T17 T2)} A1,2T + A¢bias (3-2-65)

An important note is that the bias will generally depend on the temperature dif-
ference, due to the second order term which corresponds to deviations in the heat
capacities. It is therefore important that the differences between the electrodes are
small, so as not to give a significant thermoelectric contribution. We will assume
that if the isothermal bias potential is small, then its influence on the thermoelectric
potential is negligible.

The silver electrodes are connected to the external circuit via platinum wires. As-
suming local equilibrium at the silver-platinum interfaces gives
~(A ~(Pt)
F (Adjun) g = * (B2 = 5") = 0 (3.2.66)
so that the junctions do not contribute to the cell potential. We also assume that
all equipment in the external circuit is kept at room temperature, such that we need

only consider thermoelectric effects in the platinum wires. The entropy production
in such a wire is

1 o
wo_ — )7 ¢ 2.
- J@4T>{g¢(T) (3.2.67)
We have
Jy = (TSZEPt) + /~Le—> Jo- + J1 Jom = —j/F Po— = pte— — FY
(3.2.68)

which gives

F (ax (?))JO = - (f_ >de0 By (;) +0, (“j‘i‘) (3.2.69)

evaluating the energy flux gives

( Ju > —_F (J“> =78 4 e — Fyp (3.2.70)
Je=/ ar=0 J /ar=o0

which makes (3.2.69)

FOut)jmg = —T (TSZEH) + “e*) O (;) + 10 (u;) (3.2.71)

— SO, T 4 Oppte
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the measurable potential is obtained by subtracting O, u.-/F from the electrostatic
potential, thus
S*(Pt)
(axd))jzo = CF 0, T (3.2.72)
Integrating by the standard procedure from 75 to T} gives

1. ¢
At = — [seﬁ‘”” +7 (Tl,Tg)} Ay 5T (3.2.73)

the total contribution from the electrodes and the external circuit is then obtained
by adding (3.2.65) and (3.2.73). We define the coefficients

14 A *
77‘331 = 7 |:SAg — Sagar — Segpt)} 5974
el o, A (Pt) ( - )
=% [cw\g — Cpagct — To- ]
then,
Ager = [+ 7 (T2, To)| A1 2T + Aias (3.2.75)

is the contribution of the electrodes and external circuit to the measurable cell po-
tential.

3.2.4 The Total Cell Potential

We will now gather all the terms contributing to the total cell potential, and investi-
gate some limits. The total cell potential is found by adding (3.2.29), (3.2.50), and
(3.2.75)
Ap =1 (AT + Ao T) + 7 [f (T1, T0) A1y T + f(Tr, To) Ar 2T
+ [ T f (T, T)) Ag, T+ [+ 7 (Th, T)| Ao

VR aé (T1) ag (T2)
F {’fw* [Tl ; <ag d)) rh ( <Tz>>

(3.2.76)
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One limit of interest is the compartment-wise isothermal limit, where Ty — T3, and
T, — T5. The expression reduces to

(3.2.77)
Taking the isothermal limit, 77 — 7T and 175 — T, the thermoelectric potentials
vanish, and we are left with

A¢g?@w+mwﬂntigg)R?Wm(zgg)+ﬁ%m (3.2.78)

which is just the standard isothermal concentration potential of a membrane system.
Taking the limit of uniform composition, only the electrode bias remains. If, instead
of the isothermal limit, we take uniform composition, we have

A¢ = [ng™ + 70N f (T1, Tz)] A1 2T + [7751 + 7 (T, T2)} AT
vR al (Th) a? (Tn) (T)
-5 {th+ [Tl In <aé (T1)> +T51n (ag () (T

Q

o3

+ EMz+T ln (

D

Q,

N—

A = |nrem 4l 4 (Tmem + Tel> f (T, Tz)} A1 2T + Aghias (ALQT, T) (3.2.79)

We will discuss conditions for the both the compartment-wise isothermal limit and
the limit of uniform composition in section 3.2.5. Further assuming that all Thomson
effects can be neglected, this reduces to

A= (1™ +ng') A1 oT + Aduing (3.2.80)

which is an assumption that can be checked by checking whether the observed po-
tential deviates significantly from a straight line as a function of the temperature
difference. This will be discussed in further detail in section 3.2.6.

3.2.5 Temperature Polarization

In our full expression (3.2.76) for the total cell potential, the thermoelectric contribu-
tions stem from both an effect due to transport across the membrane, and for trans-
port through the external solution. In taking the compartment-wise isothermal limit
to obtain (3.2.77), the solutions terms are neglected, and the temperature difference
across the membrane is assumed to be sufficiently close to the temperature difference
between the bulk solutions. In practice, however, the typical situation is that diffusion
layers formed close to the membrane surface have significantly non-uniform temper-
ature profiles. This gives measurable alterations to the observed electric potential,
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as it provides thermoelectric potentials in the diffusion layers as well as across the
membrane proper, and also alters the thermoelectric potential over the membrane by
altering the temperature difference across the membrane itself. This effect is com-
monly known as temperature polarization in the literature [54]. An example of how a
steady state temperature profile may look like is illustrated in figure 3.3.

The experimental difficulties associated with measuring the temperatures 7, and 7.,
without disturbing the transport processes, call for a more practical approach. We
introduce the mean temperature gradients in solution and membrane

ALgT + AT’QT
ds

A, T

BT = .

onT = (3.2.81)
where dg is two times the mean thickness of the diffusion layers, and d,, is the thickness

of the membrane. The total temperature difference can then be expressed as
AT = Ay oT = 35Tds + 0™ Tdy, (3.2.82)

Neglecting the Thomson effect, and the dependence of the composition profiles in the
diffusion layers on the temperature difference, the observed Seebeck coefficient of the
system is

b = B0 T + O Td 0 1P & (3.2.83)
s AT BTds + O Tdy, L4 pd 14 pdp

ds /2] dum l—dy /2

1 Y4 Membrane r 2

Figure 3.3: An illustration of a possible combination of temperature and composition profile in
the system. The dashed lines indicate the diffusion layers ¢ and r, and the solid lines indicate the
membrane-solution interfaces. The solid curve indicates the temperature profile, and the dotted
curve the electrolyte concentration.
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where p is the ratio of the mean temperature gradient in the membrane to the mean
temperature gradient in the diffusion layers. We see that the dependence on the ratio
d/ds is such that, provided that p is independent of this ratio, only the membrane
contribution remains when this ratio is large enough. Experimentally, we will increase
the membrane thickness by stacking membranes together. We will then assume that
the effective membrane thickness is

dm = nd (3.2.84)

where d is the thickness of a single membrane, and n is the number of membranes
stacked together. We furthermore assume that the ratio d/ds is independent of the
number of membranes in the stack, and define the parameter

ri= pdi (3.2.85)

The model for the observed Seebeck coefficient is then
sol mem

obs "s Tls
B T T+ L

(3.2.86)

We will use this model to analyze the dependence of the observed Seebeck coefficient
on the number of stacked membranes. As a generalization, we may assume that r is
not constant, but varies slowly with n. In this case, we may expand about n =1

or

r(n) ~r(l) + I - (n—1) (3.2.87)
in which case we define the coefficients
or or
= — b:=7r(1) — — 2.
a anl r(1) onl (3.2.88)
so that (3.2.86) becomes
sol mem
72> o i s (3.2.89)

_l’_
2 1

we will use this model to check whether a is significant, and revert to (3.2.86) if it is
not. The purpose of this model is to assess whether enough membranes are stacked
together such that the effect of temperature polarization may be neglected.

3.2.6 Concentration and Temperature Dependence

When deriving the full expression for the observed cell potential, we neglected the
composition dependence of the entropies, arguing that the composition profile of the
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cell does not deviate much from uniform. However, if measurements taken at signifi-
cantly different overall electrolyte concentrations are to be compared, this dependence
can no longer be neglected. In order to assess the concentration dependence of the ob-
served potential, we neglect the composition dependence of the transported entropies
of the ions, and assume the following concentration dependence for the partial molar
entropies of neutral components

Se x —VR <ln (ae) + gl]rrll((;f))> Sw x —R <ln (aw) + aalllrll(évj))> (3.2.90)

where a; is the activity of 4, which can be found from tabulated data in the litera-
ture. Neglecting the contribution from the aqueous solution, and the concentration
dependence of the heat capacities, we obtain

obs v R%M zt+

N  Ri
/)75 P F

(In (ae) + &) Ia

(In (ay) + &w) (3.2.91)

where &; are the logarithmic temperature derivatives of the activity coefficients, i.e.
the second terms in the brackets of (3.2.90). Since the prefactor to the electrolyte
activity term consists of strictly positive quantities, we expect that increasing the
electrolyte activity leads to a more negative Seebeck coefficient. However, the trans-
ference coefficient of water may take any sign, and is typically on the order of unity
or greater. The effect of changing the water activity thus depends on the direction
of electroosmotic water transfer. For anion-exchange membranes, we expect the first
term to be small if the membrane is highly selective. We expect that both transport
numbers may vary with the electrolyte concentration, and the observed Seebeck co-
efficient therefore has a nonlinear activity dependence in general.

Since the activities are typically well-known in the literature, then #,.+ and %, are
typically the only unknown quantities in (3.2.91). Therefore, measuring the Seebeck
coefficient at different electrolyte concentrations can allow the estimation of the trans-
ference coefficients. If the transference coefficient of water is measured by a different
method, e.g. by measuring the streaming potential of the membrane, then this is a
possible method for measuring the cationic transport number. We will, however, not
assume that the transported entropies are independent of electrolyte concentration,
and use (3.2.90) to evaluate the thermodynamic entropies at different concentrations
in order to calculate the transported entropies.

As for the dependence of the Seebeck coefficient on the mean temperature of the
system, we again neglect the effect of temperature polarization, and the tempera-
ture dependence of the electrode bias, and draw out the T-dependence, keeping all
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temperature differences in the system the same

TQ In (TQ/T) — T1 In <T1/T>
T — 1T

T I'vR - m, Oy Rty <c>
- T (Fyer — tyer ) In [ =2 In (=
TQ—T1[ZF (M+ M+)n(mg>+ F . Cy

We can further assume that the experimental conditions where temperature polar-
ization may be neglected are the same for which the composition difference can also
be neglected, thus we can neglect the second term as well. We may expand the
logarithms

n(S)bs o (Tmem + 7_el)

(3.2.92)

Tiln (;) :Ti—T+2;i (T—ﬂ)2+o<(f—ﬂ)3> (3.2.93)

then,

Ty In (TQ/T) —TiIn (Tl/T) 1 (1 1 ) (3.2.94)

— 1=~ - _
TQ—Tl 2 T1T2

so that what determines the dependence of the Seebeck coefficient on the mean tem-
perature is the relative deviation of the arithmetic mean temperature from the geo-
metric mean. We may expect a small quadratic dependence on T for a given temper-
ature difference. With a mean temperature around room temperature, this term is
on the order of 107%, and its absolute value increases when the mean temperature is
decreased. However, if the Thomson effect is sufficiently large, we may compare ex-
periments taken at different mean temperatures to estimate the Thomson coefficients.

If the Thomson effect cannot be neglected, then (3.2.79) becomes, in light of (3.2.94)

mem el 1 mem el TQ mem el 1
Ag = |ngm 4+l + 5 (T +7 )] AT + = (T +7 )ATJrA@m (3.2.95)
which means that the linear coefficient in AT is not the total Seebeck coefficient,
but a combination of the Seebeck and Thomson coefficients. This is not a problem,
however, as we can extend the model to include a linear term in the difference of
inverse temperature. In this extended model, we may obtain estimates of both the
Seebeck and Thomson coefficients. If the inverse temperature term is found to be
insignificant, then we can also neglect the contribution of the Thomson coefficients
to the AT-term, and use the simpler model in (3.2.80).

3.2.7 Entropy Production and Second Law Efficiency

In order to quantify the second law efficiency of the membrane as a thermoelectric
generator, we will express the second law in terms of measurable quantities. Assuming
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that there is no concentration difference across the membrane, the entropy production
in the membrane can be written as

1 .
Omem — Jéaac (T) — %&cqﬁ >0 (3296)

with the corresponding flux equations

Jq __l qu zqqﬁ 9y In (T')
[jq]_ T[Lm L¢¢H D ] (8:2.97)

We will express the coefficients in terms of measurable quantities. From the analysis
in the membrane phase, neglecting the Thomson effect, it can be concluded that

L L
209 - 298 _pmem (3.2.98)

Lgg Ly

we also identify the Ohm’s law ionic conductivity, which can be measured under
isothermal conditions

_ j ) Lo
R:=— = —" (3.2.99
(@v@b ar=0 T )
and the short-circuit thermal conductivity, which can be measured when the cell is
short-circuited
_ J! I
A= — ( d ) = (3.2.100)
2
0, T d6=0 T

The second law demands that the determinant of the conductivity matrix is nonneg-
ative. This means, using Lyy = Lgqg, that

f 2
9 > <q¢> (3.2.101)
o6 \Loo

‘H

l

which means that the absolute value of the Seebeck coefficient has an upper bound
given in terms of the ionic and thermal conductivities
[pem| < i (3.2.102)
S =\ Tr -
where equality minimizes the entropy production. The coupling of heat and charge
transfer reduces the amount of lost work in the system, by performing work on the ions

in order to transfer heat. A practical quantity for assessing the second law efficiency
of the system is obtained by normalizing (3.2.102), called the figure of merit, F

1
F == (phem)? < = (3.2.103)

>l =
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which is nonnegative due to second law constraints on A and %, and because ng*“™ is

an observable quantity and therefore real. One can thus assess how close the system
is to achieving maximum efficiency by calculating the number T'F for a given oper-
ating temperature. No values for F will be reported in this thesis, as the thermal
conducitvity will not be measured. We wish to express the important point of spec-
ifying under which conditions the conductivities are measured. Occasionally, figures
of merit are reported in the literature [59] which appear to violate (3.2.103), but this
is most likely due to disregard of experimental specification.

3.3 Experimental

3.3.1 Apparatus

A polycarbonate cell was designed specifically for the experiments, with cell units ac-
cording to the drawings in figure 3.4. See appendix C for larger figures. Membranes
were squeezed between two such unit cells, each having its own inlet and outlet to
allow for tangential flow of solution. Each cell unit also had three ports to accomo-
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Figure 3.4: Sketch of the cell unit designed for the thermoelectric measurements. The membrane
sample is squeezed between two such modules, through which solution is pumped horizontally. There
are additionally three openings to accomodate electrodes, temperature sensors and pressure control.
All measurements are in millimeters. For a larger version of this figure, see appendix C.
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Figure 3.5: Sketch of the experimental setup for thermoelectric measurements. Solutions are ther-
mostatted and pumped through the thermocell by means of thermostatted reservoirs and pumps.
Electrodes (1) are connected via a voltmeter (2) to measure the cell potential, and the temperature
is monitored by means of thermocouples (3) connected to their own compensated voltmeters (4).
Excess pressure is relieved close to the cell inlets by means of tubing (5) back into the reservoirs.

date an electrode, a temperature sensor, and pressure control. The ends of the cell
units were capped with polycarbonate walls. All sensor and control equipment was
fitted with glass tubing of 8mm outer diameter, and were mounted into the cell units
using appropriately dimensioned fittings from SWAGELOK. The compartment volume
is approximately 35 mL, and the exposed membrane area was approximately 8.8 cm?.
A sketch of the experimental setup is given in figure 3.5.

The temperature sensors used were K-type precision fine wire thermocouples from
OMEGA, immersed in glycerol in glass tubing for stability. The thermocouples were
calibrated by immersion in a manually stirred ice bath until readings were stable.
Magnetic stirring was avoided in due to electromagnetic induction effects disrupting
the thermocouple readings. The solution reservoirs were a GRANT ECOCOOL LT 100
and a GRANT R2 with complementary pump heads and thermostatting spirals. Pres-
sure between chambers was equalized by allowing flow of excess solution back to the
reservoirs at the cell inlets, and the reservoirs were kept at the same height to within
centimeter precision. The flow in each pressure relief loop was measured to approxi-
mately 2 L/min each, such that specifications from GRANT imply a tangential flow of
15 L/min at the membranes, which translates to an average velocity of 28 cm/s. All
temperature and potential measurements were recorded using an AGILENT 34970A
data acquisition unit with a 34901 A module.
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3.3.2 Electrodes and Electrolyte

The electrodes were prepared by winding 40 x 10 x 0.5 mm? plates of polished, pure
Ag onto Pt wires, activating the Ag surface by immersion in a 3 molar solution of
HNOg3, and depositing a fine layer of AgCl by immersing the electrodes in a 1 molar
solution of HCI, and sending small electric currents (=~ 1 pA) against a Pt reference
electrode for at least 5 hours. The electrodes were then stored in a dark 0.01 molar
solution of HCI with grains of AgCl for at least 3 days before use. The bias of the
electrodes was measured by immersing them in aqueous 0.03 mol/kg solution of NaCl
at room temperature. If the bias exceeded 100 nV, the electrodes were refreshed.
Refreshing of electrodes was done by immersion in conc. NHj for at least 2 hours, to
remove the old chloride layer, and the silver was polished again. A new layer of AgCl
was deposited by the same procedure as with new electrodes.

The solutions were prepared by weighing of distilled water, and adding the appro-
priate amount of salt. The electrical conductivity of the pure water did not exceed
1.5 pS/cm, and the salt used was ANALAR NORMAPUR NaCl from VWR CHEM-
ICALS. The salt was weighed to a worst case accuracy of 0.02 %, using a PIONEER
PA214C analytical balance.

3.3.3 Membranes

The membranes tested in the experiments were FuMAsEp FKS PET-75 and Fu-
MASEP FAD PET-75 reinforced homogeneous ion exchange membranes from FUMA -
TECH, both with thicknesses of 7545 pm according to specifications. The FKS cation
exchange membranes were delivered in HT-form, and the FAD anion exchange mem-
branes in Cl~-form. The FKS membranes were converted to Na™-form by mounting
them in the thermocell under isothermal conditions, and driving an electric current
through the membranes using a HP 6181B DC current source at 25°C. The current
was driven through the membranes in both directions, using the circuit given in figure
3.6. The switching of the current direction was facilitated by using a simple MT2-
relay controlled by an ARDUINO UNO microcontroller, and the current was monitored
using a FLUKE 117 true RMS multimeter, and observed to be stable throughout the
treatment process.

All membranes were pre-treated by immersion in the solution for which the measure-
ments were to be made, and degassed using a BRANSON 3510 ultrasound bath. The
membranes were stored in closed containers kept at 25 + 1°C in a FERMAKS oven.
For the first week of pre-treatment, the solution in each container was changed every
2 days, from which point the solution was changed once per week.
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(1) CT) 77

Figure 3.6: The circuit used for electro-treatment of cation exchange membranes. A current source
(1) drives an electric current through the electrochemical cell (4). The direction of the current is
controlled by opening and closing the sets (2) and (3) of mechanical switches.

3.3.4 Measurement Procedures

The measurements were performed by squeezing the membrane stack between two cell
units, and letting the system relax under conditions as close as possible to isothermal,
until a stable voltage was read between the electrodes. Great care was taken to elim-
inate the any bubbles formed between the layers in the stack, as they would severely
disrupt the measurements. The temperature gradients were applied by changing the
thermostat settings on the reservoirs, and measurements were taken with temperature
differences of 10 and 20 K in both directions. Whenever a stable voltage was reached,
one such measurement series was taken over at least 15 minutes, before changing the
temperature difference again. The time required to reach a stable voltage was typi-
cally between 15 minutes to several hours, depending on the type of membrane and
stack size. For each case, an isothermal measurement series was taken to eliminate
any isothermal bias in the system.

These measurement procedures were carried out for membrane stacks consisting of
1-10 membranes at 0.03 mol/kg concentration, and with 20 membranes at 0.03, 0.1,
and 0.6 mol/kg concentration. All membrane samples were cut from the same pro-
duction batch from FUMA-TECH, and the samples in each stack was selected pseudo-
randomly from the entire population. Between each measurement, the cell and reser-
voirs were disassembled and thoroughly cleaned with distilled water. The electrodes
were stored in dark 0.01 molar HCl with AgCl grains, and were short-circuited during
storage to eliminate bias.

3.4 Results and Discussion

For all measurement series scanning over the range of temperature differences, the
model (3.2.95) was applied using linear least squares. In all cases considered here,
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Figure 3.7: Plot of the observed electric potential difference A¢ against the applied temperature

difference AT over a stack of 20 FKS cation exchange membranes (top), and a stack of 20 FAD anion
exchange membranes (bottom) in 0.6 mol/kg aqueous NaCl solution.

the Thomson effect was found to be insignificant, and the observed potential followed
a straight line as a function of the temperature difference. The problem of numerical
singularity of the covariance matrix of the full model was treated by a singular value
decomposition of the information matrix. As examples, plots of the observed potential
against the temperature difference for stacks of 20 FKS cation exchange membranes
and 20 FAD anion exchange membranes in 0.6 mol/kg solution are given in fig 3.7.
The lack of significance of the Thomson effect was expected, as Thomson coefficients
are typically on the same order of magnitude as the Seebeck coefficients, and thus
the product 7f is expected to be four orders of magnitude smaller than 7.

A nonlinear regression algorithm was written to fit the observed Seebeck coefficient
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Figure 3.8: Plots of the observed Seebeck coefficients against the stack thickness of FKS (top) and

FAD (bottom) membranes in 0.03 mol/kg solution of NaCl. The dashed lines indicate 95 % confidence
estimated by residual resampling.

as a function of membrane stack thickness for both types of membranes. Plots of the
observed values along with the least squares fitted model are given in figure 3.8. We
observe that, in both cases, convergence to within experimental error occurs beyond
a stack size of 10, and larger stacks are required to sufficiently eliminate the polariza-
tion effects. The limits of the fitted models as n — oo can be taken as estimates of
Ng " 4 ngl, though at the cost of a large extrapolation uncertainty. This uncertainty
can be reduced by adding more data points in the region beyond 10 membranes,
where the model approaches convergence to within experimental errors.

The observed values are comparable to results on membranes studied in the litera-
ture, having the same order of magnitude as e.g. the FLEMION S cation exchange
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Table 3.1: Activity coefficients of aqueous NaCl interpolated from data by Truesdell [60], and their
estimated logarithmic temperature derivatives at 25°C, &naci, along with water activities at 25°C
estimated from osmotic coefficients [61]. The error in the water activity was calculated to be in all
cases negligible.

Molality (mol/kg)

T (°C) 0.03 0.10 0.60
15 0.854 £ 0.002 0.781 + 0.001 0.671 £ 0.001
25 0.851 + 0.001 0.778 £ 0.001 0.676 £ 0.001
38 0.849 +£ 0.001 0.774 £ 0.001 0.669 + 0.001
50 0.845 £ 0.001 0.770 £ 0.001 0.671 + 0.001
Evacr | -0.082 £ 0.005  -0.116 + 0.005  0.013 £ 0.005

O 0.999 0.997 0.980

membrane [53]. Most of the previous experimental work was done using calomel elec-
trodes kept at equal temperatures, with a temperature difference across a salt bridge.
Their idea appears to have been to neglect the thermoelectric contribution of the salt
bridge, assessing that the junction potential did not exceed 0.1 mV. The reported
value of 0.261 mV /K for the Seebeck coefficient of FLEMION S in 0.1 mol/kg NaCl is
a factor 4 smaller than that found for the FKS membrane, and the activity depen-
dence appears to be logarithmic, as predicted in this work as well as by the authors
[53]. Similarly, the Seebeck coefficient of the Ionics 61 CZL 386 cation exchange
membrane extrapolated to infinite stirring rate in 1 mol/m3 NaCl was reported to
be 0.66 mV /K by Barragén et al [54], who also reported a logarithmic concentration
dependence in this limit. We interpret the limit of infinite stirring rate reported by
Barragan et al to be equivalent to our own limit of infinite membrane thickness, as
in both cases the limit means that the effects of the diffusion layers vanish, while the
temperature difference across the membrane is maximized.

As for the concentration dependence of the Seebeck coefficients, activity coefficients
at different temperatures and molalities were obtained by Truesdell [60]. The activ-
ity data were interpolated using a quadratic linear regression model of the activity
coefficients as functions of the logarithm of the molality in the neighborhood of the
molalities of interest. The interpolated data were then further interpolated as the
logarithm of the activity coefficients as functions of the logarithm of the absolute
temperature, and the slope was estimated by a finite difference. Interpolated data
are given in table 3.1.

Using values of 42.6 J/K mol and 96.1 J/K mol for S,, and Sa,c, respectively [25],
neglecting the transported entropy of electrons in platinum gives nS! = —0.545 mV /K,
which is common to all experiments. The fact that the Seebeck coefficients of both
membranes approach a positive value in the limit n — 0 indicates that 77201 is large

and positive. Since the dependence of the cell potential on the activity difference in
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Na(l is proportional to the cationic transport number, and the water activity does
not change very much in comparison, we expect the anion exchange membrane to be
far less sensitive to concentration polarization than the cation exchange membrane.
Therefore, the similar rates of change in thermoelectric potential as a function of
effective membrane thickness indicates that the dominant effect must be temperature
polarization. This indicates that, for the sake of this analysis, we may neglect the
effect of concentration polarization on the cell potential.

Using values of 86 and 118 J/mol K for S7_, and S _, respectively, which were re-
ported for an NaCl concentration of 10 mol/m? [8], and a value of 0.389 for ¢+ [34],
along with data given in table 3.1, we obtain 77201 ~ 0.61 mV /K. This is indeed posi-
tive, and greater in magnitude than the electrode contribution. The results indicate
that this contribution is slightly larger in the present experiments, in the neighbor-
hood of 1 mV /K. This is smaller than the calculated Seebeck coefficient of the FKS
membrane, and greater than that of the FAD membrane. This can be taken to explain
the two different trends in the observed Seebeck coefficient as the effective membrane
thickness is increased — increasing the FKS thickness increases the thermoelectric po-
tential because the membrane contribution is stronger than that from the solution.
The trend is opposite for the FAD membrane because its contribution is weaker than
that of solution. Since ty, < 0 for the FAD membrane, water is transported in the
same direction as the anions carrying the current. In this context, this means that
less work is required to drive Cl~ through the membrane, as co-transport of water
occurs down the temperature gradient. This contributes to making the thermoelec-
tric potential smaller. For the FKS membrane, on the other hand, co-transport of
water occurs against the temperature gradient, which increases the thermoelectric
potential. We conclude that at least 20 membranes should be used for this particular
apparatus in order to obtain reasonably accurate results for n{*“™. Halseid [62] used
stacks of 55 NAFION membranes for his apparatus, while Felborg concluded from a
subsequent investigation that the optimal number of such membranes lies somewhere
between 10 and 45 [63].

In figure 3.9, we give plots of the estimated membrane contributions to the Seebeck
coefficient against the concentration dependent terms of Sy.c;. We see that the con-
tribution from the FKS membrane follows approximately a straight line, while that of
the FAD membrane deviates somewhat. As previously discussed, the concentration
dependence of the FAD contribution is expected to be mainly through changes in
water activitiy, but it is the salt concentration that is most relevant for applications.
Deviations from a straight line indicate changes in the transport numbers and/or the
transported entropies. Since the FKS membrane contribution is reasonably close to
a straight line, we conclude that the cationic transport number and the transported
entropy of Nat in the FKS membrane are insensitive to the concentration changes.
The dominant effect is therefore the change in molar entropy of NaCl. For the FAD
membrane, the water transference coefficient varies a lot with concentration. The



68 CHAPTER 3. SEEBECK EFFECT AND TRANSPORTED ENTROPY

Table 3.2: Observed Seebeck coefficients n$P® at different concentrations with stacks of 20 membranes,
and estimates 7g° from extrapolation to an infinite membrane thickness at 0.03 mol/kg. We also

report the corresponding membrane Seebeck coefficients, ng

mem

| FKS | FAD
m (mol/kg) | g™ (mV/K) ™ (mV/K) [ 7™ (mV/K) 7™ (mV/K)
0.03 0.86 4 0.02 1.41 £0.02 | 0.015 £ 0.002  0.560 + 0.002
0.10 0.67 4 0.02 1.22 £ 0.02 | -0.003 £ 0.002  0.542 = 0.002
0.60 0.43 £ 0.01 0.98 £ 0.01 | -0.063 + 0.006  0.482 + 0.006
ne” (mV/K)  ng™ (mV/K) | 5g° (mV/K) g™ (mV/K)
0.03 0.90 £ 0.02 1.45 + 0.02 | -0.004 + 0.008 0.541 + 0.008

deviation from a straight line indicates this, and also that the transported entropy of
Cl™ in the FAD membrane has a significant concentration dependence. The relative
insensitivity of the Seebeck coefficient of the FAD membrane to the concentration
indicates, however, that these two effects are compensating. While the increase in
magnitude of ¢y, with concentration indicates an increase in the work gained due to
co-transport of water down the temperature gradient, the transported entropy of the
Cl1™ ions should also increase at a similar rate.

In all cases, we neglect the temperature dependence of the water activity, and estimate
the transported entropies as

St = Suct = 2R (I (anacr) + Evacr) + T (8% = Rln (ay)) — Fpem
—tyw (ng — Rln (aw))

for perfectly selective FKS and FAD membranes, respectively. The superscript 0 de-
notes standard state entropies. For these, we obtain from [25] values of SO, ., = 115.5
J/mol K and SY = 69.95 J/mol K, using 1 mol/kg as standard state for NaCl.
The water transference coefficients were obtained by streaming potential measure-
ments (not yet published). Water transference coefficients and estimated transported
entropies are given in table 3.3. The magnitudes of the water transference coeffi-
cients indicate that, for each ion transported through the membrane, several water
molecules are transferred on average. This means that a lot of work is gained or lost
due to co-transport of water, depending on the direction of transport with respect to
the temperature gradient. The estimates of the transported entropies are therefore
highly sensitive to errors in the numerical values of t,,. Since the errors in present
estimates of ty, are large, then so are the errors in the estimates of the transported
entropies. In order to improve estimates of the transported entropy, more precise
methods for measuring the transference coefficients are required.

. (3.4.1)
So- = g™

The apparent trend is that the transported entropy of Na*t in the FKS membrane is
insensitive to the composition of the aqueous solution, while the transported entropy
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Figure 3.9: Plots of the observed Seebeck coefficients against the logarithm of electrolyte activity and
the correction factor &naci for stacks of 20 FKS (top) and FAD (bottom) membranes. The dashed
lines indicate 95 % confidence.
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Table 3.3: Water transference coefficients and estimated transported entropies of the charge carriers
in ideally selective FumMasep FKS PET-75 and FAD PET-75 ion exchange membranes.

| FKS | FAD
m (mol/kg) | fw S+ (J/mol K) | &y S (J/mol K)
0.03 3.0 £ 05 314 £ 35 | 28 £ 1.0 951 + 70
0.10 3.2 + 0.9 266 + 63 | -4.9 + 0.6 396 + 42
0.60 42407 330 + 49 | 8.1 + 4.9 608 + 344
Ty 57 (J/mol K) | #y 57 (3 /mol K)
0.03 39 L 05 310 + 35 | 2.8 1.0 249 + 70

of C17 in the FAD membrane appears to increase for higher salt concentrations. The
error in t,, dominates in all cases, and the Seebeck coefficients should be used to
obtain new estimates of the transported entropies as soon as more accurate t,, data
is available. Ottgy [64] reported a transported entropy of 195 + 14 J/mol K for
protons in the NAFION 117 cation exchange membrane, which is about 50 % lower
than has been found for Na™ in the FKS membrane. Interestingly, Feldborg reported
a transported entropy of Na® in NAFION 117 of 691 + 2 J/mol K [63]. This is a
very large value, and is likely connected to the large water transference coefficient of
9.2 + 0.3 that was reported.

In both cases by Ottgy and Feldborg, the Thomson coefficient was found to be very
similar in magnitude to the transported entropy, and we can expect the same be-
haviour for the FKS and FAD membranes. However, the data obtained in these
experiments are generally too noisy to determine the Thomson coefficients, with the
exception of the measurements made for the FAD membrane at 0.03 mol/kg. A plot
of the observed Seebeck coefficient against the function f is given in figure 3.10. From
this data, we obtain 7M™ + 7¢! = —1.30 + 0.44 mV /K. Taking values of ¢, », = 25.4
J/mol K, ¢p aecr = 50.8 J/mol K, and ¢, = 75.3 J/mol K [25], and neglecting the
Thomson coefficient of electrons in platinum, this gives an estimate of 7,- = 111£86
J/mol K, which is also a very uncertain number. It has, however, the expected order
of magnitude. Application of noise reduction techniques and extending the measure-
ments to larger temperature differences can improve such measurements drastically.
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Figure 3.10: Plot of the observed Seebeck coefficient of a stack of 20 FuMASEP FAD-PET-75 anion
exchange membranes in 0.03 mol/kg NaCl solution, against the logarithmic temperature function f,
defined in equation (3.2.27).






Chapter 4
Conclusions and Future Perspectives

We conclude the thesis by summarizing the conclusions that can be made from the measure-
ments and discussions in previous chapters, and also give pointers and suggestions for further
work. In particular, we give suggestions for improvement of the experimental techniques,
and also provide a sketch of a possible application in isothermal salt power generation. We
show that the results in chapter 3 indicate that the electrical work retrieved by a salt power
plant can be substantially increased by applying a temperature gradient in the correct di-
rection. As an example, the Seebeck coefficient is estimated for a concentration cell with
concentrations 0.03 and 0.60 mol/kg, with temperatures of 40°C and 0°C, respectively. It
was found that the cell potential is increased by up to 50 % compared to the isothermal case.
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4.1 Streaming Potential Measurements

The measurement of streaming potentials across membranes in aqueous alkali and al-
kali earth metal chlorides at 0.03 mol/kg allowed the estimation of water transference
coeflicients by means of Saxen’s relation. The streaming potentials were found to be
in the lower range of typical values found in earlier literature, and the water transfer-
ence coefficients were found to be in the approximate range 3 - 14 in absolute value.
In the cation exchange membranes, a tendency was found for the water transference
coefficient to decrease with cation size, indicating that the principal mode of water
transport is due to ion-dipole attraction. The water transport through the anion ex-
change membranes appears to be insensitive to the type of cation in solution, which
supports the idea that the co-ion does not play a significant role in water transport.
The sign of the coefficient was found to be positive for all cation exchange membranes,
and negative for the anion exchange membranes, which indicates that water is in all
cases transported in the direction of the principal charge carrier. The coefficient of
the FuMaAasEp FAD-PET-75 anion exchange membrane was found to increase sig-
nificantly in magnitude with concentration of NaCl from 0.03 to 0.60 mol/kg, while
that of the FuMAsEP FKS-PET-75 cation exchange membrane did not change sig-
nificantly.

For all membranes, the water content was measured after equilibriation in the differ-
ent salt solutions. The measurements were made both on new, unused membranes,
and also on membranes that were used for streaming potential measurements, and
thus deformed by the pressure difference. A general tendency for the water content
to decrease after deformation was found, indicating possible structural collapse re-
ducing the amount of water that can be accomodated in the matrix. A correlation
was found between the water content of unused cation exchange membranes and their
water transference coefficients. This suggests that part of the water transport is due
to loosely bound water in the membrane matrix, and it is possible that the deforma-
tion leads to an underestimate of the true water transference coefficient by a value up
to approximately 1. The water content of cation exchange membranes was found to
decrease with cation size, indicating a volume exclusion effect. No particular correla-
tion was found between cation type and water content of anion exchange membranes.

Water permeabilities were calculated from the time-dependent behaviour of the cell
potential under the influence of the pressure difference. This property is sensitive
to membrane deformations, and it is likely that an improved technique is required
for measuring this property in the less elastic membranes. The results do, however,
indicate that the permeability of cation exchange membranes tend to decrease as
the cationic charge is increased, which is likely due to a structural effect of high-
valence cations associating to several fixed charge groups in the membrane matrix at
a time. The permeability of the FuMasSEP FAD-PET-75 anion exchange membrane
was found to significantly increase with cation size and charge, though it is likely that
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Figure 4.1: Suggested cell design concept for inducing a tangential pressure gradient in membrane
samples.

these membranes were strongly affected by the pressure difference, and more reliable
measurements with a different technique are needed. No significant concentration
dependence of the permeabilities of the FuMASEP FKS-PET-75 and FAD-PET-75
membranes could be found for NaCl solutions from 0.03 to 0.60 mol/kg.

A correlation was found between the total number of water molecules transported per
cation in the cation exchange membranes, and the Jones-Dole viscosity B-coefficients
of the respective aqueous cations. The B-coefficients are known to correlate with the
mass-corrected entropy of solvation in aqueous solution, indicating that the structural
effect of the ion on the water pseudolattice correlates with the principal mode of wa-
ter transport through these membranes. We suggest that this correlation is due to
the ion-dipole interaction which is determined by the size and charge of the ion. The
water transference coefficients were found to monotonously decrease with ion size for
a given ion valence.

The streaming potentials were measured with a large error, at best a relative error on
the order of 10 %. Occasionally, a measurement would be completely useless due to
obvious membrane deformation disrupting the cell potential. While previous workers
have used perforated support plates to minimize this effect, we suggest here a slightly
different approach. A cell can be designed in such a way that the pressure gradient
lies tangentially in the membrane structure, in order to minimize deformation. This
cell design is inspired by the work of Scatchard et al [65], who used membranes as
ribbons separating two chambers. A sketch of the suggested concept is given in figure
4.1.

Modelling the membrane as an isotropic medium with a diagonal pressure tensor,
this essentially two-dimensional transport problem gives the same result for the total
electric potential difference over the membrane, though dynamical contributions will
be affected by the larger effective thickness due to the longer mean path through
the material sample. Further work can e.g. relax the assumption of isotropy and/or
investigate the functioning of such a cell experimentally. Such a design eliminates the
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need for possibly disruptive support plates, and allows more freedom in the choice of
exposed membrane area and length of tangential part. It also allows the application
of tangential flow to reduce the effects of the diffusion layer as desired.

4.2 Thermoelectric Potential Measurements

Transported entropies of Na™ and Cl™ in respectively the Fumasep FKS-PET-
75 and FAD-PET-75 ion exchange membranes were calculated from measurements
of their thermoelectric potentials in aqueous NaCl solution at 0.03, 0.10, and 0.60
mol/kg. It was found that stacking membranes together to increase the effective
membrane thickness changed the observed Seebeck coefficient of the thermocell to
converge to some limiting value. This value was interpreted as the sum of the mem-
brane and electrode contributions to the total Seebeck coefficient, allowing us to
neglect the effects of the diffusion layers. Calculation of the transported entropies
requires knowledge about the water transference coefficients, and the currently esti-
mated values of the entropies suffer from large errors due to the large errors in the
measurements of the water transference coefficients. The Seebeck coefficients are,
however, precise to the order of 1 %, and obtaining more precise measurements of the
transference coefficients will therefore allow more precise estimates of the transported
entropies.

For the experimental conditions considered here, no significant Thomson effect could
be measured. An order of magnitude estimate suggests that the precision of the
current measurements is one order of magnitude smaller than the expected precision
required to measure the Thomson effect. It has thus been demonstrated experimen-
tally that the Thomson effect operates on a relative scale smaller than 1 % compared
to the first order Seebeck effect. The theoretical derivations in this thesis will be
useful for future work with improved experimental techniques to increase the preci-
sion. It should be noted that more precise experimental work should probably neither
neglect the transported entropy of electrons in external circuit, nor assume that the
membranes are perfectly selective.

Although the errors in the transported entropy estimates are large, there are some
general tendencies that can be deduced. The transported entropy of Na™ in the FKS
membrane appears to be insensitive to the concentration of electrolyte in the aque-
ous solution, remaining at a value around 300 J/mol K for all concentrations. The
transported entropy of CI~ in the FAD membrane, however, increases significantly
with electrolyte concentration. Although the error in the water transference coeffi-
cient at 0.60 mol/kg is very large, and no real conclusion can be made on this value,
the difference between transported entropies at 0.03 and 0.10 mol/kg is significant.
The transported entropies of both ions in their respective membranes are definitely
positive, which indicates that heat is in both cases transported along with the charge
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carrier.

For improving future measurements on Seebeck coefficients, we suggest incremental
improvements to the design developed in this project. An optimized flow pattern
will probably lead to faster convergence of the Seebeck coefficient with respect to
stack thickness, as it leads to more efficient mixing in the diffusion layers. Using
thermocouples and electrodes with similar response times can allow the measurement
of instantaneous Seebeck coefficients, which would lead to less noisy results than the
practice of taking averages of the temperature difference and electric potential over
an extended period of time. An important issue is the shielding of the thermocouples
from viscous noise due to the flow in each compartment. This was done by encap-
sulating the thermocouples in glass tubes filled with glycerol, which did shield the
thermocouples from noise, but also delayed their response. The averaging technique
allowed the accurate determination of the steady state temperatures over extended
periods of time, but bounded the variance estimates from below by the oscillatory
behaviour of the thermostats. An improved technique would manage to obtain both
shielding and fast response at the same time, such that the thermostatting oscillations
could be eliminated in the calculations, and noise would be significantly reduced. A
simple improvement for measuring Thomson coefficients is to simply extend the con-
sidered temperature differences to larger values, which will increase the significance
of the Thomson effect.

4.3 Combining Salt Power and Waste Heat Harvesting

We now give what we consider to be the most important result in this thesis — the
implications of the experimental results on applications in salt power. The calculated
contribution of the membrane to the Seebeck effect is in both cases, FKS and FAD,
positive, meaning that the electric potential increases on the hot side of both mem-
branes. In both cases, the Seebeck coefficient also decreases with concentration, with
the FKS membrane having the greatest concentration dependence. For a possible
application, we consider a non-isothermal concentration cell, which might be realized
in practice as a combined salt power plant and waste heat harvester. Whenever there
is a concentration difference across such a membrane, the electric potential increases
on the side with the lowest concentration of electrolyte. Therefore, a net increase in
efficiency would be obtained by heating the brackish water, and keeping the more
saline sea water at a lower temperature. A sketch of this suggestion is given in figure
4.2.

An estimate of the FKS-contribution to the thermoelectric potential would be

F

xS (1= 1) 88 — (1 = T) Sk g0 S

O _ ZNa® 4.3.1

where we have used that the transported entropy of the sodium ions is insensitive to
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Figure 4.2: Suggestion for use of waste heat to improve the efficiency of a saline power plant.

the concentration gradient, and neglected the concentration dependence of Sy. Sup-
pose we have a sea water temperature of 0°C, and we heat the brackish reservoir to
a temperature of 40°C. If we use NaCl molalities of 0.03 mol/kg for brackish water,
and 0.60 mol/kg for sea water, and use ty, = 3.8, which is the average value over the
concentration interval, we obtain a numerical value of around 1.15 mV /K. Since the
FAD membrane was shown not to depend much on the electrolyte concentration, we
apply a value of 0.5 mV /K for its contribution, giving a total of 1.65 mV /K. To top
it off, both membranes contribute to maintain the concentration gradient through
the electroosmotic transport of water from the sea water to the brackish reservoir,
boosting the amount of work obtainable from the mixing potential even further. In
this case, the total boost to the cell potential is 66 mV, which is added to the isother-
mal cell potential of approximately 142 mV, a nearly 50 % increase! Further work
should attempt the explicit measurement of the nonisothermal concentration cell as
a function of the temperature difference.

In a real salt power plant, several such membrane pairs separating sea water and
brackish waters are put in series [8]. Maintaining such a temperature gradient by
heating the brackish reservoir supplying all the brackish chambers in the power plant,
the total thermoelectric power is boosted by a factor equal to the number of pairs in
series. Supposing we have 20 such pairs in series, the total thermoelectric potential
of the special case considered here would reach upwards of 33 mV /K, giving a total
of 1.32 V boost for a 40 K temperature difference. These results indicate that the
combination of salt power and harvesting of low-grade waste heat is feasible, given
that the waste heat can easily be directed to the freshwater reservoir of the power
plant.



List of Symbols

Symbol  Units Explanation

U J Internal energy

T K Temperature

S JK! Entropy

P Pa Pressure

|4 m3 Volume

fbj J mol ™! Electrochemical potential

N; mol Molar number

U Jm™3 Internal energy density

S JKtm™3 Entropy density

c mol m~3 Concentration

Js Jm™2K~1's~! Entropy flux

o Jm3K~!'s~! Entropy production

Ju Jm2s7! Energy flux

J mol m~2s~! Molar flux

r mol m~2? s~!  Reaction rate

vj - Stoichiometric coefficient

1) J mol ™! Chemical potential

P JCt Electric potential

F C mol ™! Faraday constant

z - Charge/valence number

H; J mol ™! Partial molar enthalpy

S Jmol™! K=!  Partial molar entropy

j Cm2s! Electric current density

T mol m ™2 Adsorption

G J mol ! Molar Gibbs energy
Jc! Total electric potential
Varies Generalized conductivity

NS
<
S
e

Transference coefficient

Electrolyte ion degrees of freedom
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LIST OF SYMBOLS

List of Symbols (cont.)

Symbol  Units Explanation

R J mol~! K1 Universal gas constant

m; mol kg~! Molality

V; - Activity coefficient

o - Thermodynamic factor

Vi m? mol ! Partial molar volume

M; kg mol~! Molar mass

15} JC ! pa~! Streaming potential

€j J mol~! Chemical potential deviation
t S Time

L, m s~ Pa~! Water permeability

D; m? ! Diffusion coefficient

€ Fm! Dielectric permittivity

e C Elementary charge

pj kg m~3 Mass density

a m Debye-Hiickel size parameter
S5 J mol~! K1 Transported entropy

Cp,j Jmol~! K~} Isobaric heat capacity

T J mol~™! K~! Thomson coefficient

s JC 1K Seebeck coefficient

a; mol kg ™! Activity

d m Membrane thickness

&j - Activity temperature coefficient
K S Electric conductivity

A Jm~!s7! K=! Thermal conductivity

F K-! Figure of merit
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Appendix A
Microscopic Foundations of the Theory

Consider a system in statistical equilibrium, i.e. a state where all ensemble aver-
ages are constant, and the dynamical behaviour is due to fluctuations around the
equilibrium state. We consider the classical, non-relativistic regime without external
magnetic fields or coriolis forces. Let a be a vector containing the values of all state
variables of the system, and define their fluctuations a := a — (a), where brackets
denote ensemble averages. Following Boltzmann’s principle, the distribution function
to second order in « is

_ 1A 1 .
fola) = Wexp <_2kBa Aa) (A1)

i.e. a multivariate Gaussian with covariance matrix ks A ™!, where A satisfies [9)]
1
AS = S(a) — 5(0) = —§aTAa + O(a?) (A.2)

which means that A is a tensor containing the second derivatives of the entropy
S with respect to the fluctuations. Since the entropy function is concave in the
neighborhood of equilibrium, A is positive definite. The definiteness of A can also
be noted as a sufficient condition for the integrability of fo. By Schwarz’ theorem on
the symmetry of mixed derivatives, A is also symmetric. In this treatment, we will
consider stationary states, and thus neglect inertia effects or fluctuations of fluxes.
For discussions on e.g. heat inertia, see [66] and [67]. We define the fluxes J; and
their conjugate driving forces X

_ doy

OAS
Ni= g N

N 80éj

X; =— Z Ajia (A.3)

From the time-reversal symmetry of the Hamiltonian dynamics of the microscopic
system, one can prove that the system obeys detailed balance. For an elegant proof,
see [68]. Let W(a/;t|ax) be the probability of finding the system in state o’ at time
t, given that it was initially in state a.. Since the state variables under consideration
are even with respect to microscopic time reversal, detailed balance then means that

fal@)W(a;tla) = fa (o)W (e ta) (A.4)
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this property is also known as microscopic reversibility. We now introduce the con-
ditional mean values

The most important assumption imposed on the theoretical foundations is then the
linear regression hypothesis, which reads

da —
J =J; = ZLﬂX (A.6)

i.e. the fluxes are expanded to first order in all the thermodynamical driving forces,
where the conductivity tensor L satisfies [9]

L= _gAli—m At/ Ad' a” fo(a)W (a; At|aj)da’de (A.7)
where Ao’ := o’ — a. In other words, the elements of L are correlation functions

between the fluxes and fluctuations. One such example is the correlation between a
temperature fluctuation and the heat flux, which is essentially the thermal conductiv-
ity of the system. Relabelling the integration variables in (A.7) and imposing (A.4),
it is straightforward to show that

L=L" i.e. Lij = Lji (AS)

which are the famous Onsager reciprocal relations. These relations will be used for
deriving experimental expressions for various transport coefficients. It follows trivially
that

L % (L4L7) = 1 (A.9)

and since for stationary processes, we impose translation symmetry along the time
axis

(aa™) = (a/a'") (A.10)

such that for an arbitrary vector x

1 1
T T Sw & /T T
xTLx = x"L%x = o AI%IEOTA)&X (Ad'a™ + aAa'") x
__i 1 /T T T ./ _IT
=L AliglOTAtX (Ad'a™ + aAd’" + aa” —d/a")x  (A11)
1 1 9
= — lim — Aa/ >
oy Amy oapx” ((8e)”) x 20

so that L is also restricted to be positive definite. In accordance with the local
equilibrium hypothesis, the local mean entropy production must be positive, and thus
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the determinant of L and all its principal minors must also be positive. Considering
single and pairwise flux-force pairs, we obtain the restrictions

Vi Ly >0 ViV LiLj; > LijLji = (Lij)? = (Lji)* (A.12)

which are useful for deriving bounds on the coupling coefficients imposed by the sec-
ond law and the local equilibrium hypothesis. The entropy production ¢ is obtained
by taking the time derivative of the local entropy fluctuation

das . da — —
U:dt:—aTAdt:%:Jj-Xj:XLXZO (A.13)

where the last equality was used to demonstrate that the positive-definiteness of L
was in fact a statement of the second law. The second to last equality gives the
ubiquitous bilinear form of the entropy production as the sum over the dot prod-
ucts between all fluxes with their conjugate driving forces. The intuitive notion that
the system is indifferent as to whether a driving force in the system arises due to
an equilibrium fluctuation or an external perturbation is the physical content of the
fluctuation-dissipation theorem, see e.g. [10]. Applying this theorem, we confirm that
all relations derived here, which govern the system’s response to its equilibrium fluc-
tuations, are also valid for external perturbations, and thus yields a strong framework
for a general transport theory. Of course, these relations are only valid for pertur-
bations to weakly non-equilibrium states. A stronger theory is obtained by invoking
the local equilibrium hypothesis, which supposes that the system can be divided into
small volume elements, each acting as an equilibrium system. This allows the lo-
cal equilibrium theory to describe systems in strongly non-equilibrium global states,
given that small enough volume elements may be chosen. For a discussion on tests
of the validity of the theory by means of molecular dynamics simulations, see [8, 66].

To summarize this section, we have
e The linear force-flux relations, jj =2 Ljixi.
o The reciprocal relations, L;; = Lj;.
o Positivity of diagonal elements, L;; > 0.
« Constraints on off-diagonal elements, L;; L;; > L;;Lj;.

o The bilinear form of the entropy production, o =3, J; - X;.






Appendix B
Streaming Potential Regression Model

B.1 Analytical Solution

In order to develop a model for fitting the time-dependent streaming potential data,
we need to consider the dynamics of the electrolyte flux through the membrane. Our
starting point is the set of flux equations describing flux of water, electrolyte, and
electric current in the electrolyte solution. Eliminating the electric potential difference
and the chemical potential of water, the electrolyte flux J. at zero electric current
and temperature T’ is

Aee EGW
Jo=—F-V —J B.1.1
e 7 Vhet g —Jw (B.1.1)
with pe the chemical potential of electrolyte, Jy the water flux, and
LisLy; Liwlo
0y = Lij — =229 Agj = 45 — 2 (B.1.2)
Lo buww

with L;; being the generalized conductivities of the full set of flux equations, as
prescribed by the linear regression hypothesis. For the first term, we use that

Ve = ”]:T (1 + (ZE 8) Ve (B.1.3)

_ Ope
Ve = dc

where c is the electrolyte concentration, R the universal gas constant, v the mean
activity coefficient, and v the number of ions per molecule of electrolyte. We then
assign the diffusion coefficient

vAee R O0ln (’7))
D= 1 B.1.4
c < + dln (c) ( )
and also obtain from the flux equations that
gew ( Je )
= — ~ Ve B.1.5
EWW Jw j=0 ( )

where the last approximation is due to the water making up most of the volume in
the system, so that flux of water is essentially the flux of volume, so that electrolyte is
dragged along in proportion to its concentration. We set the volume flux Jy = VipJy.
The electrolyte flux is then

Je=—DVc+cly (B.1.6)
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We now assume that neither the molar volume of water nor the diffusion coefficient
vary throughout the system, and that the concentration of water changes negligibly
compared to that of electrolyte. Conservation of mass gives then

Ocy Oc
Ty = -V 25~ Jo+ - B.1.
V- Jy S Vodot 5 =0 (B.1.7)
Taking the divergence of (B.1.6) then gives
gi +Jy - Ve = DVZc (B.1.8)

which we confine to one dimension

dc dc 0%c

— 4+ JNh=—=D— B.1.9

ot + Vo Ox? ( )
with the membrane surface at the origin. Assuming that the system begins initially
at a uniform concentration ¢y, the initial condition to the equation becomes

c(0,z) =co (B.1.10)

while the continuity of the electrolyte flux gives the boundary condition

ac CJV - Je
— = — B.1.11
or|,_, D ( )

and we finally establish the other boundary condition by requiring that the concen-
tration far away from the membrane surface remains constant, i.e.

lim c(t,x) = ¢ (B.1.12)

r—+o0

Furthermore, we simplify by rescaling to dimensionless form

Jy J2 ¢ Jo
X =— = V¢ C:=— J = B.1.13
D" T = uph o’ coJy ( )

and the problem reads
oc  oC _10C
or 00X  40X?

C0,X)=1
lim C(r,X)=1 (B.1.14)
X—*o0
10C
- =C—-J
40X |x_,

To solve this equation, we apply a Laplace transform with respect to T". Letting s be
the independent variable in Laplace space, we obtain

oLC 182£C
0X 4 0X?

sLC —1+ (B.1.15)



B.2. LINEAR REGRESSION MODEL 93

which has the general solution

LC(s,X) = % +Crexp (2(1+VI+s)X) +Crexp (2(1-vVI+s)X) (B116)

Depending on whether the surface is oriented towards the negative or positive X-
direction, the boundary condition at infinity gives that the respective divergent term
must vanish. We treat the case where C1 = 0. Applying the boundary condition at
the membrane surface gives

LJ— st 2

such that the solution at X =0 is

Coy =

1 2
LO(5,0) = ~+ 5 (1—sL]) (1-vi+s) (B.1.18)
while the result for the opposite membrane surface is
1 2
LC(5,0) =~ + 5 (1= sLJ) (1+v1i+s) (B.1.19)

We will assume that there is no open circuit electrolyte flux. Then, £J = 0. Taking
the inverse transform of the two solutions gives

Vi
Ci(t) =(1+27) (1 F \?E/o e’ ds) F ;%ﬁe_T (B.1.20)

Where the subscripts + and — denote the values at the membrane surface in com-
partment 2 and 1, respectively. In the regression models, we will be interested in the
prefactor A := Jy/2v D to the dimensionful time t.

B.2 Linear Regression Model

We begin by expanding the exponential functions in the expression for the concen-
tration profile

VT VT 2n 0 1\n . 2nfl
[etas= [Ty S fas= > DT (B2.1)
0 S n!

= 2n+1 n!

After a bit of algebra, expansion of (B.1.20) gives

B 4 > (—=1)" e
Cr=1+2r%F 7 <ﬁ+7§(2n+1)(2n+3) (n+1)!> (B-2.2)

Rewriting
[

1 B.2.
ol ot (B.2.3)



94 APPENDIX B. STREAMING POTENTIAL REGRESSION MODEL

we can make the expansion

In (gt) =1In (C—F(;_C_ ) z:: Dl

which converges when the bracketed term has an absolute value lower than unity,
which will always be the case with the appropriate choice of reference frame. Inserting
(B.2.2), we obtain

Cr C‘]k (B.2.4)

C_

(=)™ 2

2n+3 k
| (C+ i (—1)k+1 <\f+ 2n=0 2n+1)(2n+3) 7(-n+1)!)
n —_— =
C_) k ~ _1)n T2n+3
k=1 1427+ % <\/7i + Zn:O (2n+(1)()2n+3) (nfl)')

(B.2.5)

We can then apply the expansion

= ixe (B.2.6)
=0

for

B (=)™ 5
__27_7 <‘f+z (2n +1)(2n + 3) (n+1)!> <1 (B:2.7)

where it can be shown that the inequality holds because the concentration is non-
negative. We thus obtain

Ci\ _ = (DF (8 Cur Y
m(c_)—kzl 3 <f<f Z(2n+1)(2n+3)("+1)>> ’

| e (B23)
> —-1)" T 2
L;( 2T_f<‘f Z 2n+1)(2n+3) (n+1)!>>]

which is the basic expression from which polynomial expressions in time can be ex-
tracted, by appropriate truncation of the sums and neglection of terms of higher
order than is needed. By inspection, one can observe that the lowest order term is
proportional to the square root of time. This is the successful simple linear model
used by Okada et al. [19]. The square root model works very well for a wide array
of membranes. For some membranes, however, the pressure response is significantly
non-linear with respect to the square root of time. This problem can hopefully be
solved by including higher order terms from the above expansion. The time-dependent
perturbation to the electric potential is

(A¢), = — (ta — ta) Fylle <gf> (B.2.9)



B.2. LINEAR REGRESSION MODEL 95

The first few terms of the Taylor series around 7 = 0 are

Cy 8 1 128 3,3 1 ( 640 24576) 5,5
n(SE) m o me — (222 _40) A3 — — (80— 2 _ A5t
n(0> ﬁﬁ 3ﬁ< T 0> ’ 3T 80 T 52 ’

= alA\/f + agAgt% + 613145tg

(B.2.10)
where we observe that the coefficients for integer powers vanish. The first term repro-
duces the result obtained by Okada et al [19]. We have introduced a parameter A such
that 7 = A%t, where t is the physical time. To this order in time, a straightforward
linear model is then

Ap=Aa+e (B.2.11)

where A¢ is a vector containing the observed potential, € are the errors, the deviations
from the model. Also

3 5
1 Vi t2 2
? o a0
1 Vi, 2 12
A= 2 2 R a=|" (B.2.12)
: : : . (8%)
5 043

N
1 Viy 3 t}
where the «; are coefficients related to the above expressions in a straightforward
manner. The columns of A tend to be numerically close to linear dependence, so

that the numerical properties are notoriously bad. This problem can be alleviated by
transformations. We transform the problem to the unit interval by the rescaling

y = H\/EH;lx/Ezv‘lx/E (B.2.13)

where ||+ ||o is the supremum-norm, taken to equal the maximum. Assigning
_ TvRT
M= — (T, —t,) — (B.2.14)
F
we obtain the theoretical expression for the electric potential in terms of y
A¢p =ag+yMA (aly + ag A%y%y? 4+ a3A4’y4y5) (B.2.15)

and we can now identify the monomial coefficients o/ in y as rescaled versions of the
Q;
/
Oy = Qo
o) = yM Aay
oy = VP MA3ay
o ="M A®a3

(B.2.16)
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We now set up the continuous inner product

UWsow) = [ Fuat)y (B.2.17)

and we say that two functions are orthogonal iff their inner product vanishes. We can
now orthonormalize our constrained basis with respect to this inner product, such
that our basis polynomials P/ (y) satisfy

(Pr(y), Pr(y)) = dnk (B.2.18)
By Gram-Schmidt orthonormalization, we obtain the set
Fi(y) =1
1
Plly) = V2 (y - 3)

2
V7 (B.2.19)
Pi(y) = 5 (104° — 9y +2)
1191 100 25 32
P/ _ 7 5 - 3 T )
3 = 755 (y s1” " 637 567
We can then set up the matrix and the corresponding coeflicients
P(é Pg(:%) P2;(:U1) Pé(yl) Oég
Py, Py Py Py "
A — .0 1(‘ 2) 2(‘ 2) 3(‘ 2) o = Oz/l/ (B.2.20)
: : : : %
Py Pilyy) Pilyy) Pslyy) a3
We then wish to find the ” which minimizes
lel]” = ||Ag — A'a||? (B.2.21)

the optimal least squares result gives the coefficient vector related to the orthogonal
projection of A¢ onto the columns of A’

—1
& = (aTa) aTA (B.2.22)

where the projection onto the orthogonal completement yields an estimate for the
errors, the residuals
g=A¢p—A'&" (B.2.23)

which can be made independent by calculating them instead in a leave-one-out fashion

A éz
= B.2.24
& Si\/ 1-— h” ( )
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where S; is an estimate of the regression standard deviation excluding data point
i, and hy; is the ith diagonal element of the projection matrix A’ (A’"A’)"1 A’. The
regression mean square error is

gle

§?= B.2.25

N —dfgr ( )

where df g is the number of regression degrees of freedom, i.e. the rank of A’. Finally,
the covariance matrix of the coefficients is

-1 -1 — -1
Cov (") = (ATA)  ATA/ (A7) Var (Ag) = 52 (47 A) (B.2.26)
which is expected to be close to diagonal due to the orthogonal basis used. The

monomial coefficients are related to the orthonormalized coefficients by an upper
triangular matrix

2¢/7 375

I

! _ 173 _ O ].2 *3 7 W
o =Ta", T = 0 0 10V7 _1()%73 (B.2.27)

3 2

0 0 0 355

If the independent residuals can be shown to be distributed according to a student
t-distribution, then it can be shown that «” is multinormally distrubuted. Since we
are using an orthonormalized basis, we expect the covariance matrix to be close to
diagonalized, and we argue that we can to a good approximation factorize the dis-
tribution of o into a product of univariate distributions for each coefficient. The
estimates are therefore statistically independent, and can be used to obtain indepen-
dent estimates of the generally unknown factors of M. One should be aware, however,
that this constitutes a nonlinear set of equations where uniqueness is an unresolved
issue that should be approached with care. If such a method is employed, variance
estimates are most easily found by a bootstrapping method, such as pseudorandom
residual resampling.

B.3 Choosing the Regression Interval

Another problem arising in the data treatment is how to choose the interval for the
regression. The physical considerations on which the advection-diffusion equation
is based are valid for short time scales. A too long regression interval might force
the regression model to account for effects not covered by the simplified model, and
therefore give erroneous estimates. On the other hand, starting the interval too early
might lead to inclusion of points where the system has not yet reached steady state,
and an overall too short regression interval leads to unreliable and imprecise esti-
mates. The correct interval should therefore begin a short time after application of
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the pressure gradient, and then go on for a period long enough to provide precise
results, but short enough that we still have confidence in the applied model.

To decide on the first point of the regression interval, we start with the exact moment
the pressure is applied as the first candidate. The linear model is then fitted up until
the moment the pressure is relieved. The residuals are calculated, and we observe the
differences .

AEi = éi+1 — éi (B.3.1)

and form the criterion that the first difference should be smaller than the variance of
the remaining residual differences. If this criterion is not met, we increment the initial
regression point and repeat the procedure until the criterion is satisfied. We are thus
saying that the most abrupt changes in potential, characterized by very large residual
differences, are excluded from the interval. We identify these points as belonging to
the transient period where the theory is not applicable, and the linear model has
a very bad fit where these points are included. We now fix the initial point to the
first which satisfied the difference criterion, and apply a similar procedure to find the
end point. We begin with the last point before the pressure is relieved as the first
candidate, and then fit the linear model. We then calculate the streaming potential
by extrapolating to the initial time when the pressure was applied (not the initial
regression point). We then repeat this procedure for all possible end points until we
reach a minimum interval length. We want the calculated streaming potential to be
as independent as possible of the choice of end point. We therefore calculate the
differences

A(Ag), = Apir1 — Ad; (B.3.2)

where the ith value is the value calculated with ¢ more points in the regression inter-
val than the minimum interval length. The criterion for accepting the end point is
as follows: we locate the first interval for which the sum of the absolute values of 4
consequtive differences is smaller than the standard deviation of the later points. If
the next 4 consequtive points fulfill the same criterion, then the 4th point of the first
interval is chosen as the candidate end point. Once this criterion is fulfilled, we impose
yet another criterion - goodness of fit. Once a point has been found which satisfies
both the aforementoned difference criterion and the criterion that the distribution of
residuals is not significantly different from normal according to the Anderson-Darling
goodness-of-fit test, this point is finally accepted as the regression end point. The
rationale for this choice is that this end point is in the middle of an interval where
the estimated streaming potential is insensitive to the choice of end point, while at
the same time the model has a good fit in that the residuals represent normally dis-
tributed noise.

We summarize how the regression interval was chosen. We choose the first point
deemed not to be a part of the transient period as the initial point, and we choose
the end point such that the estimated streaming potential is insensitive to the choice,
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and that the residuals are significantly normal.

B.4 Choice of Model Order

Adding more fitting parameters always gives a better fit, whether the parameters
belong in the actual model or not. If the deterministic effects modeled by the higher
order terms are insignificant in the presence of the lower order terms, the model
is at risk of overfitting the data. It is therefore often desirable to choose a more
parsimonious model to ensure that the estimates are of the highest possible quality,
and insensitive to the noise present in the physical system. The Runge phenomenon
is also more pronounced for higher order polynomials, so that careless application of
higher order models can lead to wildly inaccurate extrapolation results. We therefore
implement the fitting procedure for models of all 3 orders in time, and compare the
successful models to one another. We choose our model according to the Akaike
Information Criterion, which is, for normally distributed residuals [69]

e'e

where the first term is the logarithm of the maximum likelihood estimate of the
regression variance, and the second term is simply the number of parameters in the
model. While the first term is smaller for any model with better fit to the data, the
second term is added as a punishment for having more parameters. The criterion for
best model is then to have the lowest value of this sum. This criterion can be shown
to be asymptotically optimal, given the assumptions we have made on the residuals,
see e.g. [69] for a discussion. We add this functionality because for many membranes,
the simple model used by Okada et al in their work is sufficient, and adding more
parameters is only of detriment in such a situation.

B.5 Variance Estimation and Robustness

Once the model satisfying the aforementioned criteria has been found, we simulate
new data by drawing at random with replacement from the residuals, and adding
them to the fitted values. The best model is then refitted to the simulated data
to gain a new estimate of the regression coefficients, which are then used to gain a
new estimate of the streaming potential. The bootstrapping algorithm is repeated
until a satisfactory number of estimates are made, and the mean and variance are
calculated as the sample mean and variance of the bootstrap samples. The mean
value estimated from the bootstrapping procedure is taken to be the best estimate
of the streaming potential, and the variance is added to the experimental error. A
low bootstrap variance indicates that the chosen model gives a robust estimate of the
streaming potential.
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Thermocell Design
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