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The low efficiency and high price of thermoelectric semiconductors has generated interest in un-
conventional forms of thermoelectric materials. In this article, ionic thermoelectricity has been studied
with commercial ion-exchange membranes for different aqueous 1:1 electrolytes. The theory of thermal
membrane potential has been derived taking into account the ionic heats of transport, the non-iso-
thermal Donnan potentials, the temperature polarization, and the thermally-induced concentration
polarization of the electrolyte. Also the generated thermoelectric power has been experimentally stu-
died. The experiments show good agreement with the theory, and suggest ways for systematic im-
provement of the system performance.
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1. Introduction

Thermoelectric materials have been subject to intense research,
especially over the past 15 years [1,2]. They offer a means for
converting thermal energy directly into electricity [3-5], with a
myriad of potential applications from small scale space applica-
tions to large scale geothermal power production and heat har-
vesting [1,3]. However, the poor efficiency and high price of the
materials are still hindering commercialization [2,3]. The problems
with existing thermoelectric materials and their stagnating de-
velopment have diverted interest towards other forms of ther-
moelectricity, with promising results [2,5,6].

Ion-exchange membranes have been previously suggested as
an alternative to semiconductors in terms of thermoelectricity [7].
A temperature difference AT over a charged membrane in elec-
trolyte solution creates an electric potential difference A¢g, known
as the thermal membrane potential [8,9]. The Seebeck coefficients
of membrane systems are similar or larger than that of semi-
conductor thermoelectric materials [4,10]. This can be partly at-
tributed to the typically three orders of magnitude difference in
the heats of transport of ions and electrons [8,11], and partly to the
Donnan potential difference created by the temperature difference
over the membrane [12]. Moreover, polymer membranes have
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relatively low thermal conductivity [7], a desired property for a
thermoelectric material [1,2,4]. Lower fabrication costs associated
with polymer membranes, with respect to semiconductor mate-
rials, form another advantage [7].

Previous studies of the thermal membrane potential have
considered the effects of the electrolyte and its concentration
[10,13-17], the thermal polarization [18], the mean temperature
[19], and the hydrophobicity of the ion-exchange groups [20]. The
combination of thermal membrane potential and streaming po-
tential has also been studied [7]. Reports on the thermal mem-
brane potential for common chloride electrolytes, such as LiCl, KCI,
NaCl, and HC], can be found in the literature, but there are dis-
crepancies with the magnitude of their Seebeck coefficients. Bar-
ragan and Ruiz-Bauza reported a descending order for the Seebeck
coefficient as LiCl > NaCl > KCI with a cation-exchange membrane,
and attributed this order to increasing molar mass of the cations
[18]. Hanaoka et al. [17] obtained a descending order
KCl > LiCl ~ NaCl > HClI for the Seebeck coefficients with cation-
exchange membranes in the concentration range 1-100 mmol/L,
and highlighted a similar trend for the inverse of the crystal-
lographic radius of the cations. Few authors [8] have tried to ex-
plain the thermal membrane potential with ionic transport
quantities, especially heats of transport. The heat of transport *Q; is
defined as the heat transferred by one mole of species i through a
reference plane in the absence of temperature gradient [11] and is
widely used in the study of thermodiffusion in electrolyte solu-
tions. Experimental data for these transport quantities can be
readily found in the literature [11,21,22] and they can be useful in
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the evaluation of the thermal membrane potential.

The purpose of this study is to investigate thermoelectric
power generation using ion-exchange membranes, which has not
been experimentally studied before. The influence of several ex-
perimentally relevant parameters on the electrical power gen-
eration is analyzed. Our theoretical modeling of the thermal
membrane potential takes into account the thermal polarization
effect [ 18], the concentration dependence of the heats of transport,
and the concentration polarization thermally-induced by the Soret
effect [23].

The structure of the article is as follows. Section 2 shows the
theory of the thermal membrane potential. Section 3 briefly de-
scribes the experimental methods. In Section 4 we first provide
the measurements of thermal membrane potential with a range of
1:1 electrolytes at different concentrations and then analyze the
thermoelectric power output as a function of temperature differ-
ence, concentration, and number of modules. The article ends with
a discussion section.

2. Theory
2.1. Description of the system

The experimental cell under study has four narrow compart-
ments with solutions of the same 1:1 electrolyte and concentra-
tion (Fig. 1). All solutions are pumped through the cell to large
vessels, which provides mixing and maintains the desired tem-
perature and composition. The temperature of one of the solu-
tions, referred to as the “hot” solution, is varied while the other
three solutions have fixed temperature. The electrode compart-
ments are separated by means of anion-exchange membranes and
a cation-exchange membrane separates the hot solution from the
cold one. Thus, temperature gradients exist across the cation-ex-
change and one of the anion-exchange membranes (Fig. 1). Under
open-circuit conditions, these temperature gradients drive elec-
trolyte and (thermo-osmotic) water transport through the two
membranes. The strongly-charged nature of the membranes cre-
ates electric potential drops across them, which add to give the
thermally-generated open-circuit cell potential. These potential
drops have contributions from the (Donnan) equilibrium dis-
tribution at the membrane-solution interfaces and from the ther-
mal electrodiffusion of ions both inside the membrane and in the
external solutions. However, when strongly-charged membranes
are used, the major contribution to the thermal membrane po-
tential arises from the temperature dependence of the Donnan
potentials, as the electrolyte diffusion through the membranes is
practically negligible. In other words, even though the system is
not under equilibrium conditions when temperature gradients
exist, the low permeability of the membranes for co-ions and the
absence of electric current (open-circuit conditions) render the
ionic flux densities very small.

When Ag/AgCl electrodes are used, the cell potential is
¢” — ¢* = — (i® — i*)|F where o denotes the electrode closer to
the hot solution and a the other one, i is the (molar) electro-
chemical potential of the chloride ions and F is Faraday’s constant.
This  potential difference can be approximated by
@0 — % = (% — %) + @ — ¢”) = APK + ApP, where the posi-
tions ", o', a” and «' are indicated in Fig. 1, because the homo-
geneity of both temperature and electrolyte concentration implies
P~ ¢”, $* = ¢* and ¢ = ¢~

In the following subsections we describe the transport of ions
and energy in the direction normal to the membranes, where x is
taken as positive from a to w. Firstly, we consider one membrane
extending from x=0 to x=h flanked by boundary layers of
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Fig. 1. Diagram of the (single-module) experimental setup. H and C stand for hot
and cold solutions, A and K for anion- and cation-exchange membrane, and « and o
for the electrode compartments. The solutions in all compartments are circulated.
The inlet and outlet flow rates are Vi, and Vpy, respectively. The inlet and outlet
electrolyte fluxes are Ji2,in = G2,in Vin and h2.0ut = ¢12,0ut Vout- The temperature and
electrostatic potential distributions are indicated.

thickness 6. The concentration and temperature at x = — § are
identified by a superscript @, and those at x = h + § by a super-
script f; although superscript a has also been used for the left
electrode. Secondly, the membrane system of Fig. 1 is considered
by adding the contributions from the anion- and cation-exchange
membranes.

2.2. Temperature polarization

Even though the solutions are well stirred, layers with tem-
perature gradients exist on both sides of the membranes adjacent
to the hot solution. This effect is known as temperature polariza-
tion [24] and must be taken into account when determining the
thermal membrane potential [18,25,26]. While heat transport in-
side the membrane is conductive, heat is transferred by a combi-
nation of conduction and convection in the polarization layers
[18].

The reduced heat flux density inside the membrane is [11,27]
Jo = = M0+ 7l + "0ty o
where *QM is the heat of transport of ionic species i (i=1, 2), and
M is the static thermal conductivity of the membrane. The ionic
contributions to j, are negligible (even at the short-circuit current
of a thermocell) and the steady-state heat flux density can be
simply described as j, = — PM'[T(h) - T(0)], where P} is the
thermal permeability of the membrane [18]. Similarly, in the
thermally-polarized boundary layers of thickness s flanking the
membrane, the reduced heat flux density can be described as
Jo= - PP ATS, where AT®=TP - T(h)=T(0) — T* and Py is the
thermal permeability (or heat transfer coefficient) that takes into
account the conduction and convection mechanisms [18]. The
temperatures of the bulk solutions are T( — §) = T* and T (h + §) =
TP =T+ AT .

Under steady-state conditions, the continuity of the heat flux
density requires that PMATM = P} ATS. Thus, the temperature drop
inside the membrane

ATM = T(h) — T(0) = AT/(1 + 2PM/P¥) = kAT )

is a fraction k<1 of the applied temperature difference. Making
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reference to the symbols introduced in Fig. 1, Eq. (2) can also be
presented as TN — TM = k(Ty - To).

2.3. Interfacial Donnan equilibria

The local electroneutrality condition inside a membrane with
uniform molar concentration X of fixed charge groups is

M) =M+ X 3)

where counterions and co-ions are identified by subscripts 1 and
2, respectively [28]. The external solutions at the boundaries x=0
and x=h have, in general, different temperature T(x) and electro-
lyte molar concentration, ¢" = ¢ = c(x). From the condition of
ionic distribution equilibrium at the membrane boundaries, the
Donnan interfacial potential drops A¢p(0) = ¢M(0) — ¢¥(0) and
Agp(h) = gM(h) — ¢V (h) are given by

2FApL () x=0.h
RT (x) ’

= arcsmhzc(x), @

where R is the gas constant and z; is the charge number of ionic
species i [28]. Their difference can be expressed as

F
%[Aqﬁp(m - A¢D(h>]
N c(h) = c(0) _ T(h) — T(0)
~ tanh @, - ?, 7 , 5)

where ¢ = [c(0) + c(h)1/2,T = [T(0) + T (h)]/2, and @)}, = arcsinhX/2¢.
The first term in the rhs of Eq. (5) is the contribution from the
concentration difference and the second term the contribution
from the temperature difference at the external membrane
boundaries. In the cation-exchange membrane (z = - 1), the
latter contribution is

R
Mgy =@ (T - T ©)
and, similarly, in the thermally-polarized anion-exchange mem-
brane it is

Apf = %‘%(T{Y‘ - Tth. 7
These two are major and additive contributions to the mea-
sured open-circuit potential A¢g,.. These expressions clearly show a
linear dependence on the temperature drop across the mem-
branes, as well as the typical order of magnitude of A¢,. /AT, i.e.
the Seebeck coefficient of the membrane cell, which is dictated by
R/F = 86.17 pV/K. Using strongly-charged membranes (X > c), this
coefficient can be increased by one order of magnitude thanks to
the prefactor ¢, in Egs. (6) and (7). (The Seebeck coefficient of
semiconductors is also of the order of R/F, while that of metals is
typically lower by a factor T/T;, where T; is the Fermi temperature
of the metal.) Thus, the theoretical prediction is that the thermal
membrane potential should decrease with increasing electrolyte
concentration, as determined by ¢p = arcsinh(X/2c).

2.4. Electric potential drop inside the membrane

Within the Nernst-Planck approximation, the molar flux den-
sity of ionic species i(i = 1, 2) inside the membrane is [11]
tiMO'M * MdlnT

. dincM dpM
L Y pré&nG | o pde”
) P R dx * dx 4 dx ®)

where tMx) = OMcM)[(DMM + DY) is the migrational trans-
port number of species i and o™ (x) = (F2/RT)(DMcM + DM is the
electrical conductivity of the membrane. The effect of thermo-

osmosis [29] on the ionic flux density is neglected. Substituting
Eq. (8) in the expression dg,,/dx = — I/6™ = — F(zj, + 22j,)[c™
for the Ohmic potential gradient, the gradient of the electrostatic
potential inside the membrane is

dg™ _ dey, + debgis + d¢onm

dx dx dx dx 9
where

dfar _ _ RT D' - D" dc)!

dx = zFDMcM + DMcM dx (10

is the gradient of the diffusion potential,

dpg, _ _ udinT

dx ~ dx an

is the gradient of the thermal diffusion potential, and
m™ = QM — 8'*QM)/(zF) is the ionic Peltier coefficient.
The integration of these gradients across the membrane yields

w _ _RT Ih
ohm ™ = F2 pMx 4 (DM 4 DM)cM (12)
RT DM _ pM
ApM = — 2 1 My - Mo
Paie zFDMX + (DM + DlM)CzM[ 2 (- a( )] 13)
- =M - =M
ApM ~ 870" -8, | Tty
th zF T(0) (14

where tM and *Q,-M = *QM(T) are the migrational transport number
and the heat of transport of species i corresponding to the average
temperature T = [T(0) + T(h1/2 ~ (Ty + Tc)/2 and average con-
centration inside the membrane; this result takes into account a
typical temperature dependence of the ionic heat of transport,
*Q,M (T) = AT? — B where A and B are coefficients [11]. Obviously,
Eq. (12) is only relevant under closed-circuit conditions and
Eq. (13) yields a negligible contribution in strongly charged
membranes separating two solutions of identical concentration.

The average co-ion transport number inside the membrane
satisfies the equation

DMeM
& D))

=1+ D—1M exp2¢p)
D} P 15)

and can be neglected at low electrolyte concentrations ¢ <« X [28].
In that case, Eq. (14) simplifies to zFAgM ~ *Q1M In [T (h)/T (0)]
z(*Q{w |T)[T (h) — T(0)] . The physical meaning of this potential
drop inside the membrane can be explained with the help of Eq.
(8). Since the counterion flux density is almost zero under open-
circuit conditions and the concentration gradient inside the
membrane is also negligible, Eq. (8) for the counterion reduces to
*QMdInT + zFdg™ = 0. If *QM > 0, this ion would tend to go to-
wards positions of lower temperature. Since it cannot move under
open-circuit conditions, an electric field builds inside the mem-
brane so that the positions of lower temperature are also those of
higher electrostatic energy for the counterions, and the counterion
tendency to flow is thus canceled.

The contribution of the thermal diffusion potentials to the cell
potential in Fig. 1 is

* = K * = A
+ _
Agf+ B - ey
~ — *Qf + *Qi\ (TM _ TM)
FTc ¢ (16)



M. Jokinen et al. / Journal of Membrane Science 499 (2016) 234-244 237

where *Qf is the heat of transport of the cations in the cation-

exchange membrane and *Qf\ the heat of transport of the anions in
the anion-exchange membrane. The first approximation in Eq. (16)
is accurate to the second order in (TM — TM)/T while the second
approximation is accurate only to the first order. Thus, while both
can be used for small temperature gradients, the former should be
preferred for larger gradients. Eq. (16) clearly shows that the effect
of the thermal diffusion of the counterions is to decrease the
Seebeck coefficient A¢,. /AT of the membrane cell by a quantity

Qi + QD).
2.5. Thermal diffusion potentials in the boundary layers

Eq. (2) implies that temperature drops AT® = (1 — k)AT/2 exist
in each boundary layer, which generate thermal diffusion potential
gradients described by equations similar to Eq. (11). The integra-
tion of these gradients across the boundary layers yields

a¥Aa o kA @
Q-850 | T
Adg = dn(0) — (= 8) = % In %
~ MATB
2z FT* 17)

B -8y, 1

Al = pun(h +8) = pun () » == ™™
FpFAP  £pty P
~ 7 - 8'Q, ATS
ZzFTB (18)

where the overbar denotes the average value over the layer. In-
troducing the approximations &*~ &~ t}' = D¥/(D}' + Dy) and
0 ~ *0f ~ *QY, the sum of these potential drops is

oY -8 Qy T+ TP

ApY = Adg + Apf ~ o s AT 19)

Taking into account the temperature gradients across the ca-
tion- and anion-exchange membranes (see Fig. 1), these terms are

QY — Y QY Ty + Te 1 - k
A W,Kz _+ + - 1H C Ta— T
P F e 2 n-lo (20)
QY -t QY Ty + Te 1 - k
APWA o =+ - HTC T, — T
P F Tle 2 (i lo @1

and cancel each other. The reason for the cancellation is clear from
Eq. (19). Subscripts 1 and 2 denote the counterions and co-ions,
respectively. The first fraction in the rhs of Eq. (19) does not
change sign when considering the cation- or the anion-exchange
membrane (because both numerator and denominator reverse
sign), but the temperature gradients (and, hence, AT?) in these
membranes have opposite signs; note that the characteristics of
these membranes are so similar, except for the sign of the fixed
charge, that the temperature gradients across them only differ in
sign.

2.6. Thermal concentration polarization and diffusion potential
drops

Even though the electrolyte solutions have the same electrolyte
concentration ¢=c*=c(-38) =c(h+ 8) =cP, the concentrations
c(0) and c(h) at the external membrane boundaries may differ
from each other because the temperature gradients in the
boundary layers may induce thermal diffusion of the electrolyte.
However, the actual extent of this thermal concentration

polarization is difficult to quantify. Should the solutions be stag-
nant, because they were not circulated and the gravitational con-
vection were somehow eliminated, the Soret distribution equili-
brium would be achieved and the electrolyte concentrations at the
membrane boundaries, c(0) and c(h), would be different from the
concentrations c¢*= c? = ¢ of the bulk solutions. The Soret dis-
tribution equilibrium equations are

€O _pli@af 1 |
c _eXp{ ZR[T(O) T“]}N

e o Q[ 1171
c _EXD{ R [T (Y

where Q15 = “Q;" + "Q,' is the heat of transport of the electrolyte
(at the average temperature and concentration of the boundary
layer). Thus, for the usual case *Q]V; > 0, the electrolyte would
accumulate at the external membrane boundary facing the hot
solution, and be depleted from the external membrane boundary
facing the cold solution.

Should these concentration gradients exist, the first term in the
rhs of Eq. (5) describing the contribution from the thermal con-
centration polarization to the Donnan potentials might be re-
levant. From Egs. (22) and (23), it is possible to estimate that the
difference in the electrolyte concentrations between the two ex-
ternal membrane boundaries as c(h) — ¢(0) ~ [*QY%c/R(To)?1ATS. If
*Qfy > 0, this difference has the same sign as AT?, and hence it is
positive for the cation-exchange membrane and negative for the
anion-exchange membrane (see Fig. 1). Thus, the thermal con-
centration polarization (tcp) contributions to the cell potential
from the cation- and anion-exchange membranes are additive and
can be estimated from Eq. (5) as

_ Qi AT®

"Qp; AT
2RTP T 23)

*Qi'é ~ ~
FIo 1 =k - To) 24)

A(ﬁtcp -

where the approximation tanh ¢, ~ 1, valid for strongly charged
membranes [11], has been used.

It is important to notice, however, that in our experimental
setup the solutions are circulated (with a relatively high flow rate)
and it is rather unlikely that the Soret distribution equilibria of
Egs. (22) and (23) are actually established, for they are easily
perturbed by any convective motion. In this case, Eq. (24) would
not be a contribution to the cell potential. Although we were in-
clined to believe that this is actually the case, the possible influ-
ence of the contribution in Eq. (24) will be considered in the
analysis of the experimental data.

It could be thought, at first, that the concentration gradients
also bring a contribution to the cell potential from the diffusion
potentials. The diffusion potentials inside the membranes are
negligible because the co-ion concentration gradients (see Eq.
(13)) are negligible in strongly charged membranes [11]. Assuming
that the solutions are stagnant and, hence, that Egs. (22) and (23)
apply, the diffusion potential drop in the boundary layers of one
membrane are

RT® c(0
AR = b O — g (- ) = — (g — pyIn D
F c“
kAW
~ -2
& -4 )ZzzF T (25)
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RT? ch
Adfis = daic(h + 8) — i (h) = — ZZ—F(fﬁN - t")ln <
Q1Y AT
~ (Y -tV —=—.
&' -h V2F T (26)

However, as was also the case for the thermal diffusion po-
tentials in Eqgs. (20) and (21), their effects cancel out because
Q51 - k- T _

K _ K K A
A = A + Al ~ (£ — £) F o2 T, Adbgis-

@7

The reason for the cancellation is that the thermal diffusion of
the electrolyte in the hot solution induces two regions with op-
posite concentration gradients, one close to the cation- and the
other close to the anion-exchange membrane; the concentration
gradients at the other boundaries of these membranes also have
opposite signs and, hence, compensating effects.

2.7. Thermal potential of a cell combining cation- and anion-ex-
change membranes

In the cell

AglAgCIINaCl(a, Te)| NaCl(a, Tc)| NaCl(a, Ty)|,, NaCl(a, Tc)IAgCiAg,

(28)

where a is the activity, the potential drops are associated with
the membranes separating solutions at different temperature. The
emf. Ady = Apf + Apf + AgK + Apf + Agy, of this cell, from
Egs. (2), (6), (7), (16), and (24), is

<K %< A fw
L
C

29)

Since the heat of transport depends strongly on the con-
centration [11], *QiM and *Q;" may be significantly different. Yet,
the comparison of Eq. (29) with experimental data would not yield
separate values of “Q;" and *Q;" but only a value for the whole
second fraction inside brackets. Similarly, instead of trying to de-
termine separately XX and X®, we can introduce an average fixed
charge  concentration X=X*%2  and  approximate

X+ ¢ ~ 2arcsinh(X/2c). Thus, a simplified theoretical equation
that can be used to analyze the experimental observations is

FIc

2R . ¢
Ay [k?arcsmhz -p ](TH -To

(30
where k and g are parameters to be determined, and X can be
estimated from transport number measurements (and from the
manufacturer information). The quantity inside brackets in
Eq. (30), Ag, /AT, is the Seebeck coefficient of the membrane cell.

3. Experimental methods
3.1. Electrodes

For all electrodes, two pieces of silver wire (99.9 %, 1 mm in
thickness) were cut and polished with SiC-paper. The electrodes
were rinsed with deionized water (Merck Millipore, USA) and
acetone (Fisher Scientific, 99.9 %), after which they were placed in
an ultrasonic bath in a 0.10 mol/L HCl solution (Merck) for 10
minutes. After the ultrasonic treatment, the electrodes were again
rinsed with water and acetone. The silver wires were short
circuited with a large surface area Pt-electrode in 0.10 mol/L HCl

(for Ag/AgCl-electrodes) or in 0.10 mol/L KI ( > 99 %,Sigma-Aldrich,
for Ag/Agl-electrodes), and the respective silver halide was left to
form onto the silver wire overnight. The following day, the elec-
trodes were connected to a potentiostat (Metrohm Autolab
PGSTAT12, the Netherlands) and cyclic voltammetry was run be-
tween —1V and 1V for 4000 cycles with a sweep rate of 0.25 V/s.
This method produced pairs of electrodes with a stable and small
potential difference.

3.2. The cell

The basic setup had four narrow compartments connected by
apertures of 0.496 cm? and 4 mm in thickness with solutions of
the same electrolyte and concentration (Fig. 1). The electrolytes
were >99 % purity from Sigma-Aldrich, except for tetra-
methylammonium chloride (TMACI, 99 % Fluka). The solutions in
the four compartments were pumped through the cell to large
vessels, to provide mixing and maintain the desired temperature
and composition. A cation-exchange membrane (Dupont Nafion
117) separated the hot and cold solutions. The electrode com-
partments were separated from them using anion-exchange
membranes (Fumatech Fumapem FAA-3). The temperatures were
measured with calibrated K-type thermocouples. The temperature
of the electrode compartments was kept at 298.2 K, as was the
cold compartment, while that of the “hot” compartment was
varied. Before each measurement, the membranes were equili-
brated with the electrolyte solutions. Each thermal membrane
potential was measured several times so that any drift could be
observed and corrected. The sign convention is such that a positive
thermal potential indicates that the electrode next to the hot so-
lution is positive with respect to the other electrode.

3.3. Power output

In order to determine the thermally-generated electrical power,
the potential drop was measured over a variable resistor (Dan-
bridge, Denmark) connected in series with the thermoelectric cell.
The current was calculated from Ohm's law and the resistance was
gradually decreased from 100 k€2. When the external resistance is
much larger than the cell resistance, the potential drop in the
former is, to a good approximation, the open-circuit cell e.m.f. (or
thermal membrane potential).

3.4. Thermal conductivity

The thermal conductivity AM of the wet ion-exchange mem-
branes was measured in-plane with a TCi Thermal Conductivity
Analyzer (C-Therm Technologies, Canada) at various temperatures
over a stack of 25 membranes. The stack was used as the in-
dividual membrane samples were too thin for reliable analysis. To
minimize the contact resistance between the samples, a weight of
1 kg was used to compress the sensor against the membranes.

4. Results
4.1. Counterion transport number

At the concentration of 0.02 mol/L used in most of our thermal
membrane potential measurements, the counterion transport
number is expected to be close to unity, especially in the Nafion
membranes. Yet, hydrogen ions might leak as co-ions in anion-
exchange membranes. The counterion transport number has been
determined as t_=1+ AQ,/2In(ag/a.), where ag =yzcg and
a, =y, ¢ are the electrolyte activities in the solutions and y is the
activity coefficient. The values measured at 0.02 mol/L (Fig. 2) are



M. Jokinen et al. / Journal of Membrane Science 499 (2016) 234-244

1.0
_ - .

0.8t o 3
T .
< 0.6 -
0.4} -
0.01 _ 0.0501 05 1 5

c(M

Fig. 2. Potentiometric transport number of the chloride ion in the anion-exchange
FAA-3 membrane immersed in HCI solutions at 25 °C, with ¢, = 0.5¢ and cg = 1.5c.
The open symbols have no activity coefficient correction and the full symbols are
corrected measurements. The theoretical curve corresponds to X = 3.0 mol/L and

DM, 5/Ducid = 0.3, where DN, and Dyq are the diffusion coefficients in the

membrane and the external solutions, respectively, d is the membrane thickness
and § the boundary layer thickness. The diffusion coefficients in the external so-
lutions are DY, = 931 x 10-5cm?/s and DY_ = 2.03 x 10-5cm?/s [31]; and the high
concentration limit is t¥ = DY_/(DY_ + DY,).

sufficiently close to unity so that the membranes can be con-
sidered as ideally permselective in relation to the experimental
determination of the thermal membrane potential. Further ana-
lysis (see Supporting information) shows that the fixed charge
concentration of the membrane was X ~ 3 mol/L, a reasonable
value for commercial ion-exchange membranes [30].

4.2. Thermal membrane potential and its concentration dependence

Eq. (30) predicts that the open-circuit potential of the ther-
mocell is proportional to the temperature difference ATy between
the two membrane boundaries, which is a fraction k of the tem-
perature difference AT between the external electrolyte solutions,
ATy = kAT. The proportionality coefficient between the quantities
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A¢,. and AT is the Seebeck coefficient of the membrane cell. The
experimental results confirm this theoretical prediction.

The inset in Fig. 3a shows an example of the measured thermal
membrane potentials in 0.10 mol/L NaCl for AT ranging between
—7 and 20 K. Although the heat of transport term in Eq. (30) is
negative, the dominating Donnan term makes the slope positive.
In the measurements, Tr= 298.2 K is kept constant and Ty is
varied. Although this is a routine procedure, it has sometimes been
advised to vary both T. and Ty while keeping constant their
average value [19]. For the relatively small temperature differences
here employed, both procedures are valid since no deviations from
linear behavior are observed.

The Seebeck coefficient A¢, /AT decreases with increasing
electrolyte concentration (Fig. 3a). The concentration dependence
of the thermal membrane potential mainly arises from the Donnan
potential contributions. That is, the term proportional to
arcsinh(X/2c) # In(X/c) in Eq. (30) dominates. To illustrate this
fact, Eq. (30) for *Qf%, = 0, X = 3.0 mol/L and k = 1/4 has been
plotted as a dashed line, and qualitative agreement with the
measurements for KCl and NaCl is observed (Fig. 3a). The differ-
ences between the Seebeck coefficients of the membrane systems
with these two electrolytes are explained when the electrolyte
heat of transport is taken into account. The Seebeck coefficient is
larger for the electrolyte with smaller heat of transport (KCI). The
quantitative agreement between the theoretical prediction of Eq.
(30) with an estimated electrolyte heat of transport and the ex-
perimental observations is not perfect but quite satisfactory,
especially when realizing that the heat of transport varies with
concentration and that the values reported by different authors
show significant dispersion.

Fig. 3b and c shows the Soret coefficients of KCl and NaCl at
25 °C as a function of the square root of their molar concentration.
Smooth trend lines similar to those in Fig. 5 of Ref. [32] have been
drawn. Neglecting the activity correction, the relation between the
Soret coefficient st of the electrolyte and its heat of transport is
*QYy, = 2RT% [11]. Incorporating the experimental heats of trans-
port of these electrolytes (Fig. 3b and c) yields a better agreement
between our experimental data and the theoretical prediction
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Fig. 3. (a) Variation of the Seebeck coefficient of the membrane cell with NaCl and KCI concentration. The solid lines represent Eq. (30) with the electrolyte heats of transport
estimated from the trend lines in panels (b) and (c), X = 3 mol/L and k = 1/3 fixed, and g as the only fitting parameter ( # = 0.6 + 0.3 for KCI and 0.89 + 0.16 for NaCl). The
dashed line corresponds to *Qf% = 0, X = 3 mol/L, and k = 1/4. The inset shows the potential difference measured in 0.10 mol/L NaCl. The full symbols are open-circuit
measurements (slope 0.131 mV/K) and the open symbols are extrapolations of the closed-circuit measurements in the limit of infinite external load (slope 0.120 mV/K). (b
and c) Concentration dependence of the Soret coefficient of NaCl and KCI aqueous solutions at 25 °C. The symbols are experimental data from the literature: Snowdon [21],
Price [35], Romer [36], Chanu [37], Leaist [38], Agar st (steady-state values) and Agar in (initial values) [39], and Gaeta [40] (data corresponding to 30 °C).
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Fig. 4. The Seebeck coefficients A¢,./AT measured for different electrolytes show a
linear correlation with the electrolyte heat of transport in the external solution *Qy%
at 0.02 mol/L and Tc = 298.2 K. The two electrolytes with potassium ions deviate
from this correlation, however.

(Eq. (30)). The parameter g in Eq. (30) is then estimated as f=
0.6 + 0.3 for KCl and g = 0.89 + 0.16 for NaCl, where the relatively
large uncertainties indicate that the thermally-generated potential
is not very sensitive to *Qj%. These values of g are reasonable
taking into account that the state of the ions (especially their
concentration) inside the membranes differs from that in the ex-
ternal solutions and, hence, the approximation *QM~ *Q) in-
troduces a significant uncertainty. To obtain these values of g in
Eq. (30), the fixed charge concentration X and the factor k de-
scribing the fraction of the temperature drop residing inside the
membrane have been fixed to the estimated values X = 3.0 mol/L
(see Fig. 2) and k = 1/3. The thermal conductivity of water at
300K is 0.6Wm IK! [33], and the value measured for the
membranes was  ANgon & AMa_3 ~ 025 W m-IK™!, similar to the
value reported elsewhere for Nafion [34]. This suggests that the
thickness of the temperature polarization region is of the same
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Table 1
Heats of transport of electrolytes at 0.02 mol/L and 25 °C.

*Q}5(k]/mol) Ref.
LiCl —0.42° [23,41-43]
Lil —25% [23,41,42]
TMACI 9.1° [44]
Nacl 2.66 [21]
KCl 1.70 [21]
KI —~034 [21]
HCl 12.45 [45]

¢ Estimated from the reference values at infinite dilution and 0.01 mol/L and
the relations reported in Ref. [21].

order than the membrane thickness, thus yielding the estimation
k~ 1/3.

4.3. Influence of the electrolyte on the thermal membrane potential

As different ions have different heats of transport, different
electrolytes generate different thermal membrane potentials. In
order to confirm the theoretical predictions, the thermal mem-
brane potentials of a selection of 1:1 chloride and iodide electro-
lytes in 0.02 mol/L concentration were measured. To the best of
our knowledge, there are no measurements of electrolyte heats of
transport in ion-exchange membranes in the literature. Although
the different state of the ions inside the membrane pores and in
the external solutions is likely to imply changes in the ionic heats
of transport, some correlation between the heats of transport in-
side the membrane and in the external solutions could be ex-
pected [8]. Hence, the heats of transport of the electrolytes at 25 °C
and 0.02 mol/L must be compiled from the literature. These have
been presented in Table 1. Some values have been measured at the
correct concentration, and some have been estimated from the
relations derived by Snowdon and Turner for 1:1 electrolytes:
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Fig. 5. The cell potential Aggey is the sum of the thermal membrane potential A¢ and a contribution from the asymmetry of the electrode potentials (A¢)ar=0. The
experimental data presented here correspond to 0.10 mol/L NaCl and AT = 16.5 K. The cell potential decreases and the current delivered by the cell increases when the
external load Rex: connected to the cell decreases. Thus, the electrical power output exhibits a maximum when Rex; is equal to the internal electrical resistance of the cell Rip.
Thus, it is determined that Ripc = 574 Q and Ppax/A = 3.38 nW/cmz. The current density is i = I/A = A¢[(ARext) Where A = 0.496 cm? is the exposed membrane area. The

open-circuit thermal membrane potential is (Ag)oc = 1.96 mV.
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*Q1%(0.2 mol/kg) ~ *Qy%(0 mol/kg) — 1.48 k]/mol ~ *Q{%(0.01 mol/
kg) — 0.43 kJ/mol [21].

Fig. 4 shows that the Seebeck coefficient A¢,./AT of the
membrane thermocell presents a linear correlation with the
electrolyte heat of transport in the external solution *Q}, as the-
oretically predicted by Eq. (30). However, the two electrolytes with
potassium ions deviate from this correlation. Because some ap-
proximations have been used to derive this equation, some de-
viation is to be expected. The fact that only potassium ions seem to
deviate from the theoretical prediction might indicate that their
state inside the membrane, in relation to the transport of energy, is
different to that of the other cations under consideration. We have
commented above that the heats of transport of KI, Lil and LiCl are
negative at 25 °C and 0.02 mol/L. Alexander [46], Gaeta et al. [40],
and Romer et al. [36] have reported sign inversions in the Soret
coefficient of KCl, NaCl and LiCl upon decreasing the electrolyte
concentration in solution [40,47]; although other results did not
support some of these observations [48]. Moreover, the heat of
transport of KCl exhibits quite a strong temperature dependence
[36]. Although the actual origin of the deviation observed in Fig. 4
for KCl and KI is unknown, the peculiarities of the dependence of
the heats of transport of these electrolytes with temperature,
concentration and ionic hydration seem to be relevant.

4.4. Electrical power output

The measured cell potential is the sum of the thermal mem-
brane potential, proportional to the temperature difference
ATy = kAT between the membrane boundaries, and a contribution
from the electrodes. The latter can be determined from the plot of
the measured cell potential vs. AT as the intercept at the origin,
Adpen = A + (Ad)aT=0-

When the cell is connected to an external electrical resistance
Rex: the thermally-generated potential drives electrons in the ex-
ternal circuit and ions in the ion-exchange membranes so that
electrical current and power is delivered (Fig. 5). The thermal

membrane potential is then A¢ = Ag, Rext/(Rext + Rint) Where A¢,.
is the e.m.f. or open-circuit cell potential and Ry, is the internal
cell resistance. The experimental characteristic curves of thermal
potential A¢ versus current I are linear, which indicates that R, is
independent of the current and A¢ = A¢,. — IRinc. The electrical
output power P =IA¢p = (Apy)’Rext/ Rext + Rine)? takes its max-
imum value PBy.x when the variable external load is set equal to the
internal cell resistance, Rex = Rin. For a given temperature differ-
ence, electrolyte concentration, and number of modules, five sets
of experimental data (A¢g VS. Rext, i VS. Rext, PJA VS. Rext, A VS. i, and
P[A vs. i) are fitted to the above equations using A¢,. and Riy as
fitting parameters that take the same values in the five sets. The
open-circuit potentials Ag,. in Figs. 6-8 have been obtained using
this procedure.

The experimental characteristic curves A¢ vs. i are linear
(Fig. 6a), and follow the expected behavior A¢ = A¢y. — IRint.
Fig. 6a also shows that, for a fixed electrolyte concentration
(0.10 mol/L NacCl), the internal electrical resistance of the cell is
practically independent of the temperature difference. The elec-
trical output power also shows the expected dependence with the
delivered current, P = [*Rex = [ (Isc — I)Rint, Where I = A@oc/Rint is
the short-circuit current delivered by the cell. Fig. 6a and ¢ show
that the open-circuit potential and the output current through the
external load increase as AT increases from 5.36 K to 20.53 K, re-
sulting in an increase of the maximum power generation from
0.33 nW/cm? for AT = 5.36K to 5.14 nW/cm? for AT = 20.53 K
(Fig. 6b).

Fig. 6¢ shows that the open-circuit potential is proportional to
the temperature difference AT between the solutions and
that the Seebeck coefficient of the membrane thermocell (i.e. the
slope) increases with decreasing electrolyte concentration,
as observed in Fig. 3a. The maximum power output is
Pax = lsc Agpoc|4=(A¢hy ) [4Rine. Consequently, the maximum power
output is quadratic in the temperature difference, Ppax  (AT)?
(Fig. 6d). This is an advantage over thermocells based on the
temperature dependence of the electrode potential. The internal
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Fig. 6. (a, b) Thermally-generated voltage A¢ and power output P/A in 0.10 mol/L NaCl solutions vs. electric current density through the external load for different AT. The
practically identical slopes of the A¢ — i curves indicate that Riy is independent of AT. The power output is parabolic in the current density and its maximum value is
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thermally-generated voltage A¢,. and maximum power output Ppax/A vs. the temperature difference.



242 M. Jokinen et al. / Journal of Membrane Science 499 (2016) 234-244

_ 0.20¢ N
< <
> >
£ 0.15¢ £
~ ~
3 0.10 3
< <
4 4

0.05¢ . . . . . . . .

2.5} ' ' '
_ 2.0 .
S S
2 15} =
€ 10} '3

0.5}
o 0.08 xf“
1
¢ .l =
e 10 0.06 '
o sl ;
% 0.04 2
N/—\ 6 | h'l:\
: 0.02 4
< 4l <
= . . . . . . . —I0.00 x
g 00 0.1 0.2 0.3 04 05 1 2 3 QE
o ¢ (mol/L) No. modules
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(f) The peak power density also increases with the number of modules.

resistance of these cells shows a significant temperature depen-
dence, and their complicated discharge behavior makes it difficult
the prediction of the maximum power output [49].

4.5. The effect of the electrolyte concentration on the power output

The effect of the electrolyte concentration observed experi-
mentally agrees with the predictions of Eq. (30). The experimental
results in Fig. 7a shows the variation of the absolute Seebeck
coefficient of the cell Ag,./AT with the NaCl concentration is ap-
proximately  described by the function (solid line)
k(2R/F)arcsinh(X/2c) with X = 3.0 mol/L. The internal electrical
resistance of the cell Ry, is inversely proportional to the electrolyte
concentration ¢ (Fig. 7b). The variation of the maximum power
output with the electrolyte concentration (Fig. 7c) is the result of
the concentration dependence of both A¢, /AT and Ry, because
Pnax/(AT)? = (Ag,o/AT)?*[(4Rine); note that Ppy o (AT)? (Fig. 6d).
Thus, as observed in Fig. 6d, there is a significant increase in power
output when increasing the NaCl concentration from 0.02 mol/L to
0.10 mol/L, but only a minor increase when it is further increased
to 0.50 mol/L.

4.6. The effect of the number of modules

Increasing the number of “hot solutions” and hence of anion-
and cation-exchange membrane pairs in the cell increases the

thermally-generated voltage and the maximum power output. The
increase in A, is linear in the number of membrane pairs be-
cause the composed cell behaves as a battery of modules gen-
erating equal and additive thermal potentials (Fig. 7d). The cell
with one module has two electrode compartments and two so-
lution compartments (hot and cold), separated by three ion-ex-
change membranes. A second module adds two solution com-
partments and two more membranes, and so on. Thus, the cell
resistance Ry also increases with the number of modules (Fig. 7e).
The peak power density Pnax/A=(A¢,.)?/(4Rin) also increases with
the number of modules (Fig. 7f) due to the dominant role of the
increase in A¢,..

Fig. 8a and b shows the dependence of A¢ and the power
output P/A with the output current through a variable external
load for cells with 0.10 mol/L NaCl and one, two and three modules
and temperature differences of around 16.5 K. Contrary to the case
of Fig. 6a where the A¢ — i lines were parallel because R;y is in-
dependent of AT, the A¢ — i lines in Fig. 8a are not parallel be-
cause Ry, varies with the number of modules. The thermally-
generated voltage Ag,. is linear in AT and the maximum power
output Pnaix/A is quadratic in AT (Fig. 8c and d).

5. Discussion and conclusions

The Seebeck coefficients of different ion-exchange membrane
systems in the absence of temperature difference between the
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Fig. 8. (a, b) Thermally-generated voltage A¢ and power output P/A vs. electric current density through a variable external load for cells with 0.10 mol/L NaCl and one, two
and three modules and similar AT: 16.5 K (1 module), 17.3 K (2 modules), 16.3 K (3 modules). The different slopes of the characteristic A¢ — i curves indicate that Ry varies
with the number of modules. The power output is parabolic in the current density and its maximum value is Pnax/A = (Adoc)%/(@ARint). (¢, d) Open-circuit voltage Ag, and
maximum power output Ppax/A vs. AT for cells with 0.10 mol/L NaCl and one, two and three modules.

electrodes have been measured in order to investigate the thermal
membrane phenomena. The major contribution to the thermal
membrane potential has been attributed to the non-isothermal
Donnan potentials at the membrane interfaces. Using stacks of
anion- and cation-exchange membranes, the application of the
thermal membrane potential to thermoelectric power generation
has been demonstrated experimentally. Electrolytes with positive
heat of transport have been found to decrease the generated po-
tential. Therefore, electrolytes with small (or negative) heat of
transport should be used to enhance the Seebeck coefficient.

Very good agreement between all the measurements and the
theory presented in Section 2 has been observed. The measured
Seebeck coefficients have presented a clear correlation with the
heats of transport of different electrolytes; although KCI and KI
have shown some deviation. The largest Seebeck coefficient in
0.02 mol/L concentration has been observed with KI. Among the
chlorides, the ordered series KCl, LiCl, NaCl, TMACI], and HCI ex-
hibits a descending Seebeck coefficient (Fig. 4). This result is in
agreement with previous observations. Hanaoka et al. [17] ob-
tained the same descending order of Seebeck coefficients for ca-
tion-exchange membranes and a concentration range
1-100 mmol/L. By contrast, Barragan and Ruiz-Bauza 18] reported
a descending Seebeck coefficient order of LiCl, NaCl and KCl in
1 mmol/L concentrations, and explained their results by the in-
creasing molar mass of the cation and did not comment on the
ionic heats of transport. Kiyono et al. [16] reported that the order
can vary depending on the membrane ion-exchange capacity,
water uptake, and electrolyte concentration, but KCl always ex-
hibited a Seebeck coefficient larger than that of NaCl. Our results
have suggested that the heat of transport inside the membranes is
different to that in the aqueous phase, which might also explain
the different behaviors observed by different authors. In addition,
some theoretical simplifications, such as neglecting the water
thermo-osmosis, should be critically considered.

With the proposed cell design, it has been shown that electrical
power can be generated from waste heat (i.e., from temperature
differences). Due to the linear dependence of the thermal

membrane potential on the temperature difference, A¢ « AT, the
power output has been observed to scale with the temperature
difference squared. The Seebeck coefficient can be increased by
selecting electrolytes with low or negative heat of transport, which
should also increase the power, assuming that the conductivity
does not decrease. Fig. 7 has demonstrated that a higher electrical
conductivity of the membrane system is paramount to draw any
meaningful power from the thermocell. We have shown that an
increase of the electrolyte concentration beyond 0.1 mol/L pro-
duces no significant increase in the maximum power because,
eventhough it decreases the total resistance of the cell, it also
decreases the Seebeck coefficient. With more membranes in series,
the linear increase in the Seebeck coefficient and the thermal
potential with the number of modules has led to a power increase,
although not scaled with the square of the number of modules
because of the reduction in the total conductivity of the cell.

The power produced by the system with NaCl is obviously low,
not to mention the expected efficiency. However, it is of the same
order of magnitude than obtained with other emerging thermo-
electric technologies, such as organic thermoelectrics [50]. Fur-
thermore, some improvements in performance are possible by
further optimizing the cell and the electrolyte. The effective tem-
perature difference across the membrane is only about one third of
the applied temperature difference. As the thermal conductivity of
the membranes is close to that of water, the magnitude of para-
meter k in Eq. (30) suggests that the temperature polarization
layers are of the same thickness as the membranes. With en-
hanced mixing, the parameter k could be increased to a value of
0.9, which leads to a three-fold increase of the Seebeck coefficient.
This could be realized by increasing the pumping speed of the
solutions and directing the inlets towards the membranes, as is
sometimes done (see e.g. Ref. [15]). If the cell resistance could be
simultaneously decreased by 60%, by decreasing the distance be-
tween the electrodes and using highly conductive membranes, the
maximum power would show an increase of approximately three
orders of magnitude at 0.10 mol/L. Increasing the membrane
charge density also increases the Seebeck coefficient as dictated by
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Eq. (30), and thus enables the use of more concentrated electrolyte
solutions. The efficiency of the system could be further enhanced
by decreasing the thermal conductivity of the membranes. How-
ever, even with the hypothesized performance, the power required
for the (enhanced) mixing is likely to be much larger than the
harvested power. Therefore, it would be logical to combine the
system with processes where pumping effluents of above-ambient
temperature is already required, e.g. cooling water of power
plants. Also, geothermal resources such as hot springs and geysers
are a possibility. Although applications of waste heat harvesting
seem presently unrealistic, our experimental and theoretical re-
sults provide interesting physical insights into thermoelectric
phenomena in ion-exchange membranes which are important
across a range of membrane applications.
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