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ARTICLE INFO ABSTRACT

Keywords: We analyse electromotive force measurements of concentration cells using non-equilibrium thermodynamics,
Ton-exchange membranes and determine the transference coefficients of ion-exchange membranes in aqueous KCl solutions. By taking
Electrodialysis

advantage of the analytical expression for the permselectivity, we extract transport coefficients with high
accuracy. The transport number of K* and the transference coefficient of water in the Selemion CMVN cation-
exchange membrane are found to be 1007y, =99.59 + 0.56 and r,, = 3.69 + 0.40 respectively, while for the
Selemion AMVN anion-exchange membrane they are 100~ = 10021 + 0.37 and 7,, = —=3.75 + 0.27. These
results suggest that the membranes are perfectly selective to the target ion, and that each ion carries 3-4
water molecules through the membrane, which reduces the membrane permselectivity. In these concentration
cells, the electrical potential contribution of the membrane alone was more easily isolated with bare Ag/AgCl
electrodes without reference solutions and liquid junction plugs. Additionally, we find a large contribution to
the measured concentration cell voltage from concentration gradients across the porous plug of the reference
electrode, which cannot be explained by Henderson’s equation alone. For most of the concentration range,
the transport number of the porous plug is determined to be 1007y, = 49.43 + 0.78 with negligible water
transport, similar to literature values for bulk electrolyte. In dilute electrolyte solutions with concentrations
below 0.1 mol kg™!, the plug shows anomalous behaviour consistent with an increase in K™ selectivity and
water co-transport.

Non-equilibrium thermodynamics
Electroosmosis
Transport number

1. Introduction as the structure of pores, the charge density and hydrophobicity are
important factors that influence the mobility of ions in the membrane

Ion-exchange membranes are interesting porous materials with a phase [9]. Due to the hydrated state of the dissolved ionic species, the
wide range of applications, due to their properties which allow for membrane’s ability to repel water molecules may promote selectivity
selective transport of ions in aqueous solutions. Electrodialysis and of one ionic species over another more hydrated species. The electrical

reverse electrodialysis are typical examples of applications, where the resistance may, however, increase when the selectivity increases [12].
former is more widespread in the industry [1]. Important applications

of electrodialysis include chemical and food production, waste water
treatment and desalination [2,3]. Reverse electrodialysis for electricity
production has seen limited industrial use [4], but novel closed loop
concepts for chemical production are gaining interest [5-8]. However,
the membrane performance is a vital factor for the efficacy of these
applications.

For the electromembrane processes, organic polymer membranes
with dispersed fixed charge groups, such as sulfonic acid or trimethy-
lammonium, are common [9,10]. The transport is driven by a concen-
tration gradient and/or an electric field [11]. Material properties such salt solutions have been determined to be ~2.6, ~5 and ~15 for H,

Therefore, it is of interest to know the number of water molecules
carried by each ionic species inside the membrane phase. The trans-
ference coefficient of water is a relevant variable in this regard, since
it describes the net transport of water by the electric current [11].
The co-transport of water, often referred to as electroosmosis, has
been investigated in detail for perfluorinated Nafion membranes [2,3,
13-21]. Water transference coefficients in the literature have typically
been measured by streaming potential measurements, by which water
transference coefficients in Nafion 115 with binary water and chloride
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K* and Mg2+, respectively [13]. The framework of non-equilibrium
thermodynamics was used in this context, and is generally a useful tool
for the description of transport phenomena in membranes [11].

Electromotive force measurements of concentration cells with an
ion-exchange membrane can also be used to determine the membrane
transference coefficients [22-24]. For such measurements, it is com-
monplace to use commercial reference electrodes with a filling solution
that is separated from the testing solution by a porous ceramic plug.
The concentration gradient that arises across these liquid junctions has
often been neglected in the electromembrane literature, even though it
has been shown to add a substantial electrical potential contribution
to the measured voltage of the concentration cell [11,25,26]. The
liquid junction potential is often estimated by the use of Henderson’s
equation, which has been shown to describe a portion of the total
electric potential difference across a junction in a concentration cell
with two identical electrodes. In a formation cell with two distinct
electrode reactions, the total electric potential difference across the
junction is adequately described by Henderson’s equation, typically
resulting in a small voltage contribution [11]. In a concentration cell,
however, the term described by the Henderson’s equation is only one of
several contributions to the total electrical potential difference. In this
work, we will clarify the role of junction and porous ceramic plug in
the description of concentration cells by dedicated measurements and
theoretical analysis.

Another goal of this work is to clarify the role of transport numbers
and coefficients in the description of the ion-exchange membrane’s
permselectivity. In particular, we seek to unravel how the permselectiv-
ity depends on the chemical potential differences across the membrane
in a concentration cell. Previous works have extracted transference
coefficients by use of methods that assume small concentration dif-
ferences across the membrane [22]. We alleviate this assumption for
binary electrolytes by using an analytical form of the equation for
the membrane permselectivity, which identifies transport coefficients
with a high accuracy. Moreover, we present the first measurements of
transport coefficients of water and ions in KCIL.

2. Non-equilibrium thermodynamics

The transport phenomena taking place in an ion-exchange mem-
brane used in a concentration cell can be described by non-equilibrium
thermodynamics. In an isothermal binary mixture of KCl dissolved in
water, the coupled steady state transport of water and ionic species
across an ion-exchange membrane, wetted by aqueous solutions on
either side, can be described by three flux equations [11]:

Ikt 1 Ly, L, Ly,||Vigs+
Ja-|=-7 L+ L Ly||Vic- €y
Jw Lyw Lo Ly Vi,

where Jg,, Jo_, and J,, are the fluxes of K*, Cl- and water, re-
spectively. The membrane in mechanical equilibrium is taken as the
frame of reference. The ionic species and water fluxes arise due to
a linear combination of phenomenological coefficients, L;;, and the
driving forces for transport. Here, the subscripts “+ ”, “-” and “w”
denote cations, anions and water, respectively, and V is the spatial
gradient operator. We consider the aqueous solutions to have uniform
composition, such that concentration gradients are confined to the inte-
rior of the membrane or liquid junction. The diagonal elements of the
coefficient matrix are the main coefficients for component transport,
and the off-diagonal elements describe the magnitude of the coupling
between fluxes, subject to the Onsager relations, L;; = Lj; [11]. The
gradient of the chemical potential of water, Vy,, is the main driving
force for water transport. For an ionic species, k, the gradient of the
electrochemical potential, V ji,, mainly drives the transport. Guggenheim
defined the electrochemical potentials [27], which for monovalent ions
are:

If+ =u,+Fy @
f_=pu_—-Fy
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where 4, is the chemical potential of the ionic species k, and F is the
Faraday constant. The electrostatic potential, y, is not the measurable
electric potential, ¢, of the cell, but the two are related through [11]:

p=w- = 3)

provided that we have Cl~ reversible Ag/AgCl electrodes in an aqueous
solution of KCI. This relation emerges due to the charge carrier chang-
ing at the electrode, from electrons in the solid phase, to aqueous ions
in the liquid phase [11,27,28].

Let us only consider the fluxes in the x-direction perpendicular to
the membrane. By using Egs. (2)—(3), the flux equations in terms of
measurable state variables become:

Jk+ 1 Ly F(Lyy—Ly) Ly, || 0xH
Jor|==F|Lv FUL =L L,|| 0 (€]
Jw Lw+ F(Lw+ - Lw—) wa ax”w

where we used y; = pg, + Hc;_, and 0, denotes gradients in the x-
direction. The subscript s denotes the neutral salt, KCl. A consequence
of the converse electrode reactions is that the net transport of KCI in
the aqueous phase is defined by the K* flux i.e., J; = J. Due to the
divergence of Cl~ at both electrodes, the concentration of KClI in the
aqueous solutions is everywhere defined by the concentration of K*.
Furthermore, the current density in the aqueous phase must be due to
the migration of ionic species i.e., j = F(Jx,—J,_). These substitutions
yield:

JS 1 Lss LS¢ st ax”s
i =7 Lo Lop  Lowl|| 0t (5)
Jw st Lwdz wa 0)( Hw

where we contracted the coefficients as: Ly, = Ly, Ly, = Ly =
F(Ly, =Ly, Lyy=FXLyy —2L_+L_),and L,y = Ly, =
F(L,, —L_,).

Only the expression for the current density is required for the
treatment of electromotive force measurements across membranes. We
may rearrange this equation with respect to the measurable electric
potential gradient, and introduce the following parameters:

J L
ts=tK+=F(—:‘) =F )
J 7/ du=0 b
J, Ly, L, —L,_
lw=F<—u> :F—L(I)u =F2—( w+L W ) (7)
J du=0 oz (2

J Ly
- =% 8
" <ax¢>du=0 T ®

where «k is the electric conductivity, 7, is the transport number of
K+, and ¢, and ¢, are the transference coefficients of KCI and water,
respectively. The subscript du = 0 refers to the condition with uniform
composition, and constant temperature and pressure. This condition
signifies that the transference coefficients describe the part of the flux
attributed to migration, but they may still be determined even if a
concentration gradient is present [23]. The ionic transport numbers
are the fractions of the electric current carried by that ion, and the
transference coefficients of the neutral salt and of water describe the
movement of moles of salt and water per Coulomb of charge passing in
the external circuit. Since the current density through the aqueous solu-
tions is solely due to the migration of ions, the ionic transport numbers
are related by: 7y, +1-,_ = 1. Furthermore, the signs of the coefficients
in the numerator of the right hand side of Eq. (7) show that cations
and anions carry their hydration shells in opposite directions during
migration. The water transference coefficient is therefore a function of
the ionic transport numbers [11]. With the aid of the Onsager reciprocal
relations, the measurable electric potential can finally be expressed in
terms of the current density as:

ks fo j
Oxh = == Oxks = T Oxku = ©
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2.1. Permselectivity

Assuming constant transference coefficients in the liquid junction,
Eq. (9) may readily be integrated across the liquid junction. This
assumption may be justified a priori based on the weak concentration
dependency of the Kt transport number in the aqueous phase observed
by Maclnnes and Dole [29]. It is convenient to relate the chemical po-
tentials to more accessible variables, such as the salt molality, m,. In the
case of a single binary salt dissolved in water, the isothermal chemical
potential gradients across the liquid junction may be expressed as [30]:

Apg = RTAlna; = vRT Aln (Omyy,) (10)

Ap,, = RTAlna,, = —vRT M, A(m,p) an

where the definition of the osmotic coefficient, ¢, is applied in the last
equality of Eq. (11). The factor Q = (v,*v*-)!/¥), where v,, v_ and v =
v, +v_ are the stoichiometric factors in the dissolution reaction of the
cation, anion and the neutral salt, respectively. For a binary monovalent
salt like KCl, the factor Q is unity, and the stoichiometric factor of the
neutral salt is two [30]. Lastly, M,, is the molecular weight of water,
R is the universal gas constant, T is the absolute temperature, y, is
the salt activity coefficient, and a, is the activity of component k. The
activity and osmotic coefficients of aqueous KCl has been measured by a
multitude of researchers using various experimental methods [31-36].
Reliable thermodynamic data and the procedure for determining the
temperature correction of the activity coefficient to the experimental
temperature are summarised in Appendix B.

Several ways to express the membrane permselectivity have been
proposed in the literature [10]. However, the ratio of the measured
electric potential of the cell to the ideal potential is the most useful one
for the determination of the water transference coefficient. We express
the permselectivity, «, as:

A(m; @)

4¢ > Ay
a=F =tgs +tp— =ty —t ,My,—— 12)
<_A/‘s j=o0 K+ w Au K+ w I“All’l(ms}’i)

Assuming that the transference coefficients remain constant, we
therefore expect « to be a linear function of Ay, /Au, with a slope of
t,, and an axis intercept at 7.

3. Statistical treatment

Two different regression models are investigated to gauge whether
the water transport has a statistically significant influence on the
measured voltage. The first model disregards electroosmotic transport:

A

Ap =1y, % 13)
where the measured electric potential is plotted as a function of the
ideal electric potential, which yields the transport number as the re-
gression slope. Eq. (12) was adopted as the second model, where
permselectivity is defined as a function of Ay, /Au,. These regression
models are then compared using a Lack-of-Fit test. Such a test extracts
the portion of the residual sum of squares that is associated with the
replication of the measurements, which is then subtracted from the
residual sum of squares, giving an estimate of the suitability of the
model [37]. If the model adequately describes the results, the test
statistic given by:

Z:n:l Z;'i:l(yij - }i)2/(m -p)
T Z0 [0y =302 = iy = 9:2] /(n— m)
follows a Fisher distribution. Here, y; ; are all measured values (repli-
cates) and y; is the mean of the measured values at a specific set

of experimental conditions, i. Furthermore, the number of differing
experimental conditions is denoted by m, p denotes the number of

For (14
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model parameters, n is the total number of measurement points, and
$; is the model prediction at the experimental conditions, i. The test
statistic is compared to a 95% confidence level critical value for the
Fisher distribution denoted by Fj 95 ) (n—m)- A test statistic lower than
this critical value indicates that all significant trends in the data set
have been modelled by the regression.

4. Experimental method

Aqueous mixtures of various concentrations of KCI (for analysis EM-
SURE, supplied by Merck) were prepared using de-ionised water with
a conductivity of 5.5 uS m~!. The Selemion CMVN cation-exchange
membranes and the Selemion AMVN anion-exchange membranes were
delivered by AGC Engineering Co., Ltd. in Na+ and Cl~ forms, respec-
tively. The membranes were stored in KCl mixtures of 0.1 mol kg~!.
For the first week, the storage solutions were refreshed every day to
facilitate the conversion of the CEM into the K* form. During the
subsequent four weeks, the solutions were refreshed once every week.

Two silver rods (>99.95% Ag, 5 mm diameter, supplied by Thermo
Scientific) were cut into a suitable length and polished. A 0.1 mol L1
solution of HCI (1 mol L~! TitriPUR, supplied by Merck) was prepared
by dilution with de-ionised water. Immersed in HCI, the silver rods
were electroplated with AgCl by passing 1 mA with Pt as the counter
electrode for 5 h. A Gamry Interface 5000E potentiostat was used for
voltage logging (with a stated standard deviation in mV of 1.966 =
1 4+ 0.2% x A¢) and electroplating. Experiments were conducted under
isothermal conditions at 21.5 + 0.5 °C. The Ag/AgCl rod electrodes
were stored short-circuited in a 0.1 mol kg~! KCl solution when not in
use. If the average open circuit bias potential between the electrodes
over 300 s was more than 1 mV and increasing, the Ag/AgCl electrodes
were polished and a new AgCl layer deposited.

Using the rod electrodes, the membrane potential was measured in
the cell described by:

(Cell 1)
Ag | AgCl| KCI (m;) M| KCI (m,) | AgCI | Ag

where |M| denotes the ion-exchange membrane, while m; and m, are
the salt molalities at each side of the membrane. The salt mixtures were
rigorously stirred by magnetic stirrers to prevent contributions from
concentration polarisation. The mixtures were not circulated, as the
voltage reduction over the course of the experiment due to diffusion
was unobservable. Each half-cell compartment was 300 mL, and the
exposed membrane area was 7.10 cm?2. The cells described by Cell 1
and Cell 2 are illustrated in Fig. 1. The electric potential of the cell
was taken as the average voltage over a stable period of at least 600 s.
Measurements with rod electrodes in saturated KCI were taken as the
average over only the first 300 s, due to the AgCl layer instability
resulting in a voltage drift over longer periods of time [38]. Electrode
bias for the silver rods were measured in 0.1 mol kg~! KCI after each
membrane experiment.

Two Ag/AgCl reference electrodes (B 2820+, supplied by SI Analyt-
ics) with ceramic diaphragms and saturated KCl filling solutions were
kept short-circuited in saturated KCl when not in use. The reference
electrodes were used to measure the cell:

(Cell 2)
Ag/AgCl| KCI (sat.) || KCI (m;) M|
KClI (my) || KCI (sat.) | AgCl/Ag

where || denotes the porous ceramic junction, and the reference elec-
trode bias was measured in saturated KCl. To investigate the junction
contribution, the cell denoted by:

(Cell 3)
Ag | AgCl| KCI (sat.) || KCI (m;) | AgCl | Ag

was also studied. The bias potential between the reference electrode
and the rod electrode was measured in saturated KCl after the cell
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Ag/
A
Ag/A,

0.1

Fig. 1. Sketch of the concentration cell used in Cell 1 and Cell 2 showing local fluxes
of cations, Jy,, anions, J.._, and water, J,, through the ion-exchange membrane
(IEM). The right-hand side compartment’s salt concentration, m,, is varied between
0.5 mol kg~! and saturated KCI.

measurement. All bias potentials were subtracted from the measured
cell voltages, and the cell voltages were always measured from the
low to the high concentration side, ensuring the same voltage sign.
Measurements involving reference electrodes were maintained for at
least 1800 s, but particularly in concentrations below 0.1 mol kg=!
periods of above 3600 s were required for voltage stabilisation.

5. Results and discussion
5.1. Measurements with Ag /AgCl Rods

The permselectivity of the Selemion CMVN and AMVN membranes,
calculated as the measured electric potential divided by the ideal poten-
tial, is shown in Fig. 2 for the cell using bare Ag/AgCl rod electrodes. In
this figure, the depicted ordinary least square regressions are based on
Eq. (12). The transference coefficients of KCl and water are found as
the regression intercept and slope, respectively. These particular ion-
exchange membranes were chosen to represent a typical membrane
for (reverse) electrodialysis. Due to the choice of Cl-reversible elec-
trodes, we have the relation tx-; = tgx,. From examining the mass
balance of the system, we infer that only the migration of Kt through
the membrane leads to movement of neutral KCl. All measured cell
voltages, with electrode bias subtracted, are shown in Appendix A.
The permselectivity behaviour of the CEM is well described by the
linear regression with intercept 10075, = 99.59 + 0.56 and the slope
t, = 3.69 = 0.40. The confidence interval of the intercept includes
x4 = 1, indicating that the transport number may not be significantly
different from unity. A membrane with a K" transport number of one is
a membrane perfectly selective to Kt over Cl~. The water transference
coefficient, however, indicates that for every mole of electrons passing
in the external circuit, around 3-4 moles of water pass through the ion-
exchange membrane. This transported water exists as a hydration shell
of 3-4 water molecules surrounding K* that are carried along with the
ion during migration.

The AEM behaviour can be described by the intercept 1007, =
—0.21 + 0.37 and the slope t,, = —3.75 + 0.27. As a consequence, we
have 1007¢,_ = (100 — 100t ) = 100.21 + 0.36, indicating that the AEM
is perfectly selective to Cl~. Furthermore, a transport number equal to
unity means that the co-ions, Cl~ for the CEM and K* for the AEM,
do not enter the membrane as part of the charge conduction process.
The co-ions may yet enter as part of the neutral salt KCI, then as part
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Fig. 2. Permselectivity, a, as function of the ratio of chemical potential gradients
of water and salt, Au,/Au,, in the cell with rod electrodes. One compartment
contained 0.1 mol kg~! of KCl, and the top axis shows the molality of the other
compartment. Measurements for the cation and anion-exchange membranes (CEM and
AEM respectively) are shown as crosses, ordinary least squares regressions are shown
as solid lines, and the 95% confidence interval of the regression is illustrated by the red
filling. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

of the process of ordinary diffusion which does not directly affect the
measured electric potential.

Both Eq. (12) and (13) were used to construct separate regressions
for the data shown in Fig. 2. Comparing the two regression models in
a Lack-of-Fit test with a 95% confidence level, we obtain for the CEM:
Fop =585>52= Fygs545 for Eq. (13), and Fiop =04 <54 = Fyg535
for Eq. (12). For the AEM we obtain Figp = 180 > 5.2 = Fygs45
for Eq. (13), and For = 0.5 < 54 = Fygs35 for Eq. (12). The
test indicates that the model that neglects the influence of water co-
transport, Eq. (13), has statistically significant trends in the data that
have not been modelled. For the regression model where water co-
transport is included, all significant trends in the data appear to have
been modelled. Therefore, the water co-transport has a statistically
significant effect on the electric potential difference across these two
ion-exchange membranes.

Since cations migrate to the cathode, while anions migrate to the
anode, the regression slopes of the CEM and AEM have different signs.
The emergence of the sign disparity is also seen by Eq. (7) for the
water transference coefficient, where we have the cross-coefficient
conductivity of the cations and water minus that of the anions and
water. Overall, the co-transport of water is detrimental to the open
circuit potential across the ion-exchange membrane, and subsequently
for the reverse electrodialysis process, in which the electric potential
across many membranes in series is used to drive current in an external
circuit. In a reverse electrodialysis cell, the unit cell is the smallest
repeating element and consists of one CEM, one AEM and two different
electrolyte compartments. With Ag/AgCl electrodes and no concentra-
tion polarisation in the bulk solutions, the electric potential difference
across the unit cell is [39]:

J

= FAG 0 = (M — tREM Ay + ((EEM — AV Ay 4 F
. (15)

= (¢%M _ aAEM)A#S +Fi
K
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where superscripts indicate to which membrane the transport numbers
and coefficients belong. The chemical potential gradients across the
membrane, Ay, and Ay, have opposite signs in systems using solutions
of only water and KCl. Therefore, the left hand side of Eq. (15) is
positive, while the first and second terms of the right hand side are
positive and negative, respectively. Other researchers have also pointed
out the detrimental effect of water transport for reverse electrodialysis
systems [22,39,40]. It is important to highlight that the AEM in Eq. (15)
is negative, because cations and anions carry water in opposite direc-
tions. In the reverse electrodialysis case of a unit cell with KCl and
Selemion CMVN and AMVN membranes arranged in series, we observe
that approximately 8 water molecules transfer from the concentrate to
the dilute compartment for every mole of electrons passing through the
outer circuit.

The implications for electrodialysis, for instance for desalination
purposes, are also interesting. In this process, in order to drive ions
from the dilute to the concentrate compartment, the applied electric
potential across the cell must exceed the electric potential that arises
due to the concentration gradients (the open circuit potential). Any
reduction of the open circuit potential therefore decreases the required
applied electric potential for the same current density result, meaning
that the water co-transport has a positive effect on electrodialysis. This
may be understood by the chemical potential gradient (or simply the
molarity) of water, which is positive from the dilute to the concentrate
compartment. Since there is a driving force for water transport into
the concentrate compartment, the hydration shell around the migrating
ions may reduce the work required to force ions from the dilute to the
concentrate compartment. The co-transport of water may, however, put
an upper limit on the concentration obtainable for the brine solution in
electrodialysis.

The transference numbers are weak functions of temperature, pres-
sure and concentration (in a binary salt/water mixture, but in the case
of multiple salts they are strong functions of composition). They are
therefore indirectly related to the current density, as the passing of
current may change the concentration profiles in the cell. However, in
the present study we find that the assumption of constant transference
numbers in the ion-exchange membranes results in all statistically
significant trends modelled. It should be noted that this finding may
not hold true for all salts and membranes, particularly when the system
contains three or more components [41,42].

Co-transport of water in ion-exchange membranes also has implica-
tions for the membrane selectivity when there are multiple ionic species
present. The aqueous ions present in the system carry hydration shells
of different sizes, even inside the ion-exchange membrane phase. For
instance, the water transference coefficient of a Nafion 115 cation-
exchange membrane in contact with either HCI, KCl or MgCl, was
determined by Okada et al. as 2.6, ~5 and ~15, respectively [13].
Water transference coefficients are obtained on a single charge basis,
therefore the charge of Mg?" means that each ion carries z,, g2+l =30
water molecules through the Nafion 115 membrane phase. Hydropho-
bic membrane structures may then have a greater repelling effect on
Mg?* than on K* or H*. Tekinalp et al. used this idea to produce AEMs
that were more selective to F— and Cl~ than SO42‘ [12].

5.2. Measurements with junction electrodes

Reference electrodes with filling solutions, separated from the test
solution by a liquid junction diaphragm, are commonly used in elec-
trochemistry. The calculated permselectivities of Selemion CMVN and
AMVN membranes measured with two such reference electrodes are
shown in Fig. 3, where the sign of the measurement is unaltered. The
measured electric potential for this cell, as seen in Appendix A, and
therefore also the permselectivity, is significantly different from the
first cell. With ordinary least square regression using Eq. (12), we
obtain for the CEM a K' transport number of 100¢x, = 47.64 + 0.55
and a water transference coefficient of 7,, = 1.95 + 0.40. For the AEM,
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Fig. 3. Permselectivity, «, as function of the ratio of chemical potential gradients of
water and salt, Ay, /Au,, in a cell with commercial reference electrodes filled with
saturated KCl. One compartment contained 0.1 mol kg~! of KCl, and the top axis
shows the molality of the other compartment. Measurements for the cation and anion-
exchange membranes (CEM and AEM respectively) are shown as crosses, ordinary least
squares regressions are shown as solid lines, and the 95% confidence interval of the
regression is illustrated by the red filling. The measured cell voltage sign (and therefore
permselectivity) is unaltered. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

we obtain a K* transport number of 100rx, = —51.20 + 0.81 and a
water transference coefficient of 7, = —4.40 + 0.58. The difference in
permselectivities from Figs. 2 to 3 for both the CEM and the AEM is a
negative shift of around Aa ~ —0.5.

The voltage contribution from a single electrode junction has been
measured using the scheme denoted by Cell 3, consisting of a single
commercial reference electrode filled with saturated KCl measured
against a Ag/AgCl rod electrode in various KCI and water solutions. The
results are shown in Figs. 4-5 for each of the two junction reference
electrodes used, with regressions constructed using results from the
measurements at and above 0.1 mol kg~'. We find that for measure-
ments at and above 0.1 mol kg~!, the data trend can be explained
using Eq. (13) without water co-transport. At a 95% confidence level we
obtain for Electrode 1 (Fig. 4): Fjop = 4.7 < 5.2 = Fy¢s545 for Eq. (13),
and Fop = 2.4 < 5.4 = Fy 535 for Eq. (12). For Electrode 2 (Fig. 5) we
obtain: Fjop = 4.2 <52 = Fygs45 for Eq. (13), and Fjop = 0.8 <54 =
Fy9s535 for Eq. (12). Both models appear to have captured all trends
in the data, we therefore favour the simplest model where water co-
transport is neglected. The regression yields 1007x, = 48.59 + 0.58
for Electrode 1 shown in Fig. 4, and 1007y, = 49.57 + 095 for
Electrode 2 shown in Fig. 5. The transport numbers of K* in the bulk of
KCl/water solutions have been measured by MacInnes and Dole using
the moving boundary method [29]. They reported transport numbers
around 1007, = 48.98 to 48.57 in the concentration range of 0.01 to
3.0 mol dm~3. These results indicate that the porous junctions in these
commercial reference electrodes have practically the same transport
characteristics as bulk KCI dissolved in water in the range 0.1 mol kg~!
to saturation.

Below 0.1 mol kg~!, the recorded cell voltage deviated from the
expected values, and the deviation was unequal for the two junction
reference electrodes. Furthermore, the exact magnitude of the deviation
was not reproducible, but varied in each repetition of the measurement.
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Fig. 4. Measured electric potential, 4¢, as function of the chemical potential gradient
of salt, Au,/F, in the cell with the commercial reference electrode number 1 against an
Ag rod electrode. One compartment contained saturated KCl, and the top axis shows
the molality of the other compartment. Measurements are shown as triangles, ordinary
least squares regressions are shown as solid lines, and the 95% confidence interval of
the regression is illustrated by the red filling. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

These experiments were continued for up to four hours, at which point
the cell voltage remained stable. By plotting the results as « versus
Ap,/Apug; we find that the deviations are consistent with increased
K* transport numbers and water transference coefficients from around
txy ® 05and 7, ~ 0 torg, ~ 08 and 1, ~ 18. Stated differently,
the ceramic diaphragm junction appeared to become more selective to
K* when in contact with very dilute KCl solutions. We suspect that if
the interior of this porous junction favours transport of K* at dilute
concentrations, the poor reproducibility in this range may have been
due to differently shaped concentration gradients developing across
the porous junction in each repeated measurement. Both very large
concentration gradients and the same very dilute concentrations were
also tested in the Cell 1 configuration to gauge whether the same
anomalous behaviour occurs for the membranes. However, the ion-
exchange membranes remained selective according to the trend shown
in Fig. 2.

The electric potential contribution of two junction reference elec-
trodes in series may also be accessed by taking the measured voltage
of Cell 2 minus the voltage of Cell 1 for the same conditions across
the membrane. The same quantity is accessible by subtracting voltage
values of junction electrode number 1 (Fig. 4) from electrode number
2 (Fig. 5). Values are provided in Table 1. There is good agreement
between values derived from the three methods. An average of all three
derivations is well explained by Eq. (13) and 1007, = 49.43 + 0.78,
further supporting the argument that the electrode junctions behave as
bulk KCl at concentrations above 0.1 mol kg~!. This contribution to the
measured voltage of the concentration cell means that the membrane
potential is more directly accessed by using bare Ag/AgCl electrodes in
the case of a Cl~ containing electrolyte.

6. Conclusions

The concept of permselectivity, here defined as the measured elec-
tric potential divided by the ideal potential, has been used to charac-
terise the selectivity of Selemion CMVN and AMVN cation and anion-
exchange membranes in solutions of KCl and water. We have analysed
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Fig. 5. Measured electric potential, A¢, as function of the chemical potential gradient
of salt, Au,/F, in the cell with the commercial reference electrode number 2 against an
Ag rod electrode. One compartment contained saturated KCl, and the top axis shows
the molality of the other compartment. Measurements are shown as squares, ordinary
least squares regressions are shown as solid lines, and the 95% confidence interval of
the regression is illustrated by the red filling. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

The electric potential contribution from the two junction electrodes in Cell 2, one
of which immersed in 0.1 mol kg~! and one in m, mol kg~! KCl, derived from
measurements of Cell 1 and Cell 2 with a CEM, an AEM, and from the Cell 3 junction
measurements. The calculated ideal electric potential difference, Ay /F, is included for
reference.

mg 0.1 vs.

4.7 3 2 1 0.5
A¢ (CEM) 90.73 77.79 68.59 52.40 37.58
A¢ (AEM) 87.49 77.43 67.84 52.76 37.80
A¢ (junc.) 89.06 77.02 67.31 51.80 36.39
Aug/F 182.18 156.89 136.75 104.42 73.04

the measurements using the framework of non-equilibrium thermo-
dynamics, where the permselectivity can be derived as a function of
chemical potential gradients across the membrane and the membrane
transference coefficients of salt and water. The choice of Cl~ reversible
electrodes defines the measurable electric potential in the system,
giving 1, = 1, for the investigated system. Electrodes with and without
liquid junctions and filling solutions were used to measure the electric
potential across ion-exchange membranes, and additional experiments
were conducted to isolate the contribution from the junctions.

The measurable electric potential difference across only the mem-
brane was more easily determined using bare Ag/AgCl electrodes com-
pared to the use of electrodes with liquid junctions and filling solutions.
The transport number of K* in the Selemion CMVN cation-exchange
membrane was determined to be 1007y, = 99.59 + 0.56 and the water
transference coefficient to be ¢, = 3.69 + 0.40. For the Selemion AMVN
anion-exchange membrane, we obtained 100fx, = —0.21+0.37 and 7,, =
—3.75+0.27, and as a consequence 1007,_ = (100 — 1007, ) = 100.21 +
0.37. Therefore, the membranes are assessed to be perfectly selective
to their corresponding ionic species in solutions of KCl. However, the
water co-transport was found to be statistically significant, and each
ion passing the membrane carried 3-4 molecules of water. This elec-
troosmotic transport has a detrimental effect on the permselectivity that
increases with the magnitude of the chemical potential gradients across
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the membrane. Consequences of this effect depend on the process, as it
reduces the available work from the controlled salt mixing process in
reverse electrodialysis, but it also reduces the required work to reverse
the mixing process in an electrodialysis process.

We find that transport through the electrode liquid junctions is
well described by the transport properties of bulk KCl when the
junction electrode is immersed in solutions with concentrations above
0.1 mol kg!, and with negligible water co-transport. Above
0.1 mol kg™, we find 100rx, = 49.43 + 0.78. When the electrode
was immersed in more dilute concentrations of KCl, we observed an
increase in the transport number of Kt and the water transference
coefficient. This suggests that these particular ceramic porous junctions
become more selective when immersed in dilute KCl. As a consequence,
electrodes without liquid junctions should be used to measure ion-
exchange membrane properties, if it is possible for the investigated
electrolyte system. Some additional work is required to replenish the
electrodes to keep the bias potential low and stable, but one avoids the
need to correct for a potentially large junction potential which may or
may not have the same transport characteristics as the bulk electrolyte.
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Appendix A. Measured cell potentials

The measured cell potentials, with electrode bias subtracted, for
the cells with Ag/AgCl rods (Cell 1) and Ag/AgCl junction electrodes
(Cell 2) and Selemion CMVN and AMVN membranes are shown in
Table A.2. Measured cell potentials between a single junction electrode
with saturated KCl filling and a Ag/AgCl rod electrode in various
KCl/water solutions (Cell 3) are shown in Table A.3.

Appendix B. Thermodynamic data

Thermodynamic data for the binary mixture of KCl and water are
necessary for the calculation of chemical potentials of the compo-
nents. The departure from ideal behaviour for the electrolyte mix-
ture is described by either the salt activity coefficient, y,, or the
osmotic coefficient, ¢. If one is known then the other coefficient
follows from the Gibbs-Duhem equation. Both coefficients have been
extensively researched for KCl/water systems. Activity coefficients as
functions of KCl molality, m, at standard conditions have been re-
viewed and summarised by Hamer and Wu [31]. These data points are
shown in Fig. B.6, where some outliers and re-calculations of the same
measurement data were excluded.

The Pitzer equations constitute a useful model for the behaviour of
the salt activity as a function of composition, temperature and pres-
sure [43]. For a binary monovalent salt (for which the ionic strength is
equal to the molality), these equations may be expressed as a multiple
linear regression of the form:

N

a
Iny,+A, | ———+—In (1 +by/m,) | =
+ (4 1+b\/nTS b ( s) (B.])
Sflmg) 3
2yms + =+ S pm

Measured cell potentials, with electrode bias subtracted, of the cells with bare Ag/AgCl rods (Cell 1) denoted by “R” with the run number specified in parenthesis, and of cells
with Ag/AgCl junction electrodes (Cell 2) denoted by “J”. Measurements are given with 95% confidence intervals, and were conducted with 0.1 and m; mol kg~! KCI on either

side of the membrane.

my CEM R(1) CEM R(2) AEM R(1) AEM R(2) CEM J(1) CEM J(2) AEM J(1) AEM J(2)

4.8 165.01 (+ 1.65) 166.35 (+ 1.78) 15.70 (= 2.1) 14.89 (x 2.26) 78.62 (+ 1.73) 77.77 (= 1.79) —75.37 (x 0.86) —75.49 (x+ 0.87)
3 147.12 (+ 1.41) 148.16 (+ 1.38) 8.36 (+ 1.13) 9.02 (+ 1.05) 69.94 (+ 1.15) 70.47 (+ 1.71) —-69.21 (+ 0.87) —68.99 (+ 0.88)
2 129.88 (+ 1.43) 130.85 (+ 1.33) 5.72 (+ 1.08) 5.89 (+ 1.06) 62.63 (+ 1.26) 62.43 (+ 1.37) —62.54 (+ 0.88) —63.02 (+ 0.94)
1 101.14 (+ 1.23) 101.50 (+ 1.22) 2.32 (= 1.04) 2.74 (x 1.01) 48.69 (+ 1.22) 48.43 (+ 1.33) —49.68 (+ 1.03) —50.06 (+ 0.90)
0.5 71.71 (+ 1.15) 71.87 (+ 1.19) 0.92 (+ 1.01) 1.21 (+ 1.01) 33.67 (x 1.07) 34.31 (x 1.07) —36.34 (+ 0.96) —36.68 (+ 0.93)

Table A.3

Measured cell potentials, with electrode bias subtracted, of the cell with one bare Ag/AgCl rod and one junction electrode
(Cell 3) for each of the two junction electrodes EL#1 and EL#2, with the run number specified in parenthesis. Measurements
are given with 95% confidence intervals, and were conducted with a saturated KClI filling in the junction electrode and

m, mol kg~! KCI in the external test solution.

m EL#1 (1) EL#1 (2) EL#2 (1) EL#2 (2)

3 12.04 (+ 1.04) 12.26 (+ 1.02) 12.29 (+ 1.03) 11.73 (+ 1.03)

2 21.75 (x 1.07) 21.90 (+ 1.08) 21.68 (+ 1.15) 21.29 (+ 1.33)

1 37.26 (+ 1.09) 37.33 (+ 1.08) 37.48 (+ 1.09) 38.70 (+ 1.18)

0.5 52.67 (+ 1.14) 52.21 (+ 1.81) 52.70 (x 1.21) 53.33 (x 1.11)

0.1 89.06 (+ 1.18) 90.60 (+ 1.20) 90.98 (+ 1.37) 93.32 (+ 1.19)

0.01 155.81 (+ 1.66) 151.01 (x 2.53) 162.01 (+ 1.43) 157.35 (+ 1.58)
0.005 182.33 (+ 1.93) 172.69 (+ 2.17) 204.87 (+ 3.03) 179.33 (+ 1.45)
0.001 247.15 (+ 2.79) 230.97 (+ 2.03) 271.08 (+ 2.52) 245.62 (+ 1.53)
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Table B.4
Fitted Pitzer parameters for the activity and osmotic coefficient regressions of KCl at
various temperatures [31-36]. Parameters are given with 95% confidence intervals.

£, X 100 £> X 100 £5 X 100
0°C 2.21 (+ 0.49) 20.19 (+ 1.79) 0.45 (£ 0.15)

10°¢C 3.56 (+ 0.23) 20.79 (+ 0.84) 0.15 (+ 0.07)

18°C 3.97 (+ 1.30) 21.77 (+ 2.68) 0.15 (+ 1.01)

20 ° C 4.53 (+ 0.23) 21.73 (£ 0.95) ~0.04 (& 0.06)
25° C 4.63 (+ 0.25) 22.84 (+ 1.03) —0.04 (+ 0.06)
40°C 5.42 (+ 0.34) 23.96 (+ 1.37) —0.14 (+ 0.09)
50 ° C 5.68 (+ 0.90) 23.75 (& 3.43) —0.09 (+ 0.26)
60 ° C 6.08 (+ 0.18) 26.08 (+ 0.73) —0.20 (+ 0.05)
70 ° C 6.37 (+ 0.18) 26.61 (+ 0.70) —0.23 (+ 0.05)
80° C 6.65 (+ 0.23) 27.45 (+ 0.89) -0.29 (+ 0.06)

Table B.5
Fitted parameters for the temperature variation of the Pitzer regressions for KCl
[31-36]. Parameters are given with 95% confidence intervals.

X X 23 X 100
b 1.09 (x 0.49) —185.94 (+ 75.51) —0.14 (+ 0.08)
B 0.52 (+ 0.04) —89.35 (+ 13.43) 0
By -0.22 (+ 0.19) 38.43 (+ 29.76) 0.03 (+ 0.03)

_0.6 1 1 1 1
0 1 2 3 4 5

ms / mol kg

Fig. B.6. Activity coefficient of KCI, y,, as function of the salt molality, m, at room
temperature, T = 298.15 K, and atmospheric pressure. Measurement points are given by
crosses, and the Pitzer regression is shown as a solid line. The 95% confidence interval
for the regression is shown in red. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

where A, is the Debye-Hiickel limiting slope as evaluated by Clarke
and Glew [44], a = 2 kg'/? mol~'/? and b = 1.2 kg!/? mol~'/? are
constants for all monovalent salts, §; are regression coefficients, and
the function f(m,) = 1 — exp(—a\/ﬁs)(l + a\/m_s — amy). The osmotic
coefficient is given in terms of the same regression coefficients:

\/m_:

p—1+A
P\ 1+by/m,

= fimy + prexp(—ar/my) + fym’ (B.2)

The variation of the KCI activity coefficient with temperature has
been measured by multiple authors in the range of 0 °C to 80 °C [32-
36]. By fitting regression coefficients for the activity coefficients at
each temperature, as shown in Table B.4, it is possible to estimate
the dependence on temperature of the coefficients. Some confidence
intervals for f; contained zero, so that a marginally better model for
these particular data sets may be obtained by excluding this parameter.
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Fig. B.7. Variation of the first Pitzer regression coefficient with temperature. Regres-
sion coefficients at each temperature is given by crosses, the regression 95% confidence
interval is shown in red, and the solid line is given by the regression g, = v, + % + 157
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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Fig. B.8. Variation of the second Pitzer regression coefficient with temperature.
Regression coefficients at each temperature is given by crosses, the regression 95%
confidence interval is shown in red, and the solid line is given by the regression
b=+ ‘7 (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Despite of this, it has been kept for simplicity’s sake. The regression
coefficients are shown as functions of temperature in Figs. B.7-B.9. For
the coefficients g, and p;, a three parameter model describes the trend
well:

X
B =x1+ ?2 + 13T (B.3)
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Fig. B.9. Variation of the third Pitzer regression coefficient with temperature. Regres-
sion coefficients at each temperature is given by crosses, the regression 95% confidence
interval is shown in red, and the solid line is given by the regression f; = v, + % + 37T
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

while the coefficient g, was best described by:

bhh=xn+ £ (B.4)

T

The models were chosen such that the 95% confidence interval of
each parameter did not include zero. These regression coefficients are
summarised in Table B.5.
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