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ARTICLE INFO ABSTRACT

Keywords: The determination of diffusion coefficients in solid materials as a measure of particle mobility is of great sci-
lon dlf_fuswn entific interest. This applies both to desired diffusion, such as in fuel cell- and dialysis membranes, and to un-
Osmosis desired diffusion in insulating materials. In any case, diffusion is a measure of performance. Especially for
Simultaneous measurement . i1 .

ODEs solvated ions, the permeability of the solvent must also be considered.

Concentration cell

In this work, a measurement method for the simultaneous determination of coupled ion diffusion and water

permeability in polymer membranes is presented. For this purpose, measurement methods for the determination
of concentration-, volume- and membrane-potential changes are integrated into a single, miniaturized concen-

tration cell.

A system of ordinary differential equations is developed for the general description of the coupled transport
processes. This makes it possible to model the interdependent solute concentration and solvent volume changes.
The coefficients of interest are defined by fitting the model parameters to the measured data.

To evaluate the new combined measurement setup, a freestanding ion exchange membrane with largely
known properties is used. The membrane of choice is a Nafion® NR211 membrane, since Nafion® is one of the
most investigated PEM in literature and allows a comparison of computational and experimental results with

existing data.

1. Introduction

The usual applications for IEMs are membrane based separation
processes and energy conversion and production. Common applications
for IEM based separation processes are diffusion-dialysis and electrodi-
alysis for waste water recovery [1,2] and for the food industry [3] as
well as drinking water treatments [4]. The reverse electrodialysis, on the
other hand, can be used to generate electrical energy from the mem-
brane potentials of cells with alternating AEMs and CEMs which are fed
with solutions of different salinity grades, such as river and ocean water
[5], or even the salinity provided by human urine [6].

Depending on the application the main transport properties of such
membranes are therefore the ion permeability, the ion selectivity, and
the water permeability. Determining these properties is essential for the
improvement of existing systems and development of new ones. A
common way to do so, is to measure the time-dependent changes of the
corresponding parameters in a concentration cell.

A concentration cell consist of two equally sized chambers, separated
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by the membrane of interest. The chambers are filled with electrolytic
solutions of different concentration. Due to the concentration gradient
the ions diffuse from the higher concentrated, through the membrane, to
the lower concentrated side. From measured concentration change over
time, on the lower concentrated side, the permeability and diffusion
coefficient can be calculated. The accepted framework for transport
processes involving aqueous electrolytes is the diffusion solution model
[7-13]. It has the same form as Fick’s law integrated over the membrane
thickness, and also takes into account the sorption- or partitioning co-
efficient [7]. Therefore, the diffusion coefficients can be calculated as
the quotient of the (measured) permeability coefficient and the parti-
tioning coefficient.

The solution diffusion model is also applicable for water transport. In
that case, the parameter to be measured over time has to be the volume,
which change is driven by a pressure gradient.

Additionally, the ion specific transport phenomena can be measured
in form of a membrane potential, from which the transport numbers and
selectivity can be determined [14,15].
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The common method to determine the concentration change in such
diffusion cell setups is by measuring the electrical conductivity of the
solution, as it is done by others before [8-11,16]. The water perme-
ability is often measured in an additional setup. An commonly used tool
is a reverse osmosis setup that requires an externally applied pressure [9,
171, or a permeation cell that measures the relative humidity on the dry
receiver side of a double chamber cell [18], ASTM F1249. Osmosis
driven water permeability can be measured directly in an extended
concentration cell, by observing the volume change with help of the
filling height [12,13].

To measure the membrane potential in a concentration cell, a
commonly used electrolyte for this experiment is potassium chloride
(KCID) solution, since both ions have almost similar apparent transport
numbers in neutral environments [19]. To maintain constant values, the
electrolyte holding compartments are often supplied by an electrolyte
stream ([20,21]). The membrane potential is then determined by
measuring the potential difference of two reference electrodes besides
the membrane [22]. By using the same type of junction reference elec-
trodes filled with the same concentrated electrolyte solution, the con-
centration dependent electrode potentials cancel each other out. If plain
reversible electrodes are used, the concentration dependence of the
electrode potentials has to be taken into account as well [23,24].

However, in the previously mentioned works only one method is
used at a time. Either they are just interested in one specific phenome-
non ([8,10,11,16,20]) or they used different setups for the individual
measurements ([9,23]).

The few works, which measure osmotic volume change additional to
ion transport, provide just fragmentary mathematical descriptions, since
they assume a single sided constant concentration ([12]) or neglect it all
([13D.

Works, which offer detailed mathematical models, on the other
hand, again using non-simultaneous methods for the ion diffusion and
osmosis measurement. Fernandez de Labastida et al. [25] for example
are using a fast concentration step method for the non-stationary
determination of the salt diffusion and an independent osmotic perme-
ability measurement to obtain the data which is fitted to a mathematical
model which includes salt diffusion as well as osmosis.

Often, however, the most detailed mathematical descriptions of
transport processes in concentration cells are only theoretical. The
Onsager reciprocal relations of membrane transport phenomena are
often explained on the example of such diffusion or migration cells
([26]), whereas the combination of the related driving forces then again
depend on the application (see Ref. [27]).

The work of Narebska et al. should also be mentioned here [28].
Narebska et al. have already carried out very extensive studies on IEMs
in their earlier work, including pressure-driven volume flow and salt
diffusion flow in addition to osmotic volume flow, electroosmotic vol-
ume flow, electrical conductivity and concentration potential.

This work presents a measurement method for the simultaneous
determination of coupled ion diffusion and water permeability in
polymer membranes. For this purpose, measurement methods for con-
centration-, volume- and membrane-potential changes are integrated
into a single miniaturized concentration cell.

For the general description of the coupled transport processes, a
system of ordinary differential equations (ODE) is developed. The ODE
system describes the bilateral concentration changes in the concentra-
tion cell. The concentration changes depend on both, ion diffusion and
volume change caused by osmosis.

The rate determining parameters for the ion- and water transport in
the ODE model are adjusted to fit the modeled concentration and vol-
ume changes to the measurements. Thus, the actual transport co-
efficients Dg and P,y are determined.

The additional measurement of the membrane potential is done to
determine the apparent transport numbers of the involved ions in the
membrane.

An ion exchange membrane (IEM) will be used as model membranes
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to develop this method for the holistic determination of membrane
transport parameters. The IEM is used because all transport phenomena
mentioned before can be conveniently observed. In addition, the
transport properties in particular have been described in many studies
before [12,17,18,23,25].

The IEM of choice is Nafion® NR211. This membrane is preferred
because it has the smallest thickness of all available Nafion® mem-
branes. This should reduce the measurement duration since the
permeability depends also on the thickness. Most of the research data
concerning Nafion® and especially the transport coefficients, however,
are mostly available for thicker types (N117, N112, N1110). Neverthe-
less, the values are taken for comparison and evaluation because the
different thicknesses have just a scaling effect on the measurements.

2. Experimental
2.1. Materials

The used IEM is a Nafion® NR211 membrane. The specific proper-
ties, according to the data sheet [29], are a thickness of 25.4 pm, a (dry)
basis weight of 50 g/m?, water uptake of 50.0 4+ 3.0 % and an available
acid capacity of min. 0.92 meq/g also referenced as ion exchange ca-
pacity (IEC).

The used electrolyte solution is composed from ACS grade KCl (VWR
Chemicals) and DI water.

Prior to the measurement, the membrane undergoes a pre-
conditioning. During the preconditioning, the initially dry membrane is
immersed in an equilibration solution and thereby is hydrated and takes
up ions according to its partitioning coefficient. Further, an extensive
preconditioning, with several renewals of the equilibration solution,
leads to a conversion of the functional groups to the corresponding anion
or cation form. Usually the preconditioning is made with a solution that
corresponds to the measurement solution [12,20,23,25]. This is pri-
marily done to define a stable start condition. This is also helpful with
regards to a simulation of the system since it saves the effort of model-
ling the complex uptake and swelling processes.

After the preconditioning routines according to Refs. [30,31] the
conversion of the sulfonic acid groups from the proton to sodium form
and the salt (sodium chloride) uptake according to the partitioning co-
efficient are complete. While the adsorbed counter ion concentration is
relatively independent from the surrounding concentration [32], the
actual salt concentration depends on the surrounding concentration and
the partioning coefficient. Similar procedures has also been reported
applicable for other alkali metal ions as lithium and potassium [33-35].

Following the prior mentioned works, the membrane is precondi-
tioned in a KCI solution. The solution has the same concentration as the
solution in the lower concentrated side of the cell at the beginning of the
measurement. The membrane is treated in this solution for 3 h at 80 °C.
Then it is rinsed with DI water and stored in a fresh solution at stable
laboratory ambient temperature of 21 °C for at least 24 h until usage.

2.2. Measurement setup

The presented cell consists of two individual cylindrical chambers
with a cross-sectional area of 100 mm? which are milled into poly-
carbonate (PC) blocks with a size of 50 x 50 mm and a thickness of 10
mm, which leads to a total volume of 1 ml per chamber. Additionally,
each block has three openings from the sides. Two of them have screw
threads, allowing the filling of the cell and the closing with the suitable
nylon screws. The opening also allow the application of the measure-
ment electrodes. The third opening has a wider, cylindrical shape and is
used for the filling level measurement. The assembling of the whole cell
is done by stacking the two structured blocks and clamping the mem-
brane of interest in between. Two additional, unstructured PC blocks are
used to close the cell. Fig. 1 shows the cell parts and the stacking order.
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Fig. 1. Main components of the diffusion cell used in
this work. (1) main elements made of polycarbonate
blocks (50 x 50 x 10 mm3), containing the electrolyte
reservoirs (¢ 11.28 mm) and three openings for filling,
and applying devices. (2) Membrane under investi-
gation, which is clamped between two main elements.
(3) Cover plates made of polycarbonate to close the
cell. (4) O-rings to seal the cell. The cell parts are held
together by four bolts and appropriate nuts through
the four holes located in the corner of each block.

50mm

\A\m

10mm

The small volumes of 1 ml each has been chosen to measure the con-
centration- and membrane potential changes in reasonable time spans.
For the additional measurement of the volume change, it is essential that
the total volume remains constant. Therefore, the cell is designed as a
concentration cell with stationary liquids rather than a flow-through
cell.

In an unstirred solutions however, a stagnant solution layer is formed
at the interface. With an assumed stagnant solution layer thickness of
approximately 500 pm [26] and a diffusion coefficient of approx. 10~°
m?/s for salt ions in water, the diffusion resistance of this layer is 0.5-10°
s/m. The actual membrane resistance is presumable in the range of 107
s/m. Neglecting the concentration gradient in the solution would
therewith lead to an error of 5%. The authors deliberately accept the
deviations in order to be able to calculate with the metrologically
accesible mass concentration in the following.

The measuring methods for the concentration change, the volume
change and the membrane potential are all included in the one con-
centration cell. Fig. 2 a) shows a sketch of the cell including all used
measurement adaptions and Fig. 2 b) shows a picture of a fully assem-
bled cell.

The concentration change is measured on both sides, using electrical
conductivity measurements. Therefore, one specially made conductivity
measuring cell is used on each side, which fits into the miniaturized
electrolyte chambers. Each cell is made from two 250 pm Pt wires, which
are melted in a borosilicate glass double chamber capillary with a
diameter of 2 mm and a length of 75 mm. Afterwards the outstanding
ends are platinized to increase the surface (see Fig. 2 b)). The length of
the outstanding ends is approximately 1 mm. Further, a specialized
instrumentation setup is tailored.

a) * % b)
Floaters

KCI

HEC-Cell 1 MEC-Cell 2
Hi. conc. Low conc.
H.O
Kcl 1M KCl 0.5M
L]
Membrane
Ag/AgCl Electrodes |

Due to the extreme miniaturization of the EC-measuring cell, an
exact calculation of a cell constant is not possible. That prevents the
conductivity determination via a comparison to the standard literature
reference values. Instead, reference measurements in the proposed
working range are made for each individual pEC-cells, and the values
between the reference measurements are interpolated by a second order
polynomial. The measured conductivity values are then compared to the
reference values by using a python/numpy script. Fig. 3 shows a sketch
of the pEC-measurement setup and an exemplary reference curve.

The volume change is determined optically by monitoring the filling
level. For this purpose, two floaters are developed which simplify the
automated image processing, and which prevent an eventual drainage of
the membrane. The floaters are made from polycarbonate tubes with a
diameter of 7 mm and the volume is experimentally determined by
adapting the length and therewith, the weight of the floater. The cy-
lindrical opening in each chamber functions as a guidance for them. The
quantitative level change is calculated from the heights of the floater via
digital image processing. Basically, the image processing script is
calculating the quantitative values by masking the floater and counting
the pixel rows from the top down until the first pixel of the mask is
found. The amount of pixel rows is then assigned to the corresponding
reference value in ml. Fig. 4 shows the corresponding reference values.
The reference value series is made by taking a specific amount of solu-
tion from one side of the cell via an Eppendorf pipette and fill it to the
other side. The pictures taken with different reference filling levels are
then evaluate by the mentioned digital image processing. The in-
between values are interpolated by a first order polynom.

The membrane potential is determined by measuring the potential
difference of two Ag/AgCl electrodes over the membrane. Since the
electrodes are in direct contact to the chloride containing electrolytes of

Fig. 2. a) Schematic of the complete measurement setup
consisting of a concentration cell build from two cham-
bers separated by the membrane of interest, two pEC-
cells for measuring the concentrations in each chamber,
two Ag/AgCl electrodes for potential difference meas-
urments over the membrane and two floaters which
positions are recorded via camera for volume change
determination. The electrodes are connected to the cor-
responding measuring circuits over remote controlled
reed switches to enable serial, pseudo parallel measure-
ments. A PC is controlling the setup and records all data.
b) Picture of a fully assembled cell. The height extension
of the two main elements serve only the purpose of
guiding the floaters. Additionally, a magnification of one
of the used pEC-cell is shown, consisting of two plati-
nized platinum wires melted into a double chamber
capillary. The platinum wire diameter is 250 pm.

Ag/Agcl
Electrodes
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Fig. 3. Wiring scheme of the EC measurement setup with an Agilent 33120A
function generator giving the input signal to the pEC-cell, an I/U converter as
part of a zero resistance amperemeter (ZRA) converting the resulting current
and an Agilent 34970A multichannel multimeter recording the true rms con-
verted voltages. The lower graph shows an exemplary reference curve measured

with the pictured setup (0).The in-between values are interpolated by a second
order polynomial.
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Fig. 4. Filling level reference values for the volume change determination. The
reference value series is made by taking sequently 100 pl of solution from one
side of the cell (o) via an Eppendorf pipette and fill it to the other side ([]). The
in-between values are interpolated by a first order polynomial.

different concentrations, the individual concentration dependent elec-
trode potentials have to be considered as well. Further it is important to
measure the potential difference currentless to prevent a galvanic
loading of the electrodes. Therefore, an additional instrumentation
amplifier with a high input resistance is used. The used amplifier is the
TI INA116 with an input resistance of 10'° Q. The amplifier is wired as
proposed in the datasheet, but with no additional amplification.

To verify the functionality of the measuring circuit and the Ag/ AgCl
electrodes a series of test measurements is made. The test measurements
are made with different concentrated KCl electrolytes in a beaker, in
which the electrode potential are measured against each other. Even
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though, the electrode potentials should nominal be the same, there are
some deviations of the measured values from the calculated ones. The
offset range from 1.1 to 3.73 mV. This range could be explained by the
response time of the electrodes which is needed to reach a stable equi-
librium state after getting in contact with a new electrolytic surround-
ing. According to Brewer and Brown [36], “An explanation for the
comparatively poor long term stability of the electrolytic type electrodes
can be offered by considering the low geometric surface area and the
exchange current density [...]“. Additionally an amplifier offset can be
measured. The overall offset is knowingly accepted and can be count out
during the evaluation of the measured values.

All measurements together are made in a pseudo parallel manner, to
prevent interferences between the different electrodes (Ag/AgCl refer-
ence electrodes, EC measurement cells) and to minimize the amount of
external measurement hardware (multimeter, amplifier). That means
that in fact all measuring methods are installed in one single setup, but
the actual recordings are made serial with short temporal distances. The
serialization of the measurement is realized by the use of a corre-
sponding amount of reed switches, which sequentially connect and
isolate the electrodes to be measured from the measuring circuits. The
isolation is done galvanically and therefore prevents possible in-
terferences between the different electrodes. The osmosis measurement
is only made visually and is decoupled anyway. Fig. 5 shows a sketch of
the switching setup. The relais are controlled by an Agilent 34901a 20
channel multiplexer. A second 34901a multiplexer is used as a data
logger, which directs the measured signals to the internal multimeter of
the multiplexer holding Agilent 34970A data acquisition unit.

The measurement duration of the individual data logger channels is
approximately 200 ms due to an integration time of 10 net power line
cycles (NPLC). That means that the two electric conductivity measure-
ments and membrane potential measurements are made pseudo parallel
with this temporal discrepancy of 200 ms. These pseudo parallel mea-
surements are made every 10 s. Pictures recording the filling level are
taken in (real) parallel every 10 min. The larger time interval is only due
to the large data volumes of the pictures.

2.3. ODE model development

The measured transport phenomena taking place simultaneously are
depicted in Fig. 6.

The ion transport is driven by the concentration gradient (Equation
(1)). The opposite water transport is driven by the osmotic pressure
difference, that also depends on the concentrations (Equation (3)). The
rate determining coefficients are the salt diffusion coefficient Dg
(coupled salt diffusion) and the solvent water permeability coefficient
P,,. Fig. 6 illustrates this process.

The diffusive concentration change can be described by a simplified
version of Fick’s 2nd law:

de d*c
a7 dx?

The concentration change in both of the diffusion cell chambers is
assumed to be independent from an additional volume change. Thus,
only the amount of substance n changes depending on the concentration
gradient. The amount of substance change in both of the diffusion cell
chambers, independent from an additional volume change, can there-
with be described in form of a system of coupled differential equations:

ddﬂ = —P,/l(c, —c3)

d 2
dn

de =P/l (c; — c3)

With n;j /2 being the amounts of substance in [mol] in the different cell
chambers, P; being the salt permeability coefficient in [m2/s], I being the
membrane thickness in [m] and c;,/2 being the concentrations in [mol/L]
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Fig. 5. Detailed switching setup for the serial, pseudo parallel measurements. The six reed switches are switched pairwise in an exclusive-OR manner, controlled by
one Agilent 34970A multiplexer (ch. 201-203) that applies a control voltage of 5V. The measurement values are routed over another multiplexer to the internal
multimeter (ch. 101-103). The pEC-cells 1 and 2 are switched separately (ch. 201 or ch. 202) but using the same measurement circuit alternately. The logged data
from the EC measurement circuit therefore includes alternating the output signals of the two pEC-cells (ch. 102) and the corresponding input signal (ch. 101). The
potential difference of the Ag/AgCl electrodes is switched by ch. 203 to the instrumentation amplifier and is recorded by ch. 103.
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Fig. 6. Sketch of the transport processes taking place in parallel in the diffusion
cell. The ion flux J; is directed from the higher concentrated to the lower
concentrated side, while the solvent flux Qy is directed oppositely. Both fluxes
depend on the concentration differences, which again depends on the fluxes.
The rate determining coefficients are the salt and the permeability coefficients
Ps and Py . Additionally, a membrane potential can be measured if the apparent
transport number of the involved ionic species in the membrane differ from
each other.

on the higher- and on the lower concentrated side of the cell.

The osmosis caused volumetric water flux Qu in [m® /m?s] can be
described by:

QW = P(GAH _pext) 3

With P being the effective membrane permeance to water in [m/s Pa], A
ITin [Pa] being the osmotic pressure difference, ¢ being a salt reflection

coefficient (dimensionless) and p.,: being a counteracting pressure (e.g.
hydrostatic pressure) in [Pa].

In the cell used here, however, the hydrostatic pressure is negligible
compared to the osmotic pressure. A purely osmotic concentration
balance would result in a maximum filling level difference of 2 cm. This
results in a maximum hydrostatic pressure of 0.196 kPa. In contrast, the
osmotic pressure difference can reach up to 2.4 MPa, with an initial
concentration difference of 1:0.5 KCI. The salt reflection coefficient o,
which can be understood as coupled hydrodynamic frictional phenom-
ena according to Kedem and Katchalsky [37], can also be neglected
because the solution diffusion model used here assumes that the solvent
and solute molecules permeate independently of each other and there-
fore convection and frictional coupling of fluxes can be neglected [12].

Following the solution diffusion model, according to Refs. [38-40]
the effective permeance P, is then related to the actual water perme-
ability Py, as follows:

:Pl PwVw
| RT

With p,, in [g/m®] being the density of water, V,, in [g/mol] being the
molar volume of water, l in [m] being the membrane thickness and R and
T having the usual physical meaning.

By inserting Equation (4) into Equation (3), some rearrangement and
adding an eventual evaporation loss 7,4, in [L/h], the resulting volume
changes can be expressed as:

d 2P 14
vy _ “lwhwVw (e1 — €2) = Fevap

dt l 5
dv 2P Vv
d_tz = —w (e1 —€2) = Togp

However, it is only possible to find a solution for the two previous
presented systems of ODEs for concentration change (Equation (2)) and
the volume change (Equation (5)) under the assumption of specific
boundary conditions. The analytical solution for Equation (2) assumes a
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constant volume and would therewith neglect an osmotic volume
change, while the numerical solution for Equation (5) assumes a con-
stant amount of substance (solute) and would therewith neglect the ion
diffusion.

For an interdependent description of volume- and solute change, the
two previous presented systems of ODEs which describe the concen-
tration change (Equation (2)) and the volume change (Equation (5))
have to be summed up in one system of coupled ODE with four ODEs and
four variables. The four variables result from the description of the
concentration as a quotient of the amount of solute (1) and the amount
of solvent (v):

Cy = s 6
v.\"

The interdependent volume- and solute change can therewith be

described by the following system of ODEs:

dn1 - P; ny np
dt - 1 V1 Va2

dnz _ PS ny ny
dt o l Y1 Va

7
dvi 2PV, (m_m\
dt - 1 141 Va2 w
dv, 2PV, (n; n,
., T — | — revap
dt l V1 V2

To solve the system the initial volumes and amounts of substances in
each chamber and the initial total amounts must be specified. Here, the
total amount of substance n,, is constant over time while the total vol-
ume v;, decreases due to the evaporation losses, introduced in Equation
(5):

V12:V1(0) +v2(0),n12 = n1(0) +n2(0) 8

Further following substitutions are made:

n _ nyp — Ny
V1 Viz — V2
ny _ Ry — Ny

V2 Viz — V1

The actual solving is then done in python with the scipy.integrate.
odeint function that solves a system of ordinary differential equations
using lsoda from the FORTRAN library odepack [41].

However, this calculation is only valid if the electrolyte solution is
assumed to be ideal. This only applies to solutions with infinite dilution,
where interactions between the ionic species and the solvent can be
excluded. At higher concentrations the interactions increase and the
effective concentration (i.e. activity) must be considered. The deviation
between concentration and activity is described by the activity coeffi-
cient (which is 1 for ideal solutions). Since the methods presented here
are performed with non-ideal solutions, the activity coefficient must be
taken into account. In the previous description of the ODE system, it is
not given only for clarity. Actually, the activity coefficients are incor-
porated in form of a concentration dependent function. The function is
composed of interpolated activity coefficients ranging from 0.0012 to
3.49 mol/kg. The data is taken from measurements published by Dash
et al. [42].The concentration-describing terms n, /v, in the former de-
scriptions are multiplied with the above mentioned function to obtain
the actual activity:

Yy Yy

The apparent transport numbers, and hence the (perm)selectivity,
can be directly calculated from the measured potential difference of the
Ag/AgCl electrodes. The measured potential is the sum of the chloride
dependent potential difference of the electrodes and the membrane
potential. The overall potential can be written as:
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BT e KT @ 11

AE= -2 il
ZF aye  zF a

The diffusion potential is described by the second term of the
equation. It is caused by the differences in electrical mobility of the
individual ions. The differences are expressed by the apparent transport
numbers t*/~, which indicate the individual share of the ions on the total
electric current.

In short, the ions could have different velocities when they enter a
phase boundary.

Therefore, the ion fluxes have to be regarded separately and even
without an external electric field the migration term has to be involved:

de; ziF do
i= —D;[—— i— 12
Ji l<a’x ﬁ’dx)

If one of the ionic species hurries ahead of its counter ions an electric
field will build up. This field pulls back the faster ionic species propor-
tional to the distance to its counter ions and likewise drags the slower
ions toward the faster ones. In the quasi steady state the electric field has
a defined value that results in equal transport velocities for the ionic
species c;.

With the Poisson equation the electric potential is calculated from
the charge density p that results from the movement of the ionic species
[43]:

dE

oI

p=F> zc 13

The resulting local electrical field E = d¢/dx reciprocally influences
the movement of the ions.

The resulting potential difference, which is measurable over the
membrane is then the diffusion potential. It can also be derived from a
more thermodynamically point of view leading to the second term
declared in Equation 11.

The apparent transport numbers can then be determined with the
knowledge of the initial electrolyte concentrations and the measured
potential difference from the overall measured potential (Equation 11),
which can be rearranged with t* +t~ =1 to:

AE +ELIn (9 ) — KL pn (=)

acr-
287In (%)

Furthermore, it is assumed that the initial diffusion potential has
already been formed when the measurements start. The settlement of
the diffusion potential is recognizable for t™>t~ by reaching a global
maximum after a short initial increase of potential, and for t~>t* by
going through a saddle point after a fast initial potential decrease. This
assumption is made due to the relatively short time span of the initial
potential formation, and the time lag between the filling of the cell and
start of measurement. Moreover, no increase in potential is measurable
at the start of the actual measurement (t">>t").

This procedure can however lead to a slight underestimation of the
apparent transport number, if the time lag between cell preparation and
start of measurement takes too long. Ideally, the extreme value is just
recognizable.

14

mem ~

3. Results and discussion

All measurements are made at a stable laboratory ambient temper-
ature of 21 °C and humidity of 30%.

All measurements are performed with a KCl solution. The initial
concentrations in all measurements have a ratio of 2:1 (1:0.5 M, 2:1 M).

The simultaneously measured concentration change and volume
change in both cell chambers with an electrolyte concentrations of 1 M
and 0.5 M is depicted in Fig. 7. The simultaneously measured potential
difference over the membrane is depicted in Fig. 8.
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Fig. 7. (a) Concentration change measurement results in comparison to theo-
retical concentration courses and (b) the coupled volume change model in
comparison to the measured volume change. The modeled courses ((] 1 M start
concentration, o 0.5 M start concentration) are calculated by solving system of
coupled ODEs which includes the solute transport (diffusion) as well as the
solvent transport (osmosis).

Fig. 7 (a) displays the change of concentration in both chambers,
determined by EC measurements and Fig. 7 (b) presents the osmosis
driven volume change also in both chambers. The dashed lines (— — )
in Fig. 7 (a) and (b) are representing the measured changes of the higher
concentrated cell side (1 M), accordingly the pointed-dashed lines (—
e — ) are representing the changes of the lower concentrated side (0.5
M). Fig. 8 shows the measured potential difference between the two Ag/
AgCl electrodes. The potential consists of the concentration dependent
electrode potentials and the membrane potential.

3.1. Coupled ion diffusion and osmosis

The ions diffuse from the higher to the lower concentrated solution.
Simultaneously the opposite directed water transport accelerates the
equalization as well by diluting the higher concentrated side and like-
wise concentrating the lower concentrated side. Since both mechanisms
depend on the concentration gradient, they also have to be modeled
interdependently.

The presented model allows the determination of the membrane
transport coefficients Ps and P, under consideration of the coupled
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Fig. 8. Potential difference of the two Ag/AgCl electrodes measures over the
membrane in comparison with the calculated potential difference. \/: calcu-
lated from the measured concentration change. o: Calculated from the coupled
diffusion-osmosis model.

dependency of the concentration change from the diffusive solute
transport and the osmotic solvent transport. The transport coefficients
are determined by varying the transport coefficients in the diffusion- and
osmosis-coupled model (Equation (7)) and thereby fitting the modeled
curves to the measured ones. Fig. 7 shows concentration- and volume
change measurement in comparison to modeled curves.

The transport coefficients for 1:0.5 M KCl resulting from the fitting
are:  Pg=3.25-10""2m?/s (£25-100®m?/s) and Py =1.03-
1071%m?/s (£2.07 -10712 m?/s) . These values are in agreement with
general values from the literature (Ps =1-1071%...1.10"'m?/s and
Py =1-10"1...2.10"m? /s [39]).

The diffusion coefficients can only be estimated, since the actual
partitioning coefficients are unknown.

According to the comparison of different IEMs made by Kingsbury
et al. [39] the salt partitioning coefficient Kg is in a range between
0.05 — 0.24 and the water uptake Ky is in a range between 0.1 — 0.33.

Following to the solution diffusion theory the diffusion coefficient
can be calculated as the quotient of the permeability coefficient and the
partitioning coefficient:

Ds w :PS.W/KS.W 15

This results in a salt diffusion coefficient Dg =1.35-.10"! —6.5-
107"m?/s and a water diffusion coefficient Dy = 3.12.10710 —
1.03 -10~°m?/s. These results are also in agreement with [39].

In comparison, the transport coefficients are higher for the coupled
ion diffusion- and osmosis-driven concentration change, than the
transport coefficients for the concentration change driven solely by
diffusion or osmosis. Consequently, the rate determining coefficients
will be overestimated if they are investigated separately.

In addition, measurements were made with higher concentrations of
2:1 mol. This serves to verify whether the method is generally also
applicable with other concentrations. The transport parameters deter-
mined during these measurements are Py =
1.0-1071%m?/s (£0.82-10712 m?/s), Ps=4.5-10""2m?/s (+7.07 -
107¥ m?/s) and t" = 0.89 (£0.017). Table 1 shows the values once
again in comparison with the values for the measurement with 1:0.5 M
KCl and the comparable literature values. There are no significant de-
viations between the values determined here. The method can therefore
be considered stable in a range of at least 0.5-2 M, with a ratio of 2:1.
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Table 1

Comparison of the Nafion® NR211 transport parameters determined in this
work with concentration gradients of 1:0.5 M KCl and 2:1 M KCl, and the
literature values.

Conc. Gradient [ Ps (m?/s) Py (m*/s) t

Membrane ]

1:0.5 M KCl (325+025)010712  (1.03+0.021)1071°  0.863 +
[Nafion® 0.0805
NR211]

2:1 M KCl (45+0.707)-10712  (1.0+0.082)-10°1° 0.907 +
[Nafion® 0.0171
NR211]

Lit. Val. div. [[EM  1.10713...1.10°11 1-10711...2:101° 0.765 ...
div.] [39] [39] 0.995 [23,

35,44]

3.2. Membrane potential measurement

The measured potential difference of the Ag/AgCl electrodes over
the membrane is shown in Fig. 8. From the measured potential differ-
ence value and with the knowledge of the initial concentrations, the
apparent transport numbers t* is determined by using Equation (14).
The apparent transport number for 1:0.5 M KCl is t™ = 0.863 (£0.0805)
and t™ = 0.907 (£0.0171) for 2:1 M KCl. These values are in accordance
to other literature values for KCl in Nafion®. Literature values ranging
from tT = 0.80-0.90 depending on the membrane thickness [23], and t+
= 0.88-0.984 depending on the concentration [35]. Apparent transport
numbers for NaCl in other IEM are ranging from t™ = 0.765-0.995
depending on the concentration [22].

According to Ref. [35] the apparent transport number t* decreases
with increasing concentration (1 N KCl: t" = 0.888; 0.1 N KCI: t* =
0.984). This observation is in contrast to other observations [22], where
the apparent counter ion transport number t* increases with increasing
concentration. The difference in observations might be due to the
methods used to determine the transport number. Stenina et al. [35]
calculated the transport number from the individual diffusion co-
efficients leading to a decreasing counter ion transport number with
increasing ion concentration, while Cha et al. [22] determined the
transport number from membrane potential measurements leading to an
increasing counter ion transport with increasing concentration.

The actual reason for this differences is currently unknown to the
authors. However, the later approach is similar to the one presented in
this work and shows a similar trend concerning the increase of the
transport number with increasing concentration.

The slightly lower apparent transport number determined in this
work in contrast to the results from Cha et al. [22] might be due to an
underestimation of the apparent transport number, which was already
mentioned in the experimental section. An underestimation can be
caused by a time delay between the filling of the cell and the actual start
of the measurement. This leads to the consequence that the membrane
potential is no longer measured at the maximum, but already at the
drop.

With the apparent transport numbers and the known concentration
propagation over time it is further possible to model the complete course
of the potential differences over time by using Equation (11). Fig. 8
shows the measured potential difference in comparison to two modeled
potential differences, \/ is calculated by using the EC measured con-
centration change and «is calculated by using the concentration change
modeled with Equation (7).

The coefficients determined with the approach presented in this
work are in agreements with the values determined in other works. All
the individual measuring methods employed in this work have been
used before in similar double chamber setups [8-12,16,20,23,25].

In difference to these works, the main coefficients are all determined
simultaneously in one setup. Additionally, special attention is put on the
coupling of diffusive ion transport and osmotic water transfer. Even
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though it was practically investigated by others in a similar approach,
their theoretical basis were just simplifications for one specific case that
assumed a constant volume over time [45], or the measurements were
not automated and required a high effort of individual manual mea-
surements [46].

The worked-out mathematical description of coupled and dependent
transport phenomena enables a determination of the coefficients by
fitting the models to the measurements. The slight differences between
the measurements and the fitted courses might be due to inaccuracies
during the measurements. First, the unexpected loss of volume could not
be determined properly and had to be estimated. Second, the measured
values of the homemade pEC electrodes tend to drift. This can lead to
inaccuracies in the concentration measurements (visible in Fig. 6a). The
reason for that drift is that the degree of platinization of the electrodes
can decrease over time, leading to a decrease in the surface area and thus
to a deviation from the reference value. Finally, the optical filling height
recording is sensitive to light influences from the surrounding.

Nevertheless, reproducible measurements on Nafion® have shown
how the synchronous measurement and determination of the coupled
transport parameters salt diffusion coefficient, water permeability co-
efficient and the apparent transport numbers can be done. Therefore the
concentration change, the volume change and the membrane potential
have to be measured.

It would also be possible to vary the measurement methods accord-
ing to the situation. Instead of the sensitive EC measurements, an
additional single junction reference electrode per side could be used.
This would allow the determination of the chloride concentration by
measuring it directly against the junctionless Ag/AgCl electrode. In
addition, the membrane potential could be measured directly by
measuring the two junction reference electrodes against each other.
However, a possible drawback of this approach would be the possibility
of distortion of the electrolyte concentrations due to leakage at the
junction. This is a problem that should not be neglected, especially in the
case of long-term measurements.

The determined coefficients, however, are just the ‘“external”
accessible parameters of the membrane. That means, the membrane
under investigation is a black box from the here presented experimental
point of view. No details of the inside can be explored to learn more
about the internal processes of the membrane. One additional method
could therefore be molecular dynamics simulation (MDS). MDS allows a
study of the local intermolecular interactions in the nano-scale.

For example, with MDS it is possible to investigate the water sorption
influence on the molecular structure and alignment [47] and therewith
the ion transport mechanisms in dependence on the hydration [48].

FEM simulation on the other hand allows a more global analysis of
the inner membrane distribution of the ions, for example in the form of
diffusion profiles [49]. The System of ODEs presented in this work
together with the work of Sokalski et al. [43], concerning the solution of
the Nernst Planck Poisson equations, could be a starting point for a FEM
model of the ion distribution inside IEMs.

4. Conclusion

A method for the simultaneous determination of transport co-
efficients of aqueous electrolyte solution in polymers was successfully
developed. These coefficients are the salt diffusion coefficient Dg, the
water permeability coefficient Py, and the apparent transport numbers
thand t™.

The method is based on a practical measurement setup and an ODE
model. The measurement setup consists of a diffusion cell with the
possibility for parallel measurements of the concentration change, the
volume change and the membrane potential. The actual transport co-
efficients are determined by adjusting the corresponding model pa-
rameters so that the theortical curves are fitted to the measurements.
The model consists of a system of coupled ODEs, which is solved
numerically. The method was validated by determining the transport
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properties of a Nafion® NR211 ion exchange membrane. The properties
are shown in Table 1.

The presented simultaneous measurement method therewith con-
tributes to the field of characterization and comparison of different
materials, in the way that it enables a more holistic view of the transport
phenomena and further enables the identification of the dominant
phenomena.
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