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Abstract

Chronopotentiometry and electromotive force methods were used to determine ion
transport numbers in two homogeneous and highly selective cation- and anion-
exchange membranes. NaCl aqueous solutions of different concentrations, varying
from 1 mol-m~ to 100 mol-m~> were used to analyze the possible impact of the
electrolyte concentration on the results obtained by both methods. Cation transport
numbers close to unity for the cation exchange membrane and to zero for the anion-
exchange membrane were found for both membrane types with both methods when
the NaCl-concentration exceeded 10 mol-m~>. At the lowest concentrations, a Sys-
tematic deviation from ideal behavior was seen, mainly in the electromotive force
method, possibly due to a higher contribution from transport of water. The cation
transport number estimated by the electromotive force method was systematically
lower than the number obtained from chronopotentiometry, probably due to larger
concentration polarization at low electrolyte concentration. We conclude that chro-
nopotentiometry is a relatively rapid and precise technique for ion transport number
determination at electrolyte concentrations for which membranes maintain a good
selectivity for the measurement conditions used.
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1 Introduction

Charge transport properties of ion-exchange membranes are important in numerous
applications, such as electrodialysis and reverse electrodialysis [1, 2]. Ion-exchange
membranes are polymeric membranes that contain fixed charges in the polymer
matrix. These allow passage of oppositely charged ions and obstruct ions of the
same charge. Ideally, the charge transport number is unity. There are two main types
of ion-exchange membranes, anion- and cation-exchange membranes, with positive
and negative fixed charges, respectively. The efficiency of technologies mentioned
rely largely on how well the ion-exchange membranes can exclude co-ions while
simultaneously allowing transport of counter-ions. This ability is a fundamental
property, often described as the membrane permselectivity. By permselectivity of
an ion-exchange membrane we understand the transport number of the counter-ion
involved in the process. As mentioned already, the transport number of the counter-
ion of an ideal membrane is unity. This is thus the maximum attainable value for the
membrane permselectivity [1, 3, 4].

Different methods have been used to determine the transference coefficient of a
salt in a membrane. One of the methods often used is the electromotive method. In
this method, there is a gradient in chemical potentials of salt and of water across the
membrane. Both components contribute to the electromotive force of the cell (emf)
[5]. If AglAgCl chloride reversible electrodes immersed in two 1:1 chloride solu-
tions are used, the transport number of the salt is equal to the transport number of
the cation in the membrane, 7 + The emf of whole cell can be expressed as [3, 5-7]:

2RT - a,
A¢p = 7 tapplna—l 60
where a, and a, are the electrolyte activities at both sides of the membrane, and the
relation a,-a_ =a’ has been used [1, 7]. R and F are, respectively, the Gas and Fara-
day constants, T is the absolute temperature, and Z,dpp is the apparent transport num-

ber, which is related with the true cation transport by the expression [5, 6]:

fapp = 14 — LM, )

where M, and m; are, respectively, the molar mass and molality of the salt, and ¢,, is
the transference number of water [5]. The apparent transport number, found in this
method [8-11], refers to a concentration difference of the salt, masking the precise
value of 7. Other methods for direct determination of the ionic transport number are
therefore of interest.

A potential method for direct determination of membrane permselectivity is
chronopotentiometry [9, 12—14]. In this case, the concentration is the same on both
sides of the membrane, and we can directly link the measurement to one concentra-
tion. However, when an electric current, /, is passing the ion-exchange membrane,
concentration polarization may occur. A diffuse ion boundary layer will then form
adjacent to the membrane. Theoretically, the electric current will reach a limiting
value when the electrolyte concentration approaches zero near the membrane. Peers’
equation, derived in 1956 [15], allows us to estimate the value of the limiting current
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density, i;, if we know the solute concentration, ¢, the diffusion coefficient of solute
in water, D, the boundary layer thickness, d, the counter-ion transport number in the
membrane, ; and its corresponding value in the solution, #;:

; DFc,

t §(1;—1;) 3)
The counter-ion transport number, which appears in Peers’ equation, is the fraction
of the electric current carried by migration of the ion in the electric field, in the
absence of concentration differences or convective flow. The observed limiting cur-
rent might in some cases exceed the value given by the Peers equation, however. The
presence of convection will reduce the concentration polarization. Alternatively,
conditions may lead to water splitting [16, 17].

The presence of electroconvection [18, 19] is an advantage in practice, as it
helps avoid concentration polarization. This will allow reduction in expensive
membrane area, meaning cost reduction. Water dissociation, however, may lead to
an unwanted decrease of the current efficiency, meaning unwanted changes in the
solution’s pH [17, 20, 21]. Knowledge about the onset of the overlimiting behav-
ior in ion-exchange membranes is thus important. Membrane bulk and surface
heterogeneity affect membrane properties and consequently their performance in
various processes. At a small enough scale, of micro- or nanometers, also homo-
geneous membranes appear heterogeneous, due to the existence of hydrophobic
and hydrophilic parts in their structure.

In chronopotentiometry, the electric potential is measured in response to an
imposed current. The method allows us to correlate significant transient states
with the measured electric potential [22]. The method has been widely used for
electrochemical characterization of ion-exchange membranes [22-36]. The transi-
tion time is the time at which the concentration of ions at the interface/membrane
surface reaches zero value. For currents that exceed the limiting value, the transi-
tion time, 7g,,4, can be calculated by Sand’s equation:

2
zD [ coziF\" 1
TSand = T(;. ~ t.> 2 “4)

Here z; is the charge number of counter-ion in the bulk electrolyte solution, and j is
the membrane active surface average current density. Sand’s equation can in prin-
ciple be used to find ionic transport numbers in homogeneous permselective mem-
branes, when all other variables are known, for the diffusion layer of finite thickness,
and for current densities higher than a certain limiting value. The equation applies to
transition times smaller than a certain value ¢* which can be estimated, from diffu-
sion layer thickness as [10]:

t*=6°/2D )

When g,,,<t", a linear relation can be expected from Eq. 4, between transition time
and the square of the inverse current density. The transition time is characteristic for
the ion in question. Similar to Eq. 3, 7; is the true transport number in the membrane

@ Springer



14 Page4of19 International Journal of Thermophysics (2022) 43:14

in the absence of water transport. The Sand Equation is often used to study the over-
limiting ion transport mechanisms with the transport number as a known parameter.
However, Eq. 4 would also allow us to determine the counter-ion transport number
from experimental determination of transition times. Moreover, since in chrono-
potentiometry measurements, both cell compartments are filled with the same salt
solution with the same concentration therefore, osmotic water transport does not
contribute to the observed transport number, making the technique more precise [9,
11-13, 37-41].

The present work is motivated by the wish to find a better alternative to the emf
method. To this purpose, we compare the results obtained by both methods, chrono-
potentiometry and electromotive force, as a function of the electrolyte concentration
and use them to characterize the selective character of the ion-exchange membrane.

2 Experimental Section
2.1 Materials

Two commercial ion-exchange membranes manufactured by Fuma-Tech GmbH
(Germany) were used in this work, one cationic and one anionic. Both are homo-
geneous and reinforced membranes with a PEEK polymer matrix. Fumasep®
FKS-PET-75 (FKS) is a standard grade cation-exchange membrane for electrodi-
alysis and reverse electrodialysis with an ion-exchange capacity of 0.8 meq-g~! and
a stated 98% selectivity. Fumasep® FAD-PET-75 anion-exchange membrane (FAD)
is a special grade anion-exchange membrane with excellent properties regarding
proton and anion transport as well as high efficiency with respect to metal ion rejec-
tion. Its ion-exchange capacity is 1.5 meq-g~", with stated selectivity > 85%.

Aqueous solutions of sodium chloride of five different concentrations in the
1-100 mol-m~ interval were used as electrolyte. This concentration interval was
selected because water transport and polarization effects have high influence at low
concentration. Pure pro-analysis grade chemical NaCl (Merck) and distilled pure
water were used. The exact concentration of the electrolyte was determined meas-
uring the electric conductivity of the prepared solution with a JENCO Model 1671
conductivity meter was used (See Table 3 in Appendix). The accuracy of the meas-
urement was 1 and 10 pS-cm™!, in the low and high electrolyte concentration inter-
vals, respectively. Prior to each experiment, the membrane to be used was immersed
for a minimum of 24 h in the solution in order to achieve equilibrium.

2.2 Methods
2.2.1 Chronopotentiometry
The device used for chronopotentiometric and voltage-current curve experiments

was similar to the one used in a previous work [31]. The effective area of the
membrane was 2.27 x 10~ m?. Chloride-reversible Ag(s)IAgCI(s)-electrodes were
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prepared with the method described in detailed elsewhere [42]. All experiments
were carried out under isothermal conditions (25.0 °C). The temperature was con-
stant within+ 0.1 °C. The measurements were carried out in absence of stirring (nat-
ural convection).

When the membrane system had been stabilized at the selected temperature, a
constant electric current was made to pass through the membrane system over 300 s,
and the voltage difference was recorded vs time. We started with a value slightly
larger than the corresponding limiting current value. After 300 s, the electric cur-
rent was interrupted, and values of the electric voltage were recorded during another
period of 300 s. At the end of this period, the polarity was switched, and the whole
experimental procedure was repeated under the same experimental conditions. This
was done to maintain the chloride layers on the electrodes. The two polarity settings
were labeled Case I (the original one) and case II (opposite polarity). The process
was carried out, increasing gradually the values of the electric current.

To obtain the voltage—current curves in Case I, an electric current was applied,
and the electric potential difference drop was recorded when state-steady was
reached. The applied electric current was gradually increased, recording the station-
ary voltage in each case. The same procedure was repeated with opposite polarity
(case II).

2.2.2 Electromotive Force

The device used for electromotive force experiments was similar to the one used in
a previous work [43]. The cell consisted of two equal cylindrical glass chambers of
a volume approximately 2x 10 m®. A piece of Fumasep membrane with an affec-
tive 0.79x 10 m? was placed vertically between the two chambers by means of
two PVC disks fitting into each other. The system was placed in a water bath at a
constant temperature 25.1 °C+0.1 °C by means of a thermostat. A NaCl solution
of 1 mol-m™ (c;) with a volume 1.7x 10 m? was introduced in one chamber. In
the other chamber, the same volume of a NaCl solution of variable concentration
1-200 mol-m™ (c,) was introduced. The potential difference between two sides of
the membrane was measured with AglAgCl reversible reference electrodes con-
nected to a digital Keithley 195 System DMM, grounding the electrode correspond-
ing to the chamber with lower concentration. The electrodes were prepared with the
method describe in [42].

The determination of the electromotive force was carried out in the experi-
mental device previously described. Prior to each experiment the membrane to
be used was immersed a minimum of 24 h in the solution of lower concentration
(c;=1 mol-m™). Once the membrane was positioned in the cell, both chambers
were filled with the solution of lower concentration. When the system was stabilized
at the selective temperature and stirring rate, the electrodes were connected to the
multimeter. In this situation the potential difference between two electrodes would
be zero, however there can be seen a small bias, a potential difference that must be
used to correct the measurements. A bias potential can be explained by small differ-
ences in the electrodes. Next, the concentration of solution in one chamber was kept
constant (c;), while it was changed in the other chamber from ¢, to ¢,, by adding a
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certain volume of standard solution. The values of ¢, were changed in intervals of
1-200 mol-m™>. After changing c,, the measured potential difference was stabilized
in a few minutes. The values of the potential difference were recorded as a function
of the higher concentration c¢,. The whole experimental process was carried out for
the cation- as well as the anion-exchange membrane. In order to study if there were
differences between new and used membrane samples, or in a membrane pack con-
sisting in seven membranes samples placed together, the process was repeated with
these three kind of membrane arrangements.

3 Results and Discussion

3.1 Voltage-Current Curves: Determination of the Limiting Current Value
for the Membrane System

Voltage—current curves were similar for all the membrane systems. Figure 1 shows,
as an example, the voltage—current density curve corresponding to FAD anion-
exchange membrane at concentration C3. Cases I and II correspond to the different
electrodes polarities.

From the voltage—current curves, the limiting current value was determined for
all membrane system, using the Cowan diagram method, as it is shown in Fig. 1.
The Cowan plot can be used to determine the value of the limiting current within
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Fig. 1 Voltage—current density curves and corresponding Cowan diagrams. The data correspond to
Fumasep FAD anion-exchange membrane at concentration C3 (9.64 mol-m~2). Cases I and II correspond
to different electrodes polarities
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1% when the plateau of the polarization curve is defined [44]. Results are shown
in Table 1.

The values obtained agreed with values found in the literature for this kind
of membranes using similar methods [20, 25, 45, 46]. For both membranes, the
limiting current value increased with increasing electrolyte concentration, as
can be expected [45, 46]. As the same electrolyte concentration, /; values were
higher for the anion membrane. This result is expected from Peers’ equation tak-
ing into account that f¢,_ is greater than fy,, in an aqueous solution, and given that
we expect a transport number close to unity from the stated membrane selectiv-
ity. A small systematic difference in the limiting current densities was observed
between the values obtained in Cases I and II. This difference was observed for
all applied currents, and it increased by increasing the current, and more so for
the anion than the cation-selective membrane. Case II results (from the second
measurement) are systematically higher than Case I results. This difference could
be explained by some conditioning taking place in the membranes in the first
round of measurements or by the existence of an asymmetric membrane structure
due to reinforcement [47]. But possible water splitting effects occurring during
measurement in Case A could be also considered. Further work would be neces-
sary to clarify this result.

3.2 Voltage-Time Curves: Determination of the Transition Time

Chronopotentiometric curves were obtained for all membrane systems using
an applied electric current in overlimiting range />1;, cf. Table 1. For the
Fumasep FKS cation-exchange membrane, an electric current density was
applied varying in the intervals 0.29-0.80 mA-.cm™2, 0.78-1.49 mA.cm™,
2.02-2.91 mA-cm™, 11.8-19.1 mA-cm™>, and 29.1-38.4 mA-cm™. For the
Fumasep FAD anion-exchange membrane, the electric current varied in the
intervals 0.630-1.21 mA-cm™, 1.54-2.93 mA-cm™, 2.91-4.48 mA-cm™,
16.3-31.8 mA-cm~2, and 36.8-50.01 mA-cm™2. The salt solutions were denoted
Cl, C2, C3, C4 and C5, respectively, varying from 1 mol-m~ to 100 mol-m~>.

Table1 Limiting current Val.ues, Elec- ¢ (mol m™3) Fumasep FKS Fumasep FAD
1, for Furpasep membr apes mn trolyte cation membrane anion membrane
contact with solutions of NaCl sample
of concentration ¢ 1,(1072A) 1,(1072A)
CASEI CASEII CASEI CASEII
C1 1.01 0.14 0.18 0.30 0.31
Cc2 4.84 0.55 0.59 0.95 1.1
C3 9.64 1.23 1.49 1.90 22
C4 48.7 7.70 8.19 12.1 12.9
C5 99.8 16.6 17.5 29.7 32.7

Cases I and II refer to opposite polarities
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The obtained chronopotentiograms were similar for all membrane systems, show-
ing the typical shape for ion exchange membrane in binary solutions [22, 31, 36].
Figure 2 shows example curves, obtained for both membranes at concentration C3.

The moment the constant current was applied, there was an instantaneous rise
in the electric voltage difference, corresponding to the ohmic voltage drop of the
membrane-solution system. Afterwards, the voltage drop was almost constant with
time, until the current was switched off, and a drop was observed within a second.
However, when we applied a current above a certain value, the initial voltage con-
tinued to increase in time during the application. When the current density reached a
characteristic value (j; ), a strong increase in voltage drop was registered.

The curves in Fig. 2 consist of two parts, a positive and a negative one, which
correspond to the different electrodes polarities, Cases I and II, the purpose of which
is to prevent electrode wear.

The sudden jump in electric potential difference across the membrane is due to
the depletion of counter-ions at one of the membrane interfaces, and to the differ-
ence in transport number values between aqueous solution and the membrane. The
limiting current defines the transition behavior and the range of currents where con-
centration polarization is intense and the supply of ions to the membrane surface is
limited by diffusion. The time corresponding to the inflection point of voltage as a
function of time is named the transition time, 7.

The transition time 7 was estimated from the chronopotentiometric curve, the
E-t derivative, as suggested in several references [46, 48-50]. This time corre-
sponds to the maximum point of the derivative of the curve, and it has been deter-
mined calculating the time corresponding to the maximum value of the slope of
the curve. It would represent the time at which the salt concentration at the mem-
brane surface approaches zero. From this point, the flux of ions is maintained by
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Fig.2 Voltage—time curves at different applied electric currents for concentration C3 (9.64 mol-m~>) for
the two investigated membranes. (a) Fumasep FAD-PET-75 anion-exchange membrane. (b) Fumasep
FKS-PET-75 cation-exchange membrane. Cases I and II correspond to different electrodes polarities
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Fig.3 Electric potential difference and potential-time derivative versus time curves for one of the studied
cases. The data correspond to FKS membrane with 9.64 mol-m~and 2.30 mA (CASE I)

electro-convective fluxes in the case that electro-convection is the dominant mecha-
nism of mass transfer in the overlimiting regime. Figure 3 presents an example of
potential-time derivative versus time curve for one of the studied cases. The data
correspond to membrane FKS and 9.64 mol-m~>concentration. The behavior was
similar to that of the anion membrane, and the maximum moved to the left when the
current increased.

We calculated the Sand transition time for ideal membranes in the same condi-
tions. For an ideal selective membrane, the Sand equation can be used to obtain the
transition time in the membrane system if the appropriate solution properties are
known. Comparing experimental results with numerical solutions, Valenca [51]
showed Sand’s equation matches if />1.2/;. An usual valid criterion is to apply
electric currents higher than 1.5/; to assure the validity of Sand’s equation [30, 52].
Butylskii et al. [49] showed the inaccuracy does not exceed 0.3% in applying the
Sand equation for 1.9/; to estimate the transition time.

According to the Sand equation, under appropriate conditions, a linear relation
should be observed between transition time z and the inverse square of the current
density. Figure 4 presents the obtained experimental transition times as a function of
772 for all the membrane systems in Cases I and II, together with the value obtained
from the Sand equation assuming ideal membranes. The values of concentration,
diffusion coefficient and transport number in free solution are shown in Appendix
(Table 3). To neglect the concentration dependence of the diffusion coefficient on
the electrolyte concentration can lead to an incorrect estimate of the transition time
[46, 53]. A linear behavior with j‘2 is indeed observed after a given value of the

@ Springer



14 Page100f19 International Journal of Thermophysics (2022) 43:14

FAD C1 0
FKs C1
20 ] P o4
°
15 <
- 30 -
~ -
o — L] -
[OR = -
“ vl [
H ~
-
5 10 CYad
o
A
°  CASEI
’ s CASEN ° - ©  CASEI
_L emika = CASEll
——— sandEq.
000 005 0.10 015 020 025 00 02 04 06 08 10 12
1P (m*A?) 1P (m*A?)
70 200
FAD C2 FKS C2
” » 180 -
s
" e 160
// 140
°
40 /“ 120
. 24
o Py g w T
© "/" ™ -
2 .
0
2l
10 e 40
7
- o  CASEI 2
0 « = CASENl ® CASEI
——— SandEq. o = CASEll
——— SandEq
000 001 002 003 004
000 002 004 006 008 010 012 014 016
17 (m* A% g
P (A% 0 )
& 80
FAD C3 FKS C3
A
60 ° 60
40 el L]
P~ - 40 °
s — >
- o e s
= bd
20 e -
~ 20
- -
- -
'/ //
0 CASE |
CASE Il ° L4 ©  CASEI
——— SandEq. = CASEIl
——— SsandEq
0000 0002 0004 0005 0008 0010 0012
0000 0005 0010 0015 0020 0025
17 (m A7)
17 (m*A%)
50 o
FAD 4 P FKS C4 N
50 ) 60 -
°
40 0 L
- °
40 -
w0 e -
z - @ 2~
s . T w0 i
2 g S -
<
A 2 >
10 - =
- -
- 10 -
o =g o  cnsel 7 e  CASEI
m casel 0] o CASE I
——— SandEq ——— sandEq.
0 S0xi0® 104 1510 206104 26x104 30x10% 35x10¢
0 104 2104 B0t 4x0¢ Sx104 kIOt 7xioe
P (A
/. ) )
50 50
FAD C5 FKS C5
m W °
H
o °
H
30 3 -
g
= = .o
2 Zw »°
- S % 3
o
-
10 10 -
-
-
-~ © CASE |
0 CASE| o -
o casen = CASE Il
——— sandEq ——— SandEq.
o 105 210°  3x10°  4x10°  &x10°  6x10°  7xi0¢ 0 20x105  40x105 60x105 BOx10° 104  12x10%

17 (m*A?) 1P (m* A7)
Fig.4 Transition time versus inverse square of the electric current density. (a—e) Fumasep FKS-PET-75
cation-exchange membrane; (f—k) Fumasep FAD-PET-75 anion-exchange membrane. Dashed lines cor-
respond to Sand transition times estimated from Sand equation for an ideal ion-exchange membrane with
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applied current density. As can be observed, transition times (Cases I and II) are
close to the transition times estimated from S and equation, especially for the anion-
exchange membrane. This indicates that transition times 7 may indeed be due to a
difference in ion transport numbers between the solution phase and the membrane,
leading to changing concentrations at the membrane surface and developing concen-
tration polarization.

If convective electrolyte transport is not taken into account, an essential devia-
tion between theoretical and experimental values of 7 can occur under certain condi-
tions. The observed deviation was higher for cation membranes in combination with
small electrolyte concentrations. This cannot be explained by reduced membrane
selectivity. A reduced selectivity or a smaller counter-ion transport number occur
mainly at high concentrations [5, 54]. With the same chemical potential of water
on the two sides of the membrane, there is also no contribution from osmosis, but
well of electro-osmotic water transport. This is not included in the Sand equation.
Normally, the ion transport number goes down when the electrolyte concentration
increases [5, 54]. We are left to conclude that the conditions in the boundary layers
can change significantly when the electrolyte concentration decreases, reflected also
in an increasing uncertainty in the results.

The results seem to indicate that the interval of validity for the Sand equation
depends on the electrolyte concentration. For the lowest concentration, a linear
behavior is observed at current densities higher than 2/, in agreement with [49].
However, for the highest concentration, a linear behavior is already observed at cur-
rent densities higher than 1.57; for the cation membrane, and even at current slightly
higher than the limiting value for the anion membrane.

3.3 Determination of Counter-lon Transport Number in the Membrane Phase
from Chronopotentiometry

From the linear fits to the Sand equation in the appropriate interval, we estimated
the effective counter-ion transport number in the membrane from the slopes B of the

curves, given by Eq. 6.
2
D [ coz;F
B = el (_0 ) 6)
4\t -1

To make sure that we applied Eq. 6 according to Eq. 4, we estimated the values of ¢,
considering an ideal permselective membrane with counter-transport number equal to
unity. The thickness of the polarization layer for an ideal membrane was determined
from Peers equation [55]. As the counter-transport number for real membranes are
always lower than unity, the polarization layer for real membranes under the same con-
ditions will be thicker than for the ideal membrane, and thus, also the value of r* will
be higher than the corresponding ;. In all cases, we checked that the linear behavior
in Fig. 4 appeared for times lower than the corresponding estimated ¢";,,; value and
only these values were considered in the fit of experimental values to Eq. 6. Table 2
shows the values obtained for counter-ion transport numbers for both membranes at
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Table 2 Parameter B and counter-ion transport numbers in the membrane in Cases I and II for the differ-
ent studied membrane systems

¢ (mol m™) FUMASEP FKS cation-exchange membrane

By (A*sm™) [ By (A*sm™) Ly
1.01 50+ 4 0.884 +0.037 42 +1 0.928 +0.013
4.84 (81 +2)x10 0.969 +0.015 (90 + 1)x10 0.939 +0.008
9.64 (30.2 + 0.3)x10? 0.983 + 0.005 (34.8 +0.6)x10? 0.942 + 0.009
48.7 (74 + 2)x10° 0.985+0.016 (82 + 4)x10° 0.952 + 0.025
99.8 (30.1 + 0.8)x10* 0.992 +0.016 (32 + Dx10* 0.975 +0.024
¢ (mol m™) FUMASEP FAD anion-exchange membrane

B (A%2s m™) . By (A% s m™) [
1.01 85+5 0.979 + 0.022 82+4 0.984 +0.021
4.84 (165 + 0.4)x10? 1.009 + 0.009 (17.9 £ 0.4)x10? 0.994 + 0.009
9.64 (6.5 +0.1)x103 1.010 + 0.007 (6.8 +0.1)x10? 1.001 + 0.006
48.7 (17.1 £ 0.6)x10* 1.008 +0.013 (18 + )x10* 1.003 + 0.025
99.8 (67 +2)x10* 1.020 +0.013 (79 + 2)x10* 0.990 + 0.008

the different electrolyte concentrations, together with the corresponding parameters B
obtained from the fits. As can be observed, values close to unity were obtained in gen-
eral as expected for highly selective membranes. In agreement with the results obtained
for the limiting current values, slightly lower values were found for counter-transport
numbers in Case I, although the difference is within experimental error.

A slight increase in the transport number was observed with increasing concentra-
tion, mainly for cation-exchange membranes. For the anion membrane, the differences
are not systematic, they are within the experimental error. As it was previously com-
mented, this trend with electrolyte concentration could be due to changes in the bound-
ary layer. Zlotorowicz et al. [5], using similar FUMASEP membranes and the emf
method, found a Na™ transport number of 0.93 and a chloride transport number of 0.998,
in the cation- and anion membranes, respectively, for salt concentrations in the inter-
val ~0.1-0.6 mol-kg. Under ideal conditions, the water transference coefficients for the
membranes were 8 and 6, respectively, indicating that electroosmosis may play a role.
Here we determine the transport number of the ion directly. The results agreed better for
high NaCl concentrations [5]. A difference between the present and earlier result for Na*
in the membrane is expected, but cannot be related to a realistic number for water trans-
ference coefficient. While both methods seem to have high precision, there are uncer-
tainties involved in the emf method related to the reference to the mean concentration,
and in the chronopotentiometric method related to properties of the boundary layer next
to the membrane. In this context it is valuable to have two independent methods.

We have found that chronopotentiometry can be used to find membrane ion trans-
port numbers precisely and directly connected to an electrolyte concentration, with-
out contributions from osmosis. But polarized layers are formed at both sides of a
membrane, and electroosmosis may play a role also here. This would be relatively
more significant at low concentrations.
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3.4 Determination of the Mean Cation Transport Number in the Membrane Phase
from Electromotive Force

Figure 5 shows the electromotive force measured as a function of the concentra-
tion of the concentrate solution ¢, in the concentration intervals 1-200 mol-m~>,
The measurements were carried out with new and used membrane samples and also
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Fig.5 Electromotive force versus concentration c,. (a) Fumasep cation-exchange membrane. (b) Fuma-
sep anion-exchange membrane. Red (open circles) symbols correspond to measurements carried out with
new membrane samples; blue (filled) symbols correspond to measurements carried out with used mem-
brane samples; green (triangles) symbols correspond to the measurements carried out with a membrane
pack. From the electromotive force values and using Eq. 1, apparent cation transport number in the mem-
brane phase can be determined (Color figure online)
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with a pack of seven membranes placed together. The purpose of using a pack of
membranes was to minimize the salt diffusion as well as the osmotic water transfer
through the membrane to avoid the change of the electrolytic concentration at both
sides of the membrane.

As it can be observed in Fig. 5, no significant differences were observed between
the values obtained using one sample (mean value of values obtained with new
membranes) or the membrane pack (mean value of values obtained with pack of
new membranes). The observed differences were a few millivolts. This is comforting
as it indicates that diffusion has a negligible or small role. When membranes were
reused, slightly lower values were obtained for both cation and anion membrane,
although visually the difference is higher for anion membrane due to the difference
of scale in two figures. In order to minimize ion diffusion and osmotic water trans-
fer through the membrane, a mean value of the results obtained with the pack were
used in the determination of the apparent transport numbers. With the electrode con-
nected to the lower concentration chamber grounded, the measured electromotive
force was negative for cation-exchange membrane, as was expected. For the anion-
exchange membrane, a lower negative value would also be expected. However, posi-
tive values were observed, indicating that other effects, in addition to the membrane
potential, contribute to the measured electromotive force.

The values obtained for the apparent cation transport number, according to Eq. 1
are presented in Fig. 6.

The transport number obtained by this method is only a mean apparent trans-
port number in the interval of concentration c¢,—c,. For this reason, they could
be considered as the apparent transport number at the mean concentration of the
two electrolytes in contact at both sides of the membrane. Figure 6 also presents
the mean value of the cation transport number obtained in cases I and II by chro-
nopotentiometry. As can be observed, the main differences between the results
obtained by both methods are presented at low concentrations. Higher values
were obtained using chronopotentiometry, decreasing the observed difference
with concentration increasing. From the transport numbers obtained with chro-
nopotentiometry method, it can be supposed that the transport number has not
a great dependence on the electrolyte concentration in the investigated interval,
with the exception of the lower concentrations. It’s known that water transport
decreases with the electrolyte concentration and that the influence is higher al
low concentration values [56]. Moreover, in spite of the solutions being strongly
stirred, the polarization layers cannot be completely eliminated and it is known
that concentration polarization effects are higher at low electrolyte concentra-
tion [57]. This could explain the trend in the cation transport number observed in
Fig. 6. When the solution concentration increases, both polarization effects and
water contribution decrease, and the ion transport numbers tend to unity for both
membranes. The obtained results seem to indicate that these effects would have
largest influence in the electromotive force method.
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Fig. 6 Sodium transport number in the membrane phase as a function of the mean electrolyte concentra-
tion estimated from chronopotentiometry (full symbols) and from emf (empty symbol). (a) FKS cation-
exchange membrane. (b) FAD anion-exchange membrane

4 Conclusions
We have reported cation transport numbers for the anion- and cation exchange mem-

branes from FUMASEP in NaCl solutions determined by chronopotentiometry and
electromotive force methods. Membranes submerged in solutions of NaCl varying
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Table 3 Concentration, electric conductivity, diffusion coefficient and transport number of ion sodium in
free solution, for the used electrolytes at 25°C

Electrolyte ¢ (mol-m~3) 6 (107 S-cm™) D (10° m2s7h) INas

Cl 1.01 0.126 1.584 0.3954
2 4.84 0.581 1.561 0.3935
C3 9.64 1.14 1.547 0.3919
C4 48.7 5.42 1.529 0.3891
(o] 99.8 10.65 1.518 0.3852

between 1 mol-m~> and 100 mol-m~> were found to be close ideal in most of the
cases.

The cation transport number estimated by the electromotive force method was
systematically lower that the number obtained from chronopotentiometry, probably
due to larger concentration polarization at low electrolyte concentration. We con-
clude that chronopotentiometry is a relatively more rapid and precise technique for
ion transport number determination at electrolyte concentrations for which mem-
branes maintain a good selectivity and that it is lower affected that electromotive
method by water transfer effects at low electrolyte concentrations.

Appendix

The electric conductivity of the solutions used in the chronopotentiometry meas-
urements was measured according to the method previously described. From the
obtained values, the exact concentration of the prepared solutions can be determined
from tabulated values of the electric conductivity ¢(S-cm™') versus concentration
¢ (mol-.L™") for NaCl solutions at 25 °C [58, 59]. Known the true concentration of
each electrolyte solution, the diffusion coefficient D and the transport number of ion
sodium in free solution ¢, were estimated from tabulated data for the different elec-
trolyte solutions [58, 59]. The results are showed in Table 3.
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