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a b s t r a c t

The dependence of the bulk resistance of Ion-selective electrodes (ISEs) on the concentration of aqueous
solution is studied by means of chronopotentiometry and electrochemical impedance using Cd2þ-ISE as
model system. It is shown that within the Nernstian response range that bulk resistance of the ISE
membrane increases along the dilution of the aqueous phase. The results are consistent with analogous
studies carried out earlier with Ca2þ, Kþ and NO3

�-ISEs. Water uptake by the Cd2þ-ISE membrane is
studied systematically, and it is shown that the water uptake also increases along decrease of the con-
centration of CdCl2 solution. The shapes of the concentration dependence of the two properties: (1) the
membrane bulk resistance and (2) the water uptake, are very similar, suggesting a correlation between
(1) and (2). SEM/EDX studies of Cd2þ-ISE membranes confirm uniform distribution of the components
within dry membranes, except of surface layers which are enriched in plasticizer and depleted in the
polymer. It is concluded that the ISE membranes equilibrated with aqueous solutions must be considered
as non-homogeneous materials due to the presence of the dispersed water. It is assumed that the
electrochemical equilibrium is established between the solution and the membrane organic phase
proper, while the resistance refers to the membrane as a material including water droplets which hinder
the charge transfer across the membranes.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Ionophore-based ion-selective electrodes (ISEs) are routinely
used in a large number of applications as sensors with various
signal transduction modes: potentiometric [1e5], voltammetric
[6e12], and ampero- and coulometric mode [13e18]. Currently,
potentiometry remains the most frequently used mode of the
measurements with ISEs. The theory of the potentiometric
response and selectivity of ISEs is very well developed, describing
not only the boundary potential at the membrane/solution inter-
face, but also the diffusion potential within the membrane and the
potential generation over real time and space [2,4,19e24].

In spite of this, experimental evidences exist which are in con-
flict with the theory. We mean here the dependence of the bulk
u, k.mikhelson@spbu.ru
resistance of ISE membranes on the concentration of the aqueous
phase [25e27]. This dependence is in conflict with the theory
because of the following. The overall membrane potential can be
considered as a superposition of three components [4,19,20]. Two
of these are boundary potentials: one at the membrane/sample
interface, and the other one at the interface between themembrane
and the internal reference system: an internal solution or a solid
contact, e.g. a conducting polymer. The third component is the
diffusion potential within the membrane. Simple theories consider
only the boundary potential [28], those more advanced consider
also the diffusion potential [20e24]. Whatever the level of the
theory, all of these predict, for the Nernstian response range, a
constant value of the activity of the target ion within the whole
membrane. According to theory, a non-constant value of the target
ion activity at the outer surface of the membrane results in de-
viations from the Nernstian response. Further deviations originate
from the non-zero diffusional potential which generates in the case
of a non-flat profile of the target ion activity across the membrane.
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Thus, within the Nernstian response range the target ion activity
must be constant in the whole membrane, and therefore one
should also expect a constant composition of the membrane phase
within this region. In turn, this implies a constant value of the
membrane bulk resistance over the Nernstian response range. So,
according to theory, a single sensor cannot show both a potentio-
metric and a conductometric response. However, some time agowe
reported on such sensor [29]. Recently, we re-visited this issue, and
demonstrated the non-constancy of the bulk resistance of ISEs se-
lective to Ca2þ [25], to NO3

� [26] and to Kþ [27], within the Nerns-
tian response range: the resistance increases along decrease of the
concentration of the respective electrolyte. Importantly, the non-
constancy of the bulk resistance is more pronounced at the elec-
trolyte concentrations below 10�3 M, while at higher concentra-
tions the value of the bulk resistance is less dependent on the
concentration of the solution. This means that the effect cannot be
due to co-extraction of aqueous electrolyte, because in such a case
the dependence intensifies at higher concentrations [2,19,20].
Tentatively, we ascribed this dependence towater uptake by the ISE
membranes. For decades, it is known that membranes consisting of
plasticized poly (vinyl chloride) and containing ionophores sorb
water from aqueous solutions, and become turbid due to the Ray-
leigh scattering of light onwater droplets [30e34]. It was suggested
that the droplets act as traps for anions (OH�), and in this way
ensure cationic response of ISEs containing only neutral iono-
phores, and no ion-exchanger sites in membranes [30]. Harrison’s
group performed a systematic study of water uptake, and showed
that water in membranes forms droplets with sizes ca. 15e20 nm
[31e34]. They reported on a water-enriched surface region in
membranes [32], and on the existence of two kinds of absorbed
water characterized by diffusion coefficients D of 1.5∙10�6 and
4.3∙10�7 cm2/s [34]. It was suggested that the use of CoCl2 for
optical tracing of water by the Harrison’s group biased the results,
and in fact water droplets exist only in the surface layer of the
membrane (within 100 mm from the interface) [35]. More recently
the existence of monomeric, dimeric, clustered and bulk water in
membranes was registered by FTIR-ATR [36] and by hyphenated
FTIR-ATP and impedance studies [37,38]. Furthermore, the exis-
tence of two kinds of absorbed water: a “faster” e monomeric and
dimeric water, and “slower” e clustered and bulk water has been
reported for acrylic and silicon rubber membranes [39]. Thus, water
uptake and formation of water droplets in membranes is a well-
established fact, however where is only a little data on the
dependence of water uptake on the concentration of the solution
[34,40].

Our preliminary studies showed remarkable water uptake by
Cd2þ-membranes containing commercially available Cadmium
Ionophore I in poly (vinylchloride) plasticized with 2-
nitrophenyloctyl ether. This is why we have chosen Cd2þ-ISEs
based on this well-known ionophore for a systematic study of the
membrane bulk resistance together with water uptake, using the
same protocols as before [25e27] for better compatibility of the
results. This allowed obtaining, for the first time, reliable data on
the dependence of water uptake on the concentration of the elec-
trolyte in solution, over a wide range. Furthermore, we show here
for the first time that the membrane bulk resistance correlates with
water uptake.
2. Experimental

Cadmium ionophore I N,N,N0,N0-tetrabutyl-3,6-dioxaoctanedi
(thioamide), (ETH 1062), potassium tetrakis-(4-chlorophenyl)
borate (KClTPB), lipophilic salt tetradodecylammonium tetrakis-(4-
chlorophenyl)borate (ETH 500), solvent plasticizer 2-
nitrophenyloctylether (oNPOE), high molecular weight poly (vinyl
chloride) (PVC) were Selectophore grade reagents from Fluka
(Switzerland). Volatile solvents were extra pure cyclohexanone
(CH) and HPLC grade tetrahydrofuran (THF) from Vekton (St.
Petersburg, Russia). Inorganic salts were from Reaktiv (Moscow,
Russia). All aqueous solutions were prepared with deionized (DI)
water with resistivity 18.2 MOhm∙cm (Milli-Q Reference, Millipore,
France).

The membrane cocktails were prepared by dissolving appro-
priate amounts of PVC and oNPOE in THF. After that, ETH 1062,
KClTPB and ETH 500 were added as appropriate aliquots of stock
solutions in cyclohexanone. This allowed avoiding taking small
weights and ensured high accuracy of the membrane composition.
To obtain the membranes, the cocktails were stirred for 30 min
using roller-mixer Selecta Movil Rod (Spain) and then cast on glass
Petri dishes with diameter of 50 mm. The dishes were closed with
filter paper to slow down the evaporation of volatile solvents. The
complete evaporation of THF and CH took 2 days, and after that
master membranes with a thickness of about 0.7 mm were ob-
tained. Two membranes (M1 and M2) were prepared, each con-
tained 460 mg PVC, 920 ml oNPOE, 8.0 mg ETH 1062 and 4.5 mg
KClTPB. The molar excess of ionophore over sites was 2 : 1. Mem-
brane M2 also contained 10.5 mg ETH 500 (in 1:1 M ratio to
KClTPB).

The electrodes were prepared by cutting disks with diameter of
12 mm from the master membrane and gluing them to PVC bodies
with the outer diameter of 12mmand the inner diameter of 10mm.
A solution of PVC in CH was used as the glue. The internal reference
electrode was chlorinated silver wire in a polypropylene body. The
electrode construct is shown in Fig. S1 (Supplementary Data).

Initially, the ISEs were filled with 0.01 M CdCl2 and conditioned
in this solution. In our previous studies 3 days were enough to
obtain stable values of the membrane resistance although to be
sure about the results the soaking time was actually longer, up to 1
week [25e27]. In the case of Cd2þ-ISEs, according to preliminary
studies, the membrane resistances became stable only after a week
of soaking. Apparently, the replacement of Kþ ions (from KClTPB) by
Cd2þ in the whole membrane bulk is relatively slow. Therefore, to
be on the safe side, we let the ISEs soak for 2 weeks.

After that, zero-current EMF measurements, chronopotentio-
metric measurements, and impedance measurements have been
performed in CdCl2 solutions. Zero current potentiometric mea-
surements were performed with Ecotest-120 8-channel potentio-
metric station (Econics, Russia). The reference electrode was a
single junction Ag/AgCl electrode in 3.5 M KCl, with a salt bridge
with a limited leak of KCl. Calibration in CdCl2 solutions was per-
formed from 0.1 M down to 10�8 M CdCl2 using automatic burette
Metrohm 700 Dosino controlled by Metrohm 711 Liquino
Controller.

Chronopotentiometric curves and electrochemical impedance
spectra were recorded with Potentiostat-Galvanostat Autolab
302 Nwith a frequency response analyzermodule FRA 2 (Metrohm,
Switzerland). The ISE membranes always have two surfaces: one in
contact with the sample or calibration solution, and the other one
in contact with the internal reference system (the internal solution
or a solid contact). Both respective interfaces contribute to the
measured signals. Therefore, if the property of interest refers
exactly to the membrane, the respective electrochemical cell must
be symmetric: the internal and the external solutions, as well as the
reference electrodes must be the same. We used chlorinated silver
wires as the reference electrodes, and glassy carbon rod as counter
electrode, like in our earlier studies [25e27,41,42].

The protocol of the chronopotentiometric measurements was
the same as used before [25e27]. The open circuit potentials (OCPs)
were recorded for the first 10 s, then the current value was abruptly



Fig. 1. EMF values obtained with ISEs 1e5 (membrane M1 without ETH 500) in CdCl2,
and in 0.1 M NaCl. Numbers in the legend refer to the individual ISE numbers. Straight
line refers to ISE 1.

Fig. 2. EMF values obtained with ISEs 6e10 (membrane M2 with ETH 500) in CdCl2,
and in 0.1 M NaCl. Numbers in the legend refer to the individual ISE numbers. Straight
line refers to ISE 6.
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changed from zero to 10�7 A (the respective current density was
2.88∙10�7 A/cm2) and the potential was registered for 60 s. After
that the current was turned off, and the potential was registered for
another 60 s. The time resolution in chronopotentiometry mea-
surements was always 0.2 s.

The impedance measurements were made in potentiostatic
mode with the excitation magnitude of ±5 mV around the OCP,
within the frequency range from 100 kHz to 0.01 Hz.

All electrochemical measurements were carried out in a plastic
beaker with a volume of 50 ml, at room temperature (22 ± 1 �C).
Five replicate electrodes with each membrane composition (ISEs
1e5 with membrane M1 and ISEs 6e10 with M2) were used in this
work.

Activities of Cd2þ ion in solutions were calculated according to
the Davis’ equation (3rd approximation of the Dubye-H}uckel
theory):

loggI ¼ � 0:512z2I
ffiffi
J

p
1þ aKjel,0:328

ffiffi
J

p þ 0:1zIJ (1)

Here gI is the ion activity coefficient, zI is the ion charge number,
J is the solution ionic strength, and aKiel is the Kielland parameter (5
for Cd2þ) [43].

SEM/EDX studies were performed with Carl Zeiss Merlin elec-
tron microscope with field emitting cathode and electron optical
column Gemini-II in the Interdisciplinary Center for Nanotechnology,
Research Park of St. Petersburg State University.

3. Results and discussion

3.1. EMF measurements

The potentiometric performance of Cd2þ-ISEs based on ETH
1062 as ionophore already has been studied elsewhere [44]. This
study was focused on the bulk resistance of the membranes of
Cd2þ-ISEs within the Nernstian response range. Therefore, our
potentiometric studies were limited to check the linear range of the
ISEs response in CdCl2 solutions, and the selectivity to Cd2þ over
Naþ. The latter ion was chosen because of its abundance.

The response curves obtained by sequential 10-fold dilution of
0.1 M CdCl2 with DI water down to 10�8 M are shown in Figs. S2 and
S3. In each solution, the EMF was recorded for 300 s, and the
average signal for the last 100 s was used to plot the calibration
curves shown in Figs. 1 and 2.

The ISEs showed linear response to Cd2þ from 0.1 to 10�5 M
CdCl2 with the slopes 26.2 ± 0.1 (ISEs 1e5) and 24.6 ± 0.2 (ISEs
6e10) mV/log (aCd), and lower detection limits log (aCd) �5.60
and �5.54, respectively. The EMF values recorded in 0.1 M CdCl2
and in 0.1 M NaCl were used to measure the selectivity to Cd2þ over
Naþ ions, and the selectivity coefficient was calculated by the
equation known for the case of a divalent primary ion and a
monovalent interfering ion [19,45]:

E¼ E0 þ RT
F

ln

 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aCa þ

1
4
Ka2Na

r
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
4
Ka2Na

r !
(2)

The results were logKCd/Na z �2.5 ± 0.2 for both kinds of the
ISEs: 1e5 and 6e10. These data confirmed the suitability of the ISEs
for further studies.

3.2. Chronopotentiometric studies

The resistance and capacitance values of the ISEs were
measured by chronopotentiometric and impedance techniques.
Concentration of CdCl2 varied from 10�5 to 10�1 M, i.e. within the
linear Nernstian response range of the ISEs. Polarization of the Ag/
AgCl electrodes in contact with 10�3 M and more concentrated
CdCl2 solutions, as well as the impact from the solution resistance
were negligible as compared with the polarization of the mem-
branes. However, in the case of 10�5 and 10�4 M CdCl2, chro-
nopotentiometric curves obtained with ISEs were corrected for the
polarization of Ag/AgCl electrodes and for the solution resistance.
For this purpose additional measurements were performed
without PVC membranes.

Chronopotentiometric curves obtained with ISEs 1 (membrane
M1 without ETH 500) and 6 (membrane M2 with ETH 500) cor-
rected for the solution resistance and for the polarization of Ag/
AgCl electrode are shown in Fig. 3.

In the initial parts of the curves: before the polarizing current
was turned on, the recorded potentials were close to zero due to the
symmetry of the cell. At time t ¼ 10 s the current was turned on
resulting in a positive Ohmic potential drop followed with a po-
larization curve. At time t ¼ 70 s the current was turned off causing
a negative Ohmic drop followed with a relaxation curve. The main



Fig. 3. Chronopotentiometric curves obtained in CdCl2 solutions with ISEs 1 (A) and 6 (B).
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impact to the Ohmic drops obtained in chronopotentiometric
measurements is due to the bulk resistance of the ISEs. However,
the impedance measurements (see below) showed that chro-
nopotentiometry slightly overestimates the bulk resistance of the
ISEs under study. Similar effect was obtained for NO3

�-ISEs [26]. The
main trend, however, is clear: the Ohmic drop values (and,
respectively, also the membrane bulk resistances) increases along
the dilution of CdCl2. In our earlier studies with Ca2þ-ISEs [25] and
Kþ-ISEs [27], the chronopotentiometric curves were almost P-
shaped: the Ohmic drops values weremuch larger than the impacts
from polarization and relaxation. In this case, like observed earlier
with NO3

�-ISEs [26], the polarization and relaxation values are
comparable with the Ohmic drops. At least partly, this is because of
lower resistance of Cd2þ membranes due to the use of oNPOE as
plasticizer. Typically, the magnitudes of the positive and the
negative Ohmic drops (and the values of the membrane bulk
resistance calculated from the drops magnitudes) were the same
within ±2%, although sometimes this discrepancy increased
to ± 7%. There was no regularity about the increase of the non-
equality of the positive and negative Ohmic drops. The mean
values of the membrane bulk resistance obtained from the Ohmic
drops in chronopotentiometric measurements, and the respective
standard deviations are collected in Table 1, the whole set of the
data is given in Table S1 (Supplementary Data).

We have shown earlier [25e27] that the polarization and
relaxation curves can be fitted to an equation which combines an
exponential decay and a term which originates from the concen-
tration polarization:

h¼ iRexponð1� expð�t = tÞÞ þ iN
ffiffi
t

p
(3)

Here h is the polarization (or relaxation), i is the polarizing
Table 1
The mean values of the membrane bulk resistance obtained from the Ohmic drops in ch

Concentration of CdCl2, M Rbulk (from the positive Ohmic drop), MU

ISEs 1e5 (membrane M1 without ETH 500)
1∙10�1 0.33
1∙10�2 0.40
1∙10�3 0.52
1∙10�4 0.56
1∙10�5 1.1
ISEs 6e10 (membrane M2 with ETH 500)
1∙10�1 0.17
1∙10�2 0.17
1∙10�3 0.25
1∙10�4 0.35
1∙10�5 1.28
current density, Rexpon is the resistancewhich refers to the decaying
exponent with t the characteristic time, t is time from the moment
when current was turned on or off, N is a coefficient related to the
transportation impact to polarization or relaxation. Experimental
curves were fitted to Eq. (3) with OriginLab Origin 9 software. Ex-
amples of the experimental and fitted curves are shown in Figs. S4
and S5. The values of Rexpon obtained from polarization and from
relaxation curves scattered from 16 to 90 kU for ISEs with and
without ETH 500, and did not show any regular dependence on the
CdCl2 concentration in solution. Values of the respective capaci-
tances calculated as Cexpon ¼ t=Rexpon scattered around 50 mF and
sometimes were up to 100 mF. The lack of regular dependence of
Rexpon on the CdCl2 concentration, together with very large Cexpon,
mean that these values cannot be ascribed to the charge transfer
resistance and the double layer capacitance at the membrane/so-
lution interface. Analogous results we obtained earlier with calcium
and potassium ISEs [25,27]. Increase of the overall polarization
along the dilution of the aqueous phase seen in Fig. 3 A, B is due to
increased concentration polarization.

The kinetics of the change of the ISE bulk resistance in response
to the change of the solution concentration was studied in a way
analogous to our studies with Ca2þ, NO3

� and Kþ electrodes
[25e27]. Initially, ISEs were stored in 10�2 M CdCl2 (and filled with
the same solution) for 24 h, and then chronopotentiometric curves
were recorded. After that the solutions: external and internal, were
replaced with 10�4 M CdCl2. The manipulations needed for the
solution replacement took about 1 min. Chronopotentiometric
curves in 10�4 M CdCl2 were recorded at 3 min after the replace-
ment, and then several times over a period of 15 h. After that, the
procedure was reversed: 10�4 M CdCl2 was replaced with 10�2 M
CdCl2, and the measurements were done in the same way. The
results are presented in Fig. 4. Like earlier in the case of calcium and
ronopotentiometric measurements.

SD, MU Rbulk (from the negative Ohmic drop), MU SD, MU

0.04 0.33 0.04
0.07 0.41 0.07
0.07 0.49 0.06
0.06 0.56 0.06
0.3 1.1 0.4

0.03 0.18 0.04
0.05 0.19 0.06
0.04 0.24 0.04
0.04 0.36 0.05
0.09 1.28 0.09



Fig. 4. The kinetics of the ISE membrane bulk resistance when the concentration of the aqueous solution is changed. Solid symbols refer to the replacement of 10�2 M CdCl2 with
10�4 M, and open symbols to the reversed procedure, circles to ISEs 1e5 and triangles to ISEs 6e10. Insets show the change of the membranes bulk resistance during the first 30 min
after the replacement of 10�2 M with 10�4 M CdCl2.
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potassium ISEs [25,27], most of the change of the resistance
happened within 3 min after the replacement of the solutions, and
only minor changes happened during the next 15 h.
3.3. Electrochemical impedance studies

The impedance spectra of the ISEs were measured with the
electrodes equilibrated with CdCl2 solutions with concentrations
from 10�5 to 0.1 M. The examples of the spectra (Nyquist plots) are
shown in Fig. 5.

The shape of the spectra recorded in 10�5 M CdCl2 suggests
negative values of Zreal at highest frequencies. Apparently, this is an
artefact caused by polarization of Ag/AgCl electrodes at low con-
centrations of Cl� anions.

The spectra were fitted to a circuit containing three sub-circuits
in series (see Fig. 6). Each of the sub-circuits contained a resistor
and a constant phase element in parallel, respectively R1Q1, R2Q2
and WQ3, with W for Warburg resistance. An example of the fitting
is shown in Fig. 6.

The R1 values varied from 0.4 to 1.5 MU, increasing along
decrease of the solution concentration, see Fig. 5. The Q1 values
were ð4±2Þ,10�10 F,sn�1 with the n factor from 0.90 to 0.96 (i.e.
close to 1), and without regular dependence on the concentration
of CdCl2 solutions, or on presence or absence of ETH 500 in the
membrane. These values suggest that R1 and Q1 are the bulk
resistance and geometric capacitance of the membrane. The R2
values varied from 40 to 400 kU without any regularity. The Q2

values were ð3±2Þ,10�7 F,sn�1 with the n factor 0.7e0.9. Thus, Q2
Fig. 5. Impedance spectra of ISE 1 (A) and ISE 6 (B). Conce
is far from an ideal capacitor. The mean values of the resistors and
constant phase elements obtained from the impedance spectra of
the ISEs equilibrated with CdCl2 solutions with different concen-
trations are collected in Table 2.

Importantly, the time constant t ¼ R2,Q2 value was in between
0.8 and 120 ms, well below the time resolution in the chro-
nopotentiometric experiments (0.2 s). This is why this part of the
circuit was not seen in chronopotentiometry. Respectively, the bulk
resistances obtained from the Ohmic drop values were over-
estimated by the values of R2. However, both techniques: chro-
nopotentiometry and impedance show the same trend: increase of
the bulk resistance along the dilution of the aqueous phase, as
shown in Fig. 7. Thus, the data obtained with Cd2þ-ISEs are fully
consistent with those obtained with calcium, nitrate and potassium
ISEs [25e27].

Interestingly, addition of constant phase element Q3 in parallel
to Warburg resistance allowed for fitting straight lines with slopes
different from 1. Values of Q3 were 2,10�7 � 3,10�6 F,sn�1 with
factor n about 0.2e0.5.

Recording impedance spectra takes time, therefore we did not
study the kinetics of the change of the resistance by this method.
3.4. Measurements of water uptake by the membranes

In our previous studies we, tentatively, ascribed the non-
constancy of the membrane bulk resistance to water uptake by
the membranes [25e27]. One should expect a constant value of the
water uptake when the membranes are in contact with diluted
ntrations of CdCl2 solutions are shown in the legends.



Fig. 6. Fitting of the impedance spectra of ISE 1 (without ETH 500) and ISE 6 (with ETH 500) recorded in 0.01 M CdCl2. Inset shows the circuit used for the fitting of the spectra.

Table 2
Mean values of the high-frequency and low-frequency resistors and constant phase elements obtained from the impedance spectra.

Concentration of CdCl2, M R1, MU Q1, F∙sn�1 n1 R2, MU Q2, F∙sn�1 n2

ISEs 1e5 (membrane M1 without ETH 500)
1∙10�1 0.19 ± 0.03 (3.3 ± 0.3)∙10�10 0.93 ± 0.02 0.12 ± 0.04 (3.3 ± 0.9)∙10�7 0.75 ± 0.04
1∙10�2 0.22 ± 0.02 (1.7 ± 0.2)∙10�10 0.90 ± 0.06 0.18 ± 0.06 (2.2 ± 0.8)∙10�7 0.81 ± 0.05
1∙10�3 0.28 ± 0.05 (1.6 ± 0.2)∙10�10 0.93 ± 0.02 0.31 ± 0.09 (2 ± 1)∙10�7 0.82 ± 0.06
1∙10�4 0.41 ± 0.03 (4 ± 1)∙10�10 0.91 ± 0.03 0.09 ± 0.02 (2.5 ± 0.5)∙10�7 0.73 ± 0.03
1∙10�5 1.0 ± 0.2 (3 ± 1)∙10�10 0.93 ± 0.03 0.11 ± 0.02 (4.3 ± 0.9)∙10�7 0.77 ± 0.06
ISEs 6e10 (membrane M2 with ETH 500)
1∙10�1 0.059 ± 0.009 (2.0 ± 0.3)∙10�10 0.91 ± 0.04 0.06 ± 0.02 (2.6 ± 0.5)∙10�7 0.81 ± 0.03
1∙10�2 0.089 ± 0.009 (2.4 ± 0.5)∙10�10 0.92 ± 0.02 0.12 ± 0.06 (4.7 ± 0.6)∙10�7 0.80 ± 0.04
1∙10�3 0.11 ± 0.02 (6 ± 1)∙10�10 0.93 ± 0.02 0.03 ± 0.02 (4 ± 1)∙10�7 0.89 ± 0.04
1∙10�4 0.25 ± 0.03 (2.0 ± 0.6)∙10�10 0.96 ± 0.02 0.9 ± 0.2 (3.0 ± 0.7)∙10�7 0.77 ± 0.05
1∙10�5 1.0 ± 0.1 (3.8 ± 0.9)∙10�10 0.93 ± 0.03 0.17 ± 0.06 (4 ± 1)∙10�7 0.78 ± 0.04
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solutions because the chemical potential of water in purewater and
in electrolyte solutions with concentrations up to ca 1 M is almost
the same. However, consideration of the interplay between the
osmotic pressure of the external solution, that of water droplets,
and the elastic pressure associated with the formation of pockets in
the membrane (to accommodate droplets) allowed concluding that
water uptake must increase along decrease of the ionic strength of
the solution [34]. This conclusion got indirect experimental support
[34]. More recently it was shown by Karl Fisher titration and by
FTIR-ATR methods that water uptake from deionized water is
several times larger than that from 0.1 CaCl2, and the authors assign
this difference to lower osmotic pressure in 0.1 M solutions [40].
Fig. 7. The dependence of the membrane bulk resistances on the concentration of
CdCl2 in solution, measured by chronopotentiometry and by impedance.
However, it was shown that water uptake from deionized water is
several times larger than that from 0.1 CaCl2, and the authors assign
this difference to lower osmotic pressure in 0.1 M solutions [40].

Our preliminary studies showed that when equilibrated with
aqueous solutions of CdCl2, membranes became turbid as shown in
Fig. S6 (Supplementary Data) suggesting that absorbed water
indeed forms droplets in the membranes. Also, the water uptake by
Cd2þ-selective membranes was high (a few weight per-cents of the
membrane itself), and can be registered by weighting dry mem-
branes and membranes equilibrated with solutions. Therefore, we
decided to undertake a systematic study of water uptake by our
membranes.

Freshly prepared membranes, inevitably, contain some impu-
rities of limited lipophilicity. Leak of these impurities may cause
incorrect results. Therefore, the measurements were performed as
follows. Initially, large pieces of membranes (ca 1 g) were weighted
giving the mass value M1. Next, the membrane pieces were placed
into beakers with the respective solutions for 1 week, to be sure
that the equilibrium is established (actually, the equilibration time
was 2e3 days). Membranes equilibrated with solutions became
turbid due to the Rayleigh scattering of light on the water droplets.
After 1 week in solution, the membranes were pulled from the
beakers and the membrane surfaces were gently dried with tissue
paper, and after that weighted giving mass M2: that of the mem-
branes equilibrated with the respective solution. After that the
membranes were dried in air until a constant mass M3. Water
fraction in themembranes was calculated asMW ¼ ðM2 �M3Þ =M3.
Use of M1 value instead of M3 produced slightly biased results due
to leak of low-lipophilic impurities. The bias was seen during the
first 3 weeks of the studies. Apparently, 3 weeks of contact with
solutions was enough for the low-lipophilic impurities to leak from
the membranes.

The time needed for the complete evaporation of water from the
membranes was 10e12 h. To be sure about the data we let the



A.V. Kalinichev et al. / Electrochimica Acta 334 (2020) 135541 7
membranes to dry for 24 h. An example of the membrane drying
curve (the first 4.5 h) is shown in Fig. S7.

Water uptake was studied in two directions: first from 0.1 M
CdCl2 down to 10�5 M, to DI water, and then back to 0.1 M CdCl2,
and no hysteresis was registered. The results are presented in Fig. 8.
One can see that the curves of the bulk resistance as a function of
the solution concentration (Fig. 7) and that of the water uptake
(Fig. 8) are very similar. In both cases the sensitivity to the con-
centration of CdCl2 within the range from 0.1 to 0.001 M is low, and
increases along further dilution. The similarity of the curves reveals
a correlation between the membrane bulk resistance and water
uptake, confirming our assumption about the role of water uptake
in the non-constancy of the membrane bulk resistance.
3.5. SEM imaging of the membranes

Fast kinetics of the changes of the ISE bulk resistance, as shown
in Fig. 4 and registered earlier also for Ca2þ- and Kþ-ISEs suggests
that the layers in the membrane which are responsible for these
changes must be thin. According to some reports, water is not
uniformly distributed within ISE membranes, and the layers in the
vicinity of the membrane/solution interface are enriched in water
[31,32,35,46]. This may be the reason for the fast kinetics of the
changes of the membrane bulk resistance. SEM studies are per-
formed under vacuum, and imaging of water by SEM/EDX tech-
nique is not possible. However, water droplets must contain the
electrolyte from the bulk solution, and layers enriched in water (in
wet membranes) could remain enriched in cadmium (in dry
membranes). It was therefore interesting to measure the element
profiles across themembranes in the vicinity of the surface by SEM/
EDX technique. The membranes were equilibrated with 0.01 M
CdCl2, sliced in the direction perpendicular to the surface, and then
SEM images were taken. Results obtained with membrane M1
without ETH 500 are shown in Fig. 9. Cavities in the membrane
bulk, seen in the image, result from incomplete de-aeration of the
cocktails during the manufacturing of the membranes. The results
of EDX scanning show that the surface layers of the membrane
(about 7e8 mm) are enriched in plasticizer and depleted in PVC:
compare carbon, oxygen and chlorine profiles. This result is
consistent with literature data [46]. The lipophilic ionophore con-
tains sulfur in its structure. Therefore, the similarity of the cad-
mium and the sulfur profiles suggest that cadmium is
predominantly in the organic phase. Profiles of cadmium and sulfur
Fig. 8. Water uptake by the membranes.
are noisy, two apparent “peaks” at about 10 and 35 mm deep hardly
can be treated as a systematic effect. Studies of deeper layers also
showed similar and roughly uniform distribution of cadmium and
sulfur, see Fig. S7. The SEM/EDX studies of membrane M2 with ETH
500 delivered analogous results.
4. Conclusions

The results obtained here with Cd2þ-ISE membranes are
consistent with those obtained in our earlier studies with ISEs se-
lective to calcium [25], nitrate [26] and potassium [27]. The mem-
brane bulk resistance measured by means of chronopotentiometry
and electrochemical impedance is not constant over the Nernstian
potentiometric response range, which appears in conflict with the
current views on the mechanism of the ISE response and, in
particular, on the role of ion-exchange process at the membrane/
solution interface. We already attributed this paradox to the con-
sequences of the water uptake by the plasticized PVC membranes.
In this work we specifically addressed the water uptake and its
dependence on the concentration of the solution. The results
revealed a similarity between the shapes of the curves depicting
the resistance and the water content in the membranes vs. the
concentration of the solution.

The role of the water uptake in the non-constancy of the
membrane bulk resistance may be as follows. The presence of a
dispersed aqueous phase in plasticized PVCmembranes means that
the real membranes when in contact with solutions are non-
homogeneous: they consist of an organic phase proper and of
water droplets. Apparently, the interfacial electrochemical equi-
libriumwhich is responsible for the potentiometric behavior of ISEs
is established between the aqueous phase and the organic phase
proper, whereas the resistance is a property of the membrane as a
material.

Concerning the liquid in the droplets, at equilibrium its
composition must be similar to that of the bulk solution. The
respective electrolyte is confined to droplets and hardly contributes
to charge transfer across the membranes. On the contrary, iono-
phores and ion-exchangers, as well as ion-ionophore complexes
which counter-balance the charge of ion-exchanger sites are
confined to the organic phase. The concentration of the potential-
determining ions (in the form as ion-ionophore complexes) in the
organic phase of the membranes is constant and equivalent to that
of the ion-exchanger sites, and the ISEs show Nernstian or near-
Nernstian potentiometric response. However, water droplets may
act as barriers for the diffusion of lipophilic species, and in this way
increase of the water uptake may results in increase of the mem-
brane bulk resistance.

Furthermore, electric double layers around water droplets
effectively form a network of capacitors which are simultaneously
in parallel and in series with each other. Re-charging of this
distributed capacitor consumes a large electric charge. This may
explain the regularities of the polarization and relaxation in the
chronopotentiometric measurements, and enormously high values
of the respective capacitances.

Fig. S1: the electrode construct; Figs. S2 and S3: response curves
obtained with ISEs; Figs. S4 and S5: examples of fitting of the po-
larization and relaxation curves; Fig. S6: photos of membrane M1
dry and equilibrated with deionized water; Fig. S7: kinetics of the
evaporation of water from membranes; Fig. S8: element profiles
across membrane M1; Table S1: the membrane bulk resistance
obtained from the Ohmic drops in chronopotentiometric
measurements.



Fig. 9. SEM image of membrane M1 (top and cross-section), and element profiles over 50 mm from the membrane surface (EDX).
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