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ABSTRACT: Ion exchange membranes (IEMs) are versatile
materials relevant to a variety of water and waste treatment,
energy production, and industrial separation processes. The
deﬁning characteristic of IEMs is their ability to selectively
allow positive or negative ions to permeate, which is referred
to as permselectivity. Measured values of permselectivity that
equal unity (corresponding to a perfectly selective membrane)
or exceed unity (theoretically impossible) have been reported
for cation exchange membranes (CEMs). Such nonphysical
results call into question our ability to correctly measure this
crucial membrane property. Because weighing errors, temperature, and measurement uncertainty have been shown to not
explain these anomalous permselectivity results, we hypothesized that a possible explanation are junction potentials that occur at
the tips of reference electrodes. In this work, we tested this hypothesis by comparing permselectivity values obtained from bare
Ag/AgCl wire electrodes (which have no junction) to values obtained from single-junction reference electrodes containing two
diﬀerent electrolytes. We show that permselectivity values obtained using reference electrodes with junctions were greater than
unity for CEMs. In contrast, electrodes without junctions always produced permselectivities lower than unity. Electrodes with
junctions also resulted in artiﬁcially low permselectivity values for AEMs compared to electrodes without junctions. Thus, we
conclude that junctions in reference electrodes introduce two biases into results in the IEM literature: (i) permselectivity values
larger than unity for CEMs and (ii) lower permselectivity values for AEMs compared to those for CEMs. These biases can be
avoided by using electrodes without a junction.

■

INTRODUCTION
Ion exchange membranes (IEMs) are versatile materials used in
desalination, waste treatment, energy production, and industrial
separation.1−8 The IEM-based technologies used in these
processes help mitigate human impacts to the environment in
several ways. For example, diﬀusion dialysis (DD) enables
recovery of acids and bases from industrial wastewaters,9
electrodialysis (ED) can be used to produce drinking water
from brackish groundwater with low energy input and high
water recovery,9−11 and reverse electrodialysis (RED) is an
emerging technology for clean energy production and
storage9,12 that could satisfy the energy demand of many
coastal communities.13 As such, understanding IEM performance is essential for the continued development of many
technologies relevant to environmental protection.
The deﬁning characteristic of IEMs is their permselectivity,
which refers to their ability to selectively allow ions of opposite
charge to the membrane (counterions) to permeate.4
Permselectivity ranges from 0 to 1, where 1 indicates perfect
selectivity for counterions. Measured values of permselectivity
that equal or slightly exceed unity (e.g., permselectivity = 1.00−
© 2018 American Chemical Society

1.04) have been reported for cation exchange membranes
(CEMs) by several research groups (see Table S1).14−16 These
results do not make physical sense and call into question our
ability to correctly measure this crucial membrane property.
Moreover, the fact that CEM permselectivity measurements
appear biased suggests that measurements of anion exchange
membrane (AEM) permselectivity may also be inaccurate.
Ji et al.16 determined that weighing errors, temperature, or
measurement uncertainty in the membrane potential cannot
explain these nonphysical values of permselectivity. Having
ruled out these factors, we hypothesize that a possible
explanation for the artiﬁcially high values of permselectivity
for CEMs are junction potentials arising at the tips of reference
electrodes used to measure membrane potential. Junction
potentials occur due to diﬀerences in ion mobility and, in some
cases, ionic selectivity of the separator (e.g., the tip of a
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Figure 1. Shorthand electrochemical notation for the cell commonly used to measure apparent membrane permselectivity. In the ﬁgure, “/” indicates
a phase boundary, while “,” indicates a boundary between components in the same phase, after Bard and Faulkner.17 The cell reﬂects the use of
single-junction Ag/AgCl reference electrodes. Subscripts C and D refer to the sides of the membrane containing the more concentrated and dilute
salt solutions, respectively.

Figure 2. (a) Diﬀerences in ion mobility giving rise to liquid junction potentials in the ﬁlled electrodes immersed in NaCl solution. With KCl or
NaCl ﬁlling solutions, the anion diﬀuses through the junction faster than the cation, making the ﬁlling solution positive with respect to the bulk
solution. (b) Schematic illustration of the reference electrodes used in this work. (c) The two-compartment cell used for permselectivity
measurements, illustrating the impact of junction potentials on the observed membrane potential, Emem′. Due to the lower salt concentration, the
junction potential is larger on the dilute side of the membrane and ΔEj < 0 (see eq 4). The sign of ΔEj is independent of the type of membrane, but
Emem has an opposite sign for AEMs (+) and CEMs (−). Therefore, ΔEj has an opposite eﬀect on the magnitude of Emem′ for AEMs and CEMs. In
panel (c), the sign of the membrane potential (resulting from diﬀusion of cations through the membrane) represents a CEM. Because both ΔEj and
the CEM membrane potential are negative, ΔEj increases the magnitude of the observed membrane potential. For an AEM, the sign of the
membrane potential would be reversed, but the sign of the junction potential would not change; therefore, the junction potential would decrease the
magnitude of the observed membrane potential.

reference electrode)17−19 wherever there is an interface
between two electrolyte solutions of diﬀerent concentration
(e.g., the electrode ﬁlling solution and the bulk electrolyte).
Accordingly, toward determining how to correctly measure
membrane permselectivity, our objective was to determine
whether junction potentials aﬀect permselectivity measurements of CEMs and AEMs. We tested our hypothesis by
comparing permselectivity values obtained using bare Ag/AgCl
wire electrodes (which have no junction) with values obtained
from single-junction reference electrodes ﬁlled with either NaCl
or KCl solutions. We show that measuring permselectivity
using reference electrodes with junctions produces values of
permselectivity greater than unity for CEMs and values that are
artiﬁcially low for AEMs. These biases can be avoided by using
electrodes without a junction.

■

α=

Emem
Emem,ideal

+ 1 − 2tg
2tc

(1)

where Emem (V) is the potential across the IEM, Emem,ideal (V) is
the potential of an ideally selective membrane, tc and tg
(dimensionless) are the solution-phase transport numbers of
coions and counterions, respectively, and the term “apparent”
signiﬁes that the permselectivity calculated in this way does not
include the eﬀects of water transport by osmosis and electroosmosis.4 Emem,ideal is given by the Nernst equation:21,22
Emem,ideal = −

RT a0.5
ln
zgF a0.1
−1

(2)

−1

where R (8.314 J·mol ·K ) is the ideal gas constant, T (K) is
the temperature, F (96,485 C·mol−1) is the Faraday constant, zg
is the charge on the counterion, a is the activity of the salt
(NaCl in this case), and subscripts indicate the NaCl
concentration in the respective solutions.
Emem is typically measured using two reference electrodes
placed on opposite sides of a membrane separating 0.5 and 0.1
M NaCl solutions.15,16,20,21,23,24 Most measurements employ

THEORETICAL BACKGROUND

The apparent membrane permselectivity (α, dimensionless) is
given by:4,20
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the assumption of linear activity gradients through the junction,
eq 5 can be solved analytically to give an activity-corrected form
of the well-known Henderson equation:26

single- or double-junction Ag/AgCl reference electrodes
containing a ﬁlling solution separated from the bulk salt
solution by a porous frit.14−16,20,24 This measurement apparatus
is represented by the shorthand electrochemical cell notation
given in Figure 1. Under these measurement conditions,
Emem,ideal is −37.8 mV for a CEM (see the Supporting
Information), where Emem is deﬁned as the potential of the
concentrated side of the cell with respect to the dilute side.
Therefore, a measurement error of just ±0.4 mV in Emem would
cause 1% error in the permselectivity calculation.
As shown in Figure 1, the measured potential (Emeasured) is
composed of several additional potentials in addition to the
membrane potential Emem. First, there may be a diﬀerence in
the potential of the two reference electrodes due to diﬀerences
in the respective ﬁlling solution concentrations. This “oﬀset
potential” (ΔEref, V) can be expressed as:
ΔEref = Eref,C − Eref,D

Ej =

RT
F

∑∫
i

1

ti
d ln a i
zi

(6)

−1 −1

Emem = Emeasured − ΔEref − ΔEj

(7)
15,16,20,23,27−29

Permselectivity measurements in the literature
have generally accounted for oﬀset potentials (ΔEref) but
neglected junction potentials (ΔEj). Thus, previous studies are
based on what we deﬁne as the observed membrane potential,
Emem′, given by:

(3)

Emem′ = Emeasured − ΔEref = Emem + ΔEj

(8)

ΔEj in eq 8 is usually neglected because it is diﬃcult to
measure directly and because electrode ﬁlling solutions are
composed of salts in which the cation and the anion have
similar mobilities. However, even for widely used ﬁlling
solutions (e.g., KCl or KNO3), slight diﬀerences in cation
and anion mobility can give rise to a small junction potential.
Table 1 shows that the magnitude of ΔEj for single-junction
Table 1. Predicted Liquid Junction Potentials (Ej) of
Reference Electrodes Filled with Various Electrolyte
Solutions
ﬁlling
solution

cation
transport
numbera

anion
transport
numbera

Ej in 0.5 M
NaClb
(mV)

Ej in 0.1 M
NaClb
(mV)

ΔEj
(mV)c

NaCl
KCl
KNO3
CsCl

0.396
0.491
0.507
0.503

0.604
0.509
0.493
0.497

10.2
−0.8
−2.3
−4.2

18.1
1.0
−1.2
−2.3

−7.9
−1.8
−1.1
−1.9

Calculated from ion diﬀusion coeﬃcients at 25 °C and inﬁnite
D+
dilution30 as
for cations and D− for anions. See the
a

(4)

2

− a i(1)] RT ∑ |z |u a (1)
i i i
ln i
∑i |z i|u i[a i(2) − a i(1)] F
∑i |z i|u ia i(2)

where ui (m ·V ·s ) is the mobility and of ion i.
Once ΔEref and ΔEj are calculated, Emem can be obtained
from Emeasured according to:

where Ej,C and Ej,D are the junction potentials of the electrodes
immersed in the concentrated and dilute electrolyte solutions,
respectively (here, 0.5 and 0.1 M NaCl). We cannot calculate
ΔEj a priori because there is no way to quantitatively estimate
the diﬀerence in tip potentials. However, Mousavi et al.19
showed that the tip potential is reduced at higher ionic
strengths (>0.1 M) due to charge screening. Considering that
the ionic strengths of the solutions typically used for
permselectivity measurement (0.5 and 0.1 M NaCl) are
relatively high, we will estimate ΔEj based only on the liquid
junction potential, recognizing that this calculated value will
represent a lower bound of the true junction potential.
Accordingly, Ej is approximated as the liquid junction potential,
which is given by:17
Ej = −

|z i | u i
[a i(2)
zi

2

where Eref refers to the potential between the Ag/AgCl wire of
the electrode and the corresponding ﬁlling solution, and the
subscripts C and D indicate the electrodes immersed in the
more concentrated and dilute electrolyte solutions, respectively.
ΔEref can be measured directly by recording the potential
diﬀerence between both electrodes placed in the same salt
solution and is zero for ideal reference electrodes.
Second, when using single- or double-junction reference
electrodes, there will be a potential due to the junction formed
between the ﬁlling solution and the bulk solution in the cell,
provided that their concentrations are diﬀerent. In general, this
junction potential consists of two components: (1) the liquid
junction potential arising from diﬀerences in ion mobility17,18,25
(see Figure 2a) and (2) a “tip potential” caused by the ionic
selectivity of negatively charged porous glass frits.19 Because the
bulk salt concentrations on either side of the membrane are
diﬀerent, the junction potentials on the two sides will also be
diﬀerent. Thus, we deﬁne the diﬀerence in junction potential
between the two sides (ΔEj, V) as:
ΔEj = Ej,C − Ej,D

∑i

D+ + D−

D+ + D−

Supporting Information for discussion of the concentration dependence of transport numbers. bCalculated using the activity-corrected
Henderson equation (eq 6), assuming a typical electrode ﬁlling
concentration of 3 M. cCalculated as the diﬀerence between Ej in 0.5
M NaCl and Ej in 0.1 M NaCl. The tip potential is neglected.

electrodes immersed in 0.5 and 0.1 M NaCl solution (estimated
using eq 6) exceeds 0.4 mV for all commonly encountered
ﬁlling solutions. While such small junction potentials may be
negligible compared to the potentials measured in other
electrochemical techniques, they are large enough to bias
permselectivity measurements by 2−20% when using 0.5 M/
0.1 M bulk solutions (|Emem,ideal| = 37.8 mV).
As indicated by eq 6, ΔEj depends only on the respective salt
concentrations and is independent of the type of membrane
under study (AEM or CEM). However, Emem has an opposite
sign for AEMs and CEMs, as shown by the Nernst equation (eq
2). In the case of CEMs, positive ions diﬀuse through the
membrane, making the high-concentration compartment
negative with respect to the low-concentration compartment,
while the reverse is true for AEMs. Therefore, ΔEj (which has
the same sign regardless of membrane type) has an opposite

(5)

where t (dimensionless) is the transport number, z
(dimensionless) is ion charge, a (dimensionless) is ion activity,
the summation is performed over all ions (i) in solution, and
the limits of integration represent the two liquid phases (ﬁll and
bulk solutions). In this study, we deﬁne phase 1 as the external
solution and phase 2 as the electrode ﬁlling solution. Through
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eﬀect on the magnitude of Emem′ for AEMs and CEMs (Figure
2c).

Membrane coupons were installed into two-compartment
cells (compartment volume = 17 mL, Figure 2c). Each
compartment was connected to an external reservoir ﬁlled
with 800 mL of freshly prepared salt solution, which was
pumped through the compartment at approximately 50 mL·
min−1. The salt solutions ﬂowed through each compartment in
single-pass conﬁguration for 1−2 min to remove any traces of
0.5 M NaCl from the dilute face of the membrane, and to
remove any residual water or salt solution from inside the cell.
After this initial rinse, the solutions were recirculated. We
selected the volume and ﬂow rate of the solutions to minimize
concentration changes due to salt diﬀusion through the
membranes (see the Supporting Information). We also
reviewed our data carefully (see the Results and Discussion
section) to conﬁrm that the intended concentration diﬀerence
was maintained, within experimental uncertainty, throughout
the duration of our experiments.
To determine Emem′ for each pair of reference electrodes, we
ﬁrst measured the oﬀset potential (ΔEref) between the pair of
electrodes in each of 0.5 M NaCl and 0.1 M NaCl solutions
using a multimeter (Fluke Co. 87). ΔEref was taken as the
average of these two measurements, which diﬀered by less than
0.3 mV on average. Next, the reference electrodes were inserted
into glass Luggin capillaries in each cell compartment and
connected to a potentiostat (VMP3, Bio-Logic Science
Instruments). The Luggin capillaries were ﬁlled with the
same electrolyte solution present in the cell compartments and
had open tips. The primary function of the capillaries in these
experiments was to provide a ﬁxed location for installing the
reference electrodes in the cell. We monitored the open-circuit
voltage (OCV) between the reference electrodes until it
stabilized to within 1.2 mV·h−1 (a criterion for stability used by
other researchers)15 and then recorded the OCV for 15 min.
During this recording period, the OCV was stable within 0.4
mV·h−1 on average across all our experiments. We determined
Emeasured as the mean of the 15 min time series of OCV data and
obtained Emem′ according to eq 8 by subtracting the measured
ΔEref. For Ag/AgCl wire electrodes, we also subtracted the
diﬀerence in the potential of the electrode itself immersed in
the concentrated and dilute solution (ΔEAgCl,ideal, calculated
according to eq 9) from Emeasured. By design, ﬁlled electrodes do
not require this correction because the Ag/AgCl wires inside
are exposed only to the ﬁlling solution. Example raw Emeasured
data is provided in the Supporting Information. We calculated
Emem,ideal for each experiment according to the Nernst equation
(eq 2). After obtaining Emem′ and Emem,ideal, we calculated the
permselectivity according to eq 1 (substituting Emem′ for Emem).
Tests were carried out in three individual cells operated
simultaneously, such that all three pairs of a given type of
electrode were used at a given time. Then, without
disassembling the cells, we repeated this test protocol using
the other two types of reference electrodes, replacing the
compartment solutions with fresh salt solutions before each
experiment. For example, three coupons of one type of
membrane (e.g., CMX) were tested simultaneously using NaClﬁlled electrodes. Then, the compartment solutions were
replaced, the electrodes changed to KCl-ﬁlled, and the test
was repeated. Finally, the compartment solutions were replaced
again, the electrodes changed to Ag/AgCl wire electrodes, and
the test was repeated one last time. Thus, measurements of
Emem′ with all electrode types were conducted on the same
group of membranes.

■

EXPERIMENTAL SECTION
Reference Electrodes. Reference electrodes in this work
were based on the BaSi, Inc. RE-5B Ag/AgCl electrode (West
Lafayette, IN), which is commonly used in the literature.23,31−33
Single-junction reference electrodes were ﬁlled with either 3 M
KCl or 3 M NaCl saturated with AgCl and contained CoralPor
glass frits with a nominal pore size of 4−10 nm.34 Bare Ag/
AgCl wire electrodes (called “Ag/AgCl wire” hereafter) were
constructed by removing the glass tubing and frit from RE-5B
electrodes. The three electrode types are shown schematically
in Figure 2b. We measured the potential of each type of
electrode against a saturated calomel electrode (Fisher
Scientiﬁc, Fair Lawn, NJ) with both electrodes immersed in 3
M KCl at room temperature (∼23 °C). The resulting potentials
were −20.6 ± 0.05, −26.0 ± 0.4, and −32.4 ± 0.6 mV for Ag/
AgCl wire, KCl-ﬁlled, and NaCl-ﬁlled electrodes, respectively,
and remained stable (±1.5 mV) throughout the course of the
experiments reported here. A total of three pairs of each type of
reference electrode were used simultaneously.
Junction Potentials. To obtain a direct measurement of
the diﬀerence in junction potential, ΔEj, for ﬁlled electrodes
between the 0.5 and 0.1 M NaCl solutions, we measured the
potential of each of the ﬁlled electrodes versus a bare Ag/AgCl
wire electrode in each of 0.5 M NaCl (EAgCl,0.5) and 0.1 M NaCl
(EAgCl,0.1) solutions. These two potentials were used to calculate
ΔEAgCl = EAgCl,0.5 − EAgCl,0.1, which corresponds to the total
potential diﬀerence that a ﬁlled electrode would display
between the two solutions. The ideal ΔEAgCl when no
diﬀerence in junction potentials exists between the 0.5 and
0.1 M NaCl solutions (ΔEj = 0) was calculated from the Nernst
equation as:17
RT aCl,0.5
ΔEAgCl,ideal = −
ln
F
aCl,0.1
(9)
where aCl,0.1 and aCl,0.5 are the activity of chloride in 0.1 and 0.5
M salt solutions, respectively, and activity coeﬃcients were
calculated using the Pitzer model35 under the assumption that
both cation and anion have equal activity coeﬃcients. The
experimental diﬀerence in junction potential between the two
solutions was then obtained as:
ΔEj = ΔEAgCl − ΔEAgCl,ideal

(10)

Membranes. We selected one representative anion and
cation exchange membrane (Neosepta AMX and CMX,
respectively) for permselectivity measurements. Membrane
coupons (area = 7.55 cm2 per coupon) were equilibrated in
0.5 M NaCl for at least 24 h prior to each experiment then
rinsed gently with deionized water and patted dry before being
installed into measurement cells (described below). We tested
four to six replicate coupons of each type of membrane.
Membrane Permselectivity. We measured permselectivity using 0.5 and 0.1 M NaCl solutions, corresponding to
conditions for which permselectivity is most often reported. To
minimize weighing errors, we prepared the salt solutions in 2 L
batches, such that the smallest mass we had to weigh was
11.688 g. We also conﬁrmed that the absorption of atmospheric
water vapor by the crystalline NaCl did not signiﬁcantly alter its
weight (<0.05% diﬀerence between NaCl stored in ambient
conditions and oven-dried NaCl).
4932
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Figure 3. (a) |Emem′| and (b) apparent permselectivity of CMX (cation exchange) and AMX (anion exchange) membranes in 0.5 M/0.1 M NaCl,
measured using three diﬀerent types of reference electrodes, determined from eq 8. Ag/AgCl wire electrodes lacked a junction; KCl and NaCl-ﬁlled
electrodes contained a porous glass frit that separated the ﬁlling solution (3 M salt) from the bulk salt solution. Emem′ was negative for CMX and
positive for AMX. Dashed lines indicate the potential (Emem,ideal) and permselectivity of ideally selective membranes. Error bars represent the
standard error of four to six replicate measurements.

■

RESULTS AND DISCUSSION
Measurement Accuracy and Precision. Before calculating permselectivity, we ﬁrst reviewed our data to conﬁrm that
the diﬀerences we obtained in results among the three diﬀerent
types of electrodes were real and not the result of lack of
precision or accuracy. For this, we veriﬁed that (1) our
measurements of Emem′ were suﬃciently precise to distinguish
diﬀerences on the order of ∼0.4 mV, the measurement error
that would produce α = 1.01, and (2) that concentration
changes due to salt diﬀusion in our closed-loop experiments did
not cause measurable decreases in Emem′. With respect to the
precision of our measurements, the standard error of the mean
of Emeasured during the 15 min recording period was <0.03 mV
in all experiments, well below the 0.4 mV discrepancy that
would be required to cause α > 1, and below the range of
diﬀerences measured between any two diﬀerent types of
electrodes (2.6−7.3 mV; see detailed results in subsequent
sections). Therefore, our method provided suﬃcient precision
to distinguish diﬀerences in the value of Emem′ of the order of
magnitude we sought to detect.
To conﬁrm that salt diﬀusion did not meaningfully alter the
value of Emem′ we obtained, we performed a single-pass
experiment in which the solutions were not recirculated and
compared the results to those using the closed-loop
experimental protocol described in the Experimental section.
For these tests, we used the same 5:1 concentration ratio but
used 4 and 0.8 M NaCl to purposefully exacerbate salt
diﬀusion. We found that Emem′ agreed within 1.1% between the
single-pass and recirculation tests. As an additional check, we
measured the conductivity of the dilute solution at the
beginning and end of experiments with the AMX membrane
in 0.5 and 0.1 M NaCl. The conductivity changed by <0.33%
during the experiments. Thus, our results from the above
checks show that any changes in Emeasured that occurred during
our experiments due to salt diﬀusion were less than or
comparable to the precision of our measurements and below
the range of diﬀerences measured between any two diﬀerent
types of electrodes (2.6−7.3 mV). Moreover, if salt diﬀusion
were signiﬁcant, it would lower Emeasured and the corresponding
calculated permselectivity (α) by reducing the concentration
ratio across the membrane. Nevertheless, we still obtained
values of Emem′ and α that exceeded theoretical expectations, as
described in the following sections.
Therefore, we conclude that both the accuracy and precision
of our permselectivity measurement method were suﬃciently

high to resolve diﬀerences in Emeasured due to the presence of
junction potentials among diﬀerent types of reference electrodes.
Membrane Potential. The obtained values of Emem′ were
distinctly diﬀerent for the three types of reference electrodes we
tested, as shown in Figure 3a. For each of the two types of ﬁlled
electrodes, the membrane type (CMX versus AMX) did not
play a role in the magnitude of the diﬀerence in potential
(ΔEmem′) between Emem′ measured with ﬁlled electrodes and
Emem′ measured with Ag/AgCl wire electrodes. Speciﬁcally, the
magnitude of ΔEmem′ for KCl-ﬁlled electrodes and NaCl-ﬁlled
electrodes was 2.49−2.66 mV and 7.29−7.32 mV, respectively.
Thus, ΔEmem′ was sensitive to the ﬁlling solution inside the
electrode but did not depend on the type of membrane tested.
The observed ΔEmem′ values were consistent with the
magnitude of the ΔEj estimated for the ﬁlled electrodes using
the Henderson equation (Table 2). For example, like our
Table 2. Measured Junction Potentials of Filled Reference
Electrodes
electrode

measured ΔEmem′a
(mV)

calculated ΔEjb
(mV)

measured ΔEjc
(mV)

NaCl-ﬁlled
KCl-ﬁlled

−7.3 ± 0.6
−2.6 ± 0.4

−7.9
−1.8

−8.8 ± 0.8
−2.7 ± 0.4

Diﬀerence between Emem′ measured with ﬁlled reference electrodes
and Emem′ measured with Ag/AgCl wire electrodes. The reported
ΔEmem′ is the average for both CMX and AMX membranes.
Uncertainty represents the standard error of at least four replicate
measurements. bCalculated as the diﬀerence between Ej in 0.5 M NaCl
and Ej in 0.1 M NaCl using the activity-corrected Henderson equation
(eq 6), assuming a typical electrode ﬁlling concentration of 3 M. The
tip potential is neglected. See also Table 1. cUncertainties represent
the standard error of six individual electrodes.
a

experimental results, the magnitude of the estimated ΔEj for
NaCl-ﬁlled electrodes was larger than that for KCl-ﬁlled
electrodes, and ΔEj did not depend on the type of membrane
used. Thus, the observed diﬀerences in the magnitude of
ΔEmem′ among electrode types were consistent with the
hypothesis that junction potentials aﬀect membrane potential
measurements.
Results also showed that the electrode type had an opposite
impact on the magnitude of Emem′ for CMX and AMX
membranes. For CMX, the magnitude of Emem′ increased along
the sequence Ag/AgCl wire < KCl-ﬁlled < NaCl-ﬁlled, while for
4933
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AMX, the magnitude of Emem′ decreased along the same
sequence. However, when we consider that Emem′ was positive
for AMX but negative for CMX, we see that ﬁlled electrodes
always lowered the value of Emem′ compared to Ag/AgCl wire
electrodes. Thus, ΔEmem′ was always negative (Table 2). The
fact that the electrode type had an opposite impact on the
magnitude of Emem′ for AMX and CMX and always reduced the
absolute value of Emem′ is also consistent with the expected
impact of junction potentials. Junction potentials are expected
to have an opposite impact on the magnitude of Emem′ for anion
and cation exchange membranes (Figure 2c), and the calculated
values of ΔEj were all negative (Table 2).
As such, the observed variations in membrane potential
across electrode types and membranes were entirely consistent
with the hypothesis that junction potential in ﬁlled reference
electrodes bias permselectivity measurements. In light of this
conclusion, it is noteworthy that the values of Emem′ for the
CMX membrane obtained with ﬁlled reference electrodes both
exceeded Emem,ideal (Figure 3), while those obtained with Ag/
AgCl wire electrodes did not. This result indicates that junction
potentials may explain observed permselectivity values that
exceed unity.
Permselectivity. We next turn our attention to permselectivity. The variations in Emem′ with electrode type gave rise to
substantial corresponding diﬀerences in membrane permselectivity, as expected from eq 1. For CMX, the permselectivity
obtained from Ag/AgCl wire, KCl-ﬁlled, and NaCl-ﬁlled
electrodes was 0.962, 1.02, and 1.12, respectively. Only the
permselectivity measured with Ag/AgCl wire electrodes was
lower than unity (Figure 3b). For AMX, the permselectivity
obtained from Ag/AgCl wire, KCl-ﬁlled, and NaCl-ﬁlled
electrodes was 0.952, 0.863, and 0.709, respectively. In contrast
with CMX and AMX having no substantial diﬀerence in the
magnitude of ΔEmem′ among diﬀerent types of reference
electrodes, the corresponding diﬀerences in permselectivity
among the diﬀerent types of reference electrode were larger for
AMX than for CMX. For example, there was a larger diﬀerence
in permselectivity between Ag/AgCl wire and NaCl-ﬁlled
electrodes for AMX (0.952 versus 0.709) than for CMX (0.962
versus 1.12). The larger permselectivity diﬀerence among
reference electrodes for AMX over CMX was consistent with
expectations from eq 1, considering that Na+ has a lower
transport number than Cl− (t = 0.396 and 0.604 for Na+ and
Cl−, respectively). As such, tg < tc for CMX (in which Na+ is the
counterion), making α less sensitive to changes in Emem′. The
opposite is true for AMX (in which Cl− is the counterion).
Therefore, the bias introduced by junction potentials had a
larger eﬀect on the permselectivity of AEMs than on that of
CEMs.
The permselectivity values that we obtained with Ag/AgCl
wire electrodes were diﬀerent from those reported in literature
using single- or double-junction reference electrodes under
similar conditions (see Table S3). For CMX, our value of 0.962
is lower than previous measurements of 0.992 reported in two
studies21,24 but higher than the value 0.938 reported in two
other studies.7,36 For AMX, our value of 0.952 is higher than
the 0.883−0.886 range in previous reports.7,21,24,36 To the best
of our knowledge, all previously reported literature measurements were based on KCl-ﬁlled Ag/AgCl or saturated calomel
electrodes. The permselectivity values we obtained with KClﬁlled electrodes (1.02 and 0.863 for CMX and AMX,
respectively) were substantially more similar to the values
from the literature. With the exception of the anomalously low

value of 0.938 for CMX reported by Długołeçki et al.,7,36 the
diﬀerences and similarities between our measurements and the
literature values are consistent with the inﬂuence of electrode
type shown in Figure 3: the use of reference electrodes with
junctions results in higher and lower permselectivity for CEMs
and AEMs, respectively, than the use of Ag/AgCl wire
electrodes.
Overall, our observations were consistent with the hypothesis
that junction potentials bias permselectivity measurements
taken with ﬁlled reference electrodes. Further, the permselectivity measured with Ag/AgCl wire electrodes was the only
value lower than unity for the CMX membrane. Thus, we
conclude that the permselectivity measured with Ag/AgCl wire
electrodes represents the true value and that the use of singleor double-junction reference electrodes exaggerates the diﬀerence in permselectivity between AEMs and CEMs.
Electrode Junction Potentials. To further conﬁrm our
hypothesis, we performed direct measurements of the diﬀerence in junction potentials, ΔEj, between ﬁlled electrodes
immersed in 0.5 and 0.1 M NaCl. Measured values of ΔEj
(Table 2) compared well with theoretical values calculated
using the Henderson equation, assuming liquid junction
potentials only (i.e., negligible tip potentials). The small
deviations between the measured values and those calculated
with the Henderson equation conﬁrm that the diﬀerence in the
tip potentials was negligible in our experiments, and that the
measured ΔEj was largely attributable to the liquid junction
potential. The measured ΔEj was also very close to the
observed ΔEmem′, providing independent conﬁrmation that the
diﬀerences observed in Emem′ (and permselectivity) among
diﬀerent types of reference electrodes can be attributed to
junction potentials.
Implications for Ion Exchange Membrane Research.
By demonstrating how junction potentials encountered in
single- or double-junction reference electrodes inﬂuence
membrane permselectivity measurements, our results provide
clear guidance for how to perform such measurements more
accurately. Speciﬁcally, we have shown that junction potentials
explain the reported values of membrane permselectivity that
exceed unity and exaggerate the diﬀerences in permselectivity
between AEMs and CEMs. Previous studies reported that the
permselectivity of commercial AEMs (86−91%) is generally
lower than that of CEMs (90−99+%).21,24,37 Our ﬁndings
indicate that this may not be the case. Based on measurements
using electrodes without junctions (i.e., bare Ag/AgCl wires),
the AMX and CMX membrane have very similar permselectivities, diﬀerent by only 0.1 percentage points.
Accurate measurement of membrane permselectivity is
essential for evaluating the eﬀectiveness of strategies to improve
membrane performance (e.g., new chemistries, coatings, and
nanocomposites) and for the development and calibration of
ion transport models. Future measurements of this important
quantity should be performed in a way that minimizes or
eliminates the inﬂuence of electrode junction potentials. At
present, it is not possible to construct a single- or doublejunction reference electrode immune to this inﬂuence;
therefore, for chloride-containing electrolytes such as NaCl or
KCl we recommend that membrane permselectivity measurements be performed using Ag/AgCl wire electrodes without
junctions. The use of electrodes with junctions is likely
unavoidable in cases in which the chosen electrolyte does not
contain chloride. Regardless of the type of electrode selected,
an increased awareness of how liquid junction potentials aﬀect
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(21) Güler, E.; Elizen, R.; Vermaas, D. A.; Saakes, M.; Nijmeijer, K.
Performance-determining membrane properties in reverse electrodialysis. J. Membr. Sci. 2013, 446, 266−276.
(22) Helﬀerich, F. Ion Exchange; McGraw-Hill: New York, 1962.
(23) Geise, G. M.; Hickner, M. a.; Logan, B. E. Ionic resistance and
permselectivity tradeoffs in anion exchange membranes. ACS Appl.
Mater. Interfaces 2013, 5, 10294−10301.
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(30) Vanýsek, P. Ionic Conductivity and Diﬀusion at Inﬁnite
Dilution. In CRC Handbook of Chemistry and Physics; Hamner, W. M.,
Ed.; CRC Press: Boca Raton, FL, 2011.
(31) Geise, G. G. M.; Curtis, A. A. J.; Hatzell, M. C.; Hickner, M. A.;
Logan, B. E. Salt concentration differences alter membrane resistance
in reverse electrodialysis stacks. Environ. Environ. Sci. Technol. Lett.
2014, 1 (1), 36−39.
(32) Zhang, F.; Liu, J.; Yang, W.; Logan, B. E. A thermally
regenerative ammonia-based battery for efficient harvesting of lowgrade thermal energy as electrical power. Energy Environ. Sci. 2015, 8,
343−349.
(33) Rahimi, M.; D’Angelo, A.; Gorski, C. A.; Scialdone, O.; Logan,
B. E. Electrical power production from low-grade waste heat using a
thermally regenerative ethylenediamine battery. J. Power Sources 2017,
351, 45−50.
(34) Schott North America, Inc. SCHOTT Coralpor porous glass
product information http://www.us.schott.com/d/corporate/
97a9ﬀe5-1776-4264-87b8-afe7bd7d9587/1.3/06.12.13-ﬁnal-datasheetcoralpor-porous-glass-new.pdf (accessed Jul 28, 2017).
(35) Pitzer, K. S.; Mayorga, G. Thermodynamics of electrolytes ii.
Activity and osmotic coefficients for strong electrolytes with one or
both ions univalent. J. Phys. Chem. 1973, 77 (19), 2300−2308.
(36) Długołęcki, P.; Ogonowski, P.; Metz, S. S. J.; Saakes, M.;
Nijmeijer, K.; Wessling, M. On the resistances of membrane, diffusion
boundary layer and double layer in ion exchange membrane transport.
J. Membr. Sci. 2010, 349, 369−379.
(37) Hong, J. G.; Zhang, B.; Glabman, S.; Uzal, N.; Dou, X.; Zhang,
H.; Wei, X.; Chen, Y. Potential ion exchange membranes and system
performance in reverse electrodialysis for power generation: A review.
J. Membr. Sci. 2015, 486, 71−88.
(38) Kingsbury, R. S.; Flotron, S.; Zhu, S.; Call, D. F.; Coronell, O.
Junction potentials bias measurements of ion exchange membrane
permselectivity. ChemRxiv 2017, DOI: 10.26434/chemrxiv.5497099.

4936

DOI: 10.1021/acs.est.7b05317
Environ. Sci. Technol. 2018, 52, 4929−4936

