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A B S T R A C T   

Selective ion extraction is a vital element of many resource recovery systems. Carrier-based membranes offer the 
ability to remove specific, targeted ions from brine and waste streams, but these materials have delivered 
inconsistent outcomes in their active transport applications. To study non-ideal behaviors of target-ion selective 
membranes, we introduce a direct, real-time system for selectively measuring concentrations within electro- 
membrane boundary layers. In a carrier-based membrane system, we applied our method to monitor adverse, 
current-limiting behaviors. During its operation, we detected loss of transport selectivity and counter-ion 
discharge. It provided sufficient evidence to identify the mechanism underlying these adverse, over-limiting 
effects—the internal concentration polarization of free-carrier. Our method may raise new prospects for direct 
experimental characterization of nonlinear transport phenomena in electro-membrane systems.   

1. Introduction 

Selective ion extraction, a vital element of many resource recovery 
systems, relies on membrane-based technologies. Eminent among these, 
is the ion-exchange membrane, which can selectively transport aqueous 
ions under the driving force of electric current. Its charge-based selec-
tivity (permselectivity) makes this membrane essential in many impor-
tant applications, including desalination [1] and biosensing [2]. 
Ion-exchange and ion-selective membranes are also an important 
component of photocatalysis applications, including fuel cells [3], 
organic dye degradation [4], and CO2 reduction [5]. Recently, new 
applications have emerged that require not just charge-selectivity, but 
target-ion selectivity [6–10]. 

In our work, target-ion selectivity refers to the ability of a membrane 
to transport one particular ion within an electrolyte while blocking all 
others (i.e. single-ion selectivity). This ability has long been sought as a 
means of removing specific, targeted ions from brine and waste streams 
[1]. Recently, it has found new applications in bioelectronic chemical 
delivery [11]. In this study, which focuses on unique phenomena asso-
ciated with target-ion selective membranes, we introduce an in situ 
monitoring system that revealed adverse, performance-limiting 
behaviors. 

Ion-exchange membranes can selectively extract a single ion when it 
is being separated from other ions with different valences—such as Na+

in the presence of Ca2+ [1,12]. Meanwhile, when the selected ion is 
among those of identical charge, the only generalized method for 
creating a membrane with target-ion selectivity is by incorporating 
reactive carriers that reversibly bind with the selected ion. The liquid 
membrane offers the most flexible platform for compartmentalizing 
lipophilic carriers (ionophores). A wide range of carriers, originally 
developed for concentration sensing applications [13], are compatible 
with active, electrically driven operation [14–16]. However, for the 
purposes of active transport, these carrier-based membranes face unique 
and unresolved challenges. 

In contrast with ion-exchange membranes, few instances of active 
transport with carrier-based membranes have materialized in the liter-
ature [11,17,18]. Qian et al. demonstrated the selective removal of Na+

from the drainage water of greenhouses [17], and Song et al. the 
localized modulation of Ca2+, Na+, and K+ in neural tissue [11]. Qian 
et al. ultimately found that the use of a Na+-selective carrier actually 
reduced their membrane’s transport selectivity for Na+ over K+. While 
Song et al. observed no such performance loss in their study, we found 
that another adverse phenomenon may arise in this membrane, unde-
tected by current methodologies. Its implications have broad relevance 
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to membrane systems, and the underlying process may account for the 
paradoxical outcome reported by Qian et al. (revisited in our 
conclusions). 

From the work of investigators such as Rubinstein, Zaltzman, and 
Bazant, we now understand that intensive current conduction in ion- 
exchange membranes leads to over-limiting processes such as electro-
convection [19,20] and water-splitting [21]. These processes pose 
challenges for most applications [21] but enable others, such as nano-
fluidic preconcentration [22]. Meanwhile, the effect of these limiting 
mechanisms on target-ion selectivity is not well defined. This is partic-
ularly true for the carrier-based membrane, which is unique in that its 
constituents (the lipophilic carrier and counter-ion) are mobile, albeit 
confined by hydrophobicity. As we demonstrate in this article, 
intra-membrane processes can dominate as the limiting mechanism in 
this system and may underlie the inconsistent performances reported in 
previous studies. 

The limiting behaviors of ion-exchange and carrier-based mem-
branes arise from dynamic changes in boundary layer processes. In order 
to resolve their valuable temporal detail, we developed a method for 

real-time, in situ monitoring of ion concentrations directly adjacent to a 
membrane during its operation. 

Along with aqueous ions, our system directly detects lipophilic ions 
that can escape from membranes as harmful, performance-limiting 
electrochemical byproducts. For the first time, this method revealed 
that one intra-membrane processes causes the lipophilic counter-ion to 
rapidly discharge from carrier-based membranes under electrical po-
larization. Mechanistically, this current-driven behavior arises from 
relaxation of the membrane’s boundary potential. This is distinct from 
the slow leaking of membrane components that develops over time 
under zero-current conditions [23]. Counter-ion discharge has remained 
undetected through currently available methods developed for con-
centration sensing, which include potentiometric, amperometric, and 
coulometric techniques [24–26]. This discharge poses a risk to any 
application of this type of membrane for active transport. 

Selective measurements of ion concentrations with scanning elec-
trochemical methodologies are limited in that they require zero-current 
conditions at the active surface [27–31]. Under electrical polarization, 
only non-selective measurements are possible [32,33]. To enable these 
measurements for electro-membrane systems, we drew inspiration from 
an electrophysiological technique, the discontinuous voltage clamp. To 
remove ohmic contamination, we operated the sensor and driver on a 
time-sharing basis. Our results with this system represent the first direct, 
local, selective concentration measurements of electrically driven ion 
concentration polarization. 

2. Theory 

As part of our previous work, we developed a model that simulates 
electrical polarization of carrier-based membranes [34]. In the present 
work, we apply predictions from this model to guide our experimental 
investigation. For a 1–D geometry, schematically illustrated in Fig. 1(a), 
the time-varying behavior of solute transport is dictated by continuity: 

∂ci

∂t
+

∂Ni,x

∂x
= 0, (1)  

with ci as the molar concentration and Ni,x the xcomponent of the molar 
flux density of solute i. Chemical flux of each solute from diffusion and 
migration is given by the Nernst–Planck equations for dilute solutions: 

Ni,x = − Di

(
∂ci

∂x
+

ziF
RT

ci
∂V
∂x

)

, (2)  

where V is the electric potential, Di is the diffusion coefficient of solute i, 
and zi is the charge number of solute i. Meanwhile—F, R, and T hold 
their usual meanings as Faradays constant, the universal gas constant, 
and absolute temperature respectively. The electric potential couples to 
the space charge density through Poissons equation: 

∂Ex

∂x
= −

∂2V
∂x2 =

F
ϵ0ϵr

∑

i
zici, (3)  

where Ex is the xcomponent of the electric field, ϵ0 is the permittivity of 
free space, and ϵr is the relative permittivity. The electric current density 
is defined as 

Jx = F
∑

i
ziNi,x. (4) 

In the membrane phase, the following reversible reactions describe 
carrier binding: 

n2+
Ca L + Ca2+⇌LnCa2+, (5)  

n+
NaL + Na+⇌LnNa+, (6)  

where L is the carrier, Ca2+ is the primary ion, Na+ is an interfering ion, 
and ni is the number of carrier molecules that bind to a single ion in a 

Fig. 1. Physicochemical model of solute transport within a carrier-based liquid 
membrane (SM lists default parameters). (a) Schematic illustration of model 
geometry (L is the carrier and R– the lipophilic counter-ion). (b–c) Simulated 
concentration profiles of aqueous and membrane-confined solutes during con-
stant current (transient and near-steady-state shown by dashed and solid lines 
respectively), given conditions that give rise to (b) the exhaustive depletion of 
free (unbound) carrier within the membrane (default parameters, − 1 A/m2 

current density) and (c) the exhaustive depletion of lipophilic counter-ion 
(D(org)

L = 2× 10− 11 m2/s, − 1.5 A/m2 current density). The inset shows rela-
tive magnitudes of key interfacial processes that underlie characteristic mem-
brane transport, normalized to their maximums within the depicted region. (d) 
Schematic illustration of direct concentration measurements (gray bar corre-
sponds to the model geometry). The sensors and drivers had tip diameters 
75–100 μm and 860 μm (inner) respectively. 
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particular complex. In this model, these reactions were implemented as 
interior boundary conditions. For boundary conditions and parameters, 
see SM. Further discussion on this model can also be found in our pre-
vious article [34]. 

3. Experimental 

3.1. Direct concentration measurements 

To understand the interplay between the intra-membrane processes 
described by our model, we applied our monitoring system to detect 
temporal changes in their adverse effects. Our method employs two 
primary elements: (1) an electrochemically active surface, and (2) a 
sensor electrode acting as a probe to measure concentrations local to 
that surface. In this respect, our approach is related to scanning elec-
trochemical microscopy. 

In our case, the electrochemically active surface (1) is a carrier-based 
membrane embedded in the tip of a glass capillary (860 μm inner 
diameter), and we refer to this as the driver membrane. Meanwhile, the 
sensor electrode (2) is another ion-selective membrane embedded in the 
tip of a glass micropipette (75–100 μm tip diameter). Fig. 2 shows the 
sensor and driver, positioned tip-to-tip by micromanipulators. In this 
configuration, we could apply zero-current potentiometry at the sensor 
electrode to measure concentrations within micrometers of the surface 
of the driver membrane. Prior literature report that sensor response 
times for each of the ionophores used in this study were within 85 ms 
[35,36]. 

Our electrochemical cell comprised of an electrolyte bath of 2 mM 

CaCl2, 100 mM NaCl, 10 mM KCl, and 25 mM HEPES, adjusted to 7.4 pH 
using NaOH. In addition to the driver and sensor membranes, the cell 
contained an Ag|AgCl|3.0 M KCl reference electrode and a platinum 
wire counter-electrode. Current was applied across the driver membrane 
between a platinum wire inserted into its inner reservoir and the 
counter-electrode. The zero-current EMF across the sensor membrane 
was measured between an Ag|AgCl electrode inserted into its inner 
reservoir and the reference electrode. The inner reservoirs of both the 
sensor and driver were comprised of the same media as the electrolyte 
bath. The potential across the sensor membrane was measured with a 
Keithley 6514 Electrometer, using a guarded line to prevent parasitic 
capacitances. In order to shield the cell from external noise, the sensor 
ground was connected to a uniform conducting plate that laid directly 
underneath the system. The current was applied across the driver 
membrane from one of the channels of a Keithley 2612B SourceMeter. 

The driver and sensor were inserted horizontally at diametric ends of 
the electrochemical cell through flexible silicone gaskets. Their tips were 
positioned to the correct distances under the objective of an Olympus 
SZX16 microscope. The tiptotip distances were determined from an 
eyepiece reticle. 

3.2. Ion selective electrode materials and fabrication 

Both the driver and sensor electrodes were fabricated from borosil-
icate glass capillaries (1.5 mm outer diameter, 860 μm inner diameter; 
Sutter Instrument). Filamented glass was used only for the Ca2+ sensors. 
The glass capillaries of the sensors were pulled and then broken to tip 
diameters of 75–100 μm, and those of the drivers were left at their 
original diameters. Before inserting the membrane cocktails, each 
capillary was silanized using 5% dimethyldichlorosilane in heptane 
(Selectophore, Supelco). 

The driver membrane was Ca2+-selective in all cases, and the sensors 
were either Ca2+-, Na+, or K+-selective. As shown in Table SM-2, each 
formulation was based on those reported in prior literature. The 
constitutive elements of each were purchased from Selectophore, 
Supelco. 

We would immerse the capillary for each driver into the appropriate 
cocktail such that a 2mm column of the cocktail solution entered the 
shaft. The tetrahydrofuran (THF) of the cocktail was allowed to evap-
orate over 10min, and then we backfilled the capillary with the inner 
reservoir solution. After evaporation and dissolution of the THF, the 
final thickness of the column was 100 μm. The capillary would then be 
fully immersed in electrolyte (of identical composition to the inner 
reservoir) and allowed to equilibrate for 24–32 h prior to experiment. 

For the sensors, each capillary would first be backfilled with the 
inner reservoir solution. Then, the tips would be immersed in the 
cocktail solution such that columns of 1 mm entered the shanks. For the 
PVC-based membranes, each capillary would be immersed in electrolyte 
(of identical composition to the inner reservoir) and allowed to equili-
brate for 24–32 h prior to experiment. After dissolution of THF, the 
column of the membrane would shrink to 100–150 μm. For each of the 
non-PVC membranes, the electrode would be prepared immediately 
prior to an experiment without prolonged equilibration. 

4. Results and discussion 

4.1. Physicochemical modeling 

We applied predictions from a physicochemical transport model to 
guide our investigation of a carrier-based membrane system. The gov-
erning equations of Nernst–Planck–Poisson render concentration pro-
files that form in both the aqueous and membrane domains. Just as for 
ion-exchange membranes, these diffusion boundary layers (concentra-
tion polarization) develop as a result of driving ions across boundaries 
between domains with mismatched transport characteristics [37]. 
Because of the mismatch in the selected ion’s mobility between the 

Fig. 2. Experimental setup for direct concentration measurements. (a) Photo-
graph of experimental setup. The inset shows the tips of the sensor and driver 
electrodes aligned under a microscope. (b) Schematic illustration of experi-
mental setup. The zero-current potential across the sensor membrane was 
measured between an Ag|AgCl electrode inserted into its inner reservoir and an 
Ag|AgCl|3.0M KCl reference electrode. Current was applied across the driver 
membrane between a platinum wire inserted into its inner reservoir and the 
counter-electrode, another platinum wire. 
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phases, as shown in Fig. 1(b) and (c), electric current (I0) causes 
boundary layers of that ion (Ca2+) to form in the aqueous regions 
sandwiching the membrane (Fig. 1[d] illustrates the direction of 
current). 

There is, likewise, a mismatch in the transport of membrane spe-
cies—the carrier (L) and lipophilic counter-ion (R–)—as neither are 
present in substantive concentrations in the aqueous phase outside the 
membrane. Thus, as shown in Fig. 1(b) and (c), in a manner similar to 
Ca2+ in the aqueous regions, intra-membrane L and R– undergo con-
centration polarization. These intra-membrane phenomena have previ-
ously been observed in experiments using spectroelectrochemical 
microscopy [38,39]. With our in situ measurement system, we aimed to 
monitor how this intra-membrane concentration polarization affects 
over-limiting transport behaviors, discharge and selectivity loss 
included. 

In Table 1, we summarize the current-limiting processes our model 
predicts will impair the operation of a carrier-based membrane in a 

practical system (see SM for derivation). Caused by aqueous and intra- 
membrane concentration polarization, each process can dominate 
depending on the exact properties of the membrane. Critical properties, 
such as intra-membrane diffusion coefficients, are part of an immense 
and sparsely determined parameter space. The effect of each process 
intensifies as concentrations approach exhaustion at either boundary of 
the membrane. The time-scale differs for each effect, as does the polarity 
of current that gives rise to it. According to our model, each process will 
reduce the transport selectivity of the membrane with respect to either 
interfering co-ions or counter-ions, given a sufficiently large current. For 
one of the given processes—that caused by concentration polarization of 
free, unbound carrier—the model indicates that the rapid discharge of 
lipophilic counter-ion will occur. This discharge, driven by relaxation of 
the interface’s energetic barrier, not only causes loss of function but also 
introduces harmful byproducts into the media. 

4.2. Direct concentration measurements 

Scanning electrochemical methodologies [27–33] are limited in that 
they require zero-current conditions at the active surface for 
ion-selective measurements. Electrical current applied through the 
active surface produces ohmic contamination in the sensor reading. To 
enable these measurements for electro-membrane systems, we drew 
inspiration from an electrophysiological technique, the discontinuous 
voltage clamp. To remove ohmic contamination, we operated the sensor 
and driver on a time-sharing basis. Repetitively, under instrument 
control, the driver would be switched off to allow the sensor membrane 
to take a measurement and then switched back on immediately after. 

As shown in Fig. 3(a) and (b), the measurement would be initiated in 
the narrow window between the rise and fall times of the current source. 
The rise and fall times arise from transient features, such as instrument 
capacitance. Based on continuous measurements, shown in Fig. 3(b), we 
determined that the potential reached quasi-steady-state (with respect 
to the slower time-scale of diffusion boundary layer formation) within 
67 ms of transitioning from constant current to zero current. For a 2 s 
period in between measurements and a 167 ms measure time, the 
simulation shown in Fig. 3(c) indicates that only negligible differences 
exist between the effects of constant current and the effects of time- 
sharing (for calibration and parameters, see SM). Therefore, we chose 
a 167 ms measure time in our experiments to isolate the temporal dy-
namics of diffusion boundary layer formation in our measurements. 

To study a carrier-based membrane, we positioned the sensor 
microelectrode within a fixed distance, 100 μm, from the tip of the 
driver membrane (illustrated in Figs. 1[d] and 2[b]). The sensor elec-
trode—either Na+-, K+-, or Ca2+-selective in our study—would perform 
zero-current potentiometric concentration measurements within the 
aqueous diffusion boundary layer of the driver. Transfer selectivity, 
quantified by integral transference, varies directly with the selected 
ion’s concentration within this boundary layer (given excess supporting 
electrolyte). Thus, as demonstrated below, these local measurements 
allowed us to detect changes in transfer selectivity. 

Simultaneously, our method detected counter-ion discharge, which, 
along with selectivity loss, is an adverse effect predicted by our model. 
The sensor membrane, identical to the driver, absorbs lipophilic ele-
ments with high affinity. Therefore, without requiring any explicit car-
riers for the lipophilic counter-ion, its presence manifested in the sensor 
potential as a sudden, massive shift towards negative polarity (for an 
anion). We found that this feature was easily discernible in real-time, 
occurring on a time-scale and to an extent that eliminated all other 
known ions in the system as its potential cause. As verified below, this 
principle allowed us to perform binary detection of counter-ion 
discharge. 

4.3. Monitoring adverse transport behavior 

The simultaneous detection of counter-ion discharge and loss of 

Table 1 
Membrane current-limiting processes (derived in SM).  

Limiting process I0
(+

−

)
a τeq (s)b Adverse effect 

Membrane depletion of free 
carrier, Fig. 1(b) 

− 103 Loss of target-ion selectivity 
Egress of lipophilic counter- 
ion 

Membrane depletion of 
lipophilic counter-ion,  
Fig. 1(c) 

+ 103 Loss of charge selectivity 

Aqueous depletion of ions − 101 Loss of target-ion selectivity 
Carrier reaction kinetics − 10− 11 Loss of target-ion selectivity  

a Direction of current that gives rise to the limiting process (with respect to 
instrumentation shown in Fig. 1[d]). 

b Equilibrium time-constant, order of magnitude based on model. 

Fig. 3. Principles of time-sharing measurements. (a) Waveform of current 
applied to the driver membrane. (b) Raw potential measured from the sensor 
amidst the application of current at the driver. During the short intervals 
denoted as the Measure time, the current is shut off and a measurement is taken 
(timed to avoid the rise and fall times). During this interval, the sensor potential 
reflects the boundary potentials across the membrane rather than that com-
bined with the ohmic potential drop generated by the external current (i.e. the 
sensor indicates Vmem during the ǣMeasure timeǥ and Vmem +Vohm when the 
current is resumed). (c) Simulation of Ca2+ measurements comparing constant 
galvanostatic polarization (solid lines) and time-sharing (dashed lines), with 
current applied during the first 100 s. 
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transport selectivity provided us with a direct means of evaluating a 
carrier-based membrane system in terms of the current-limiting pro-
cesses listed in Table 1. 

We focused our study on the membrane system reported by Song 
et al. (as the driver membrane), a plasticized polymer formulated with a 
Ca2+-selective carrier and tetraphenylborate (TPB–) as the lipophilic 
counter-ion [11]. The bath electrolyte contained Ca2+, Na+, K+, and Cl–. 

The system’s behavior conformed to modeling predictions. It was 
consistent between independent sensor/driver pairs as well as succes-
sive operations on each pair. As Fig. 4(a) and (b) demonstrate, the 
concentration varied directly with applied current, both positive and 
negative. At the same time, Fig. 4(c) and (d) show that the changes in K+

and Na+ were nearly negligible and varied inversely with the level of 
current. These relationships, predicted in our simulations, are charac-
teristic of ideal, near-equilibrium selectivity. Thus, we could apply a 
current of − 0.5 µA for at least 100 s without encountering noticeable 

deviations from ideal transport. 
Beyond the regime of Fig. 4, however, we began to see clear evidence 

of current-limiting behavior. As shown in Fig. 5, after applying a current 
of − 0.6 µA, the boundary potential transitioned sharply and negatively 
at 96 s (87.5 ± 7.7 s, n = 4 electrode pairs), after the measurement was 
already approaching a steady-state. We found that if the current was not 
terminated early in this process, the boundary potential of each sensor, 
regardless of its selected ion, would rapidly shift by more than 100 mV. 
Based on conservative estimates of aqueous concentration polarization, 
this far exceeds what the hydrophilic ions, Ca2+, K+, H+, Na+, and Cl–, 
would be capable of under any current regime we tested. Meanwhile, 
under positive polarity of current at the same magnitude, we observed 
no deviation from ideal transport. These characteristics indicate the 
detection of TPB–, considering the previously outlined criteria. 

In order to verify our method, its detection of lipophilic counter-ion, 
we repeated the Ca2+ measurements in the absence of K+. As TPB– forms 
ion pairs with K+ in aqueous media, its influence should vary according 
to the presence of K+ [40]. As shown in Fig. 5, with 0 mM KCl in the bath 
electrolyte, we detected TPB– after applying currents of only − 0.4 µA 
for 86 s (81 ± 8.4 s, n = 4 electrode pairs). The presence of K+ clearly 
had an effect on the ions detected by our sensors, despite the fact that the 
concentration of K+ itself remained nearly constant during the experi-
ments in which it was present (shown in Fig. 6[c]). Our results agree 
with the intuition that K+–TPB– association would reduce the avail-
ability of free TPB– and effectively limit its transport in the aqueous 
phase. Thus, the effect of changing bath KCl concentrations confirms 
that the driver electrode discharged TPB– during its polarization. 

As the discharge of TPB– poses a significant threat to selective ion 
transport, we then applied our direct measurement technique to identify 
an approach for mitigating it. For another set of experiments, we 
replaced TPB– with tetrakis(4-chlorophenyl)borate (TKClPB–) as the 
driver membrane’s lipophilic counter-ion. The lipophilicity, quantified 
by the partition coefficient, of TKClPB– is an order of magnitude greater 
than that of TPB–. This property has been shown to improve the lifetime 
of zero-current membrane sensors [23]. While the TPB– membrane 
could only sustain up to − 0.5 µA without discharging within 100 s, 
Fig. 6 shows that we detected no discharge of TKClPB– under any of the 
conditions we tested, with currents up to − 0.8 µA. Neither did we 
observe any discharge after removing KCl from the bath. 

Although we detected no counter-ion discharge from the improved 
membrane, the Ca2+ sensor did detect a loss in transport selectivity that 
became noticeable suddenly upon approaching − 0.8 µA (indicated by 
arrows in Fig. 6). This phenomenon arose after applying − 0.7 µA for 
78.5 ± 9.6 s or − 0.8 µA for 65.5 ± 6.6 s (across four independent elec-
trode pairs). 

4.4. Identifying current-limiting processes 

The available evidence indicates that free-carrier concentration po-

Fig. 4. Direct concentration measurements of aqueous ions measured 100 μm 
from the surface of the driver membrane (bath containing 10 mM KCl). (a) 
Temporal profile of Ca2+ concentration during and after applied current 
(shaded regions show standard deviations, n = 4 and *n = 3 independent 
sensor/driver pairs; black lines show simulation results from default parame-
ters; solid and dashed lines correspond to negative and positive currents 
respectively). (b–d) Concentrations of Ca2+ (b), K+ (c), and Na+ (d) measured at 
100 s (n = 3 sensor/driver pairs for K+ and Na+; dotted lines show simulation 
results from default parameters). 

Fig. 5. Raw potential readings from the Ca2+-selective sensor demonstrating 
conditions that give rise to tetraphenylborate discharge. The raw potential is 
logarithmically related to the sensed concentrations. The solid-colored and 
faded lines show measurements taken with 10 mM KCl and 0 mM KCl respec-
tively. The arrows indicate features associated with the detection of tetraphe-
nylborate. Upon detection of the lipophilic counter-ion, the potential returns 
more slowly back to equilibrium. 

Fig. 6. Direct concentration measurements of Ca2+ concentration measured 
100 μm from the surface of a driver membrane containing tetrakis(4-chloro) 
phenylborate as the lipophilic counter-ion (bath containing 10 mM KCl; 
representative of n = 4 sensor/driver pairs). The arrows indicate features 
associated with loss of transport selectivity. 
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larization dominated as the limiting mechanism for both membranes 
examined here (see Fig. 1[b] and Table 1, first row). The influence of the 
aqueous boundary layer is not feasible, as we maintained all currents 
across the TPB– membrane well within the aqueous limit for Ca2+, JCa2+

lim 
= − 1.22 A/m2 (calculation in SM). In addition, we can disregard the 
reaction boundary layer [34], whose effect would arise nearly instan-
taneously rather than over 100 s. Between the lipophilic counter-ion and 
free carrier, only concentration polarization of the latter agrees with our 
observations that the non-ideal behavior occurs under negative polarity 
and not positive. Finally, the free-carrier boundary layer is the only 
process that our model predicts can lead to the discharge of TPB–. 
Crucially, this limiting mechanism also accounts for the loss of transport 
selectivity in the TKClPB– membrane. We conclude that free-carrier 
concentration polarization dominated as the limiting mechanism, that 
it caused discharge and selectivity loss. This current-driven behavior 
arises from the relaxation of the membrane’s boundary potential and 
does not involve chemical deterioration. 

These results support the findings of Ref. [24], which attributed 
polarization of both free carrier and lipophilic counter-ion to distinct 
chronopotentiometric breakpoints. On the same time-scale as these 
breakpoints, we observed loss of transport selectivity and counter-ion 
discharge. Both our model and that of Ref. [24] predict that this loss 
of transport selectivity at the boundary where current enters the mem-
brane would arise from polarization of free-carrier. 

Both the loss of transport selectivity and discharge were clearly 
recapitulated by our model. With intra-membrane diffusion coefficients 
of the carrier and lipophilic counter-ion taken within the range of 
published values [41], we found excellent agreement in the relative 
timings of all adverse phenomena between the experimental (Figs. 5 and 
6) and theoretical (Fig. 7) results. Extrapolating from our results, the 
TKClPB– membrane should sustain, at steady-state, currents up to 0.46 
µA without losing selectivity. If currents in excess of this limit are 
applied for a sufficiently long duration, the model predicts that, despite 
its improved lipophilicity, TKClPB– will discharge from the membrane. 

5. Conclusions 

In conclusion, our source–measurement time-sharing technique 
presents an effective means of identifying adverse phenomena affecting 
the target-ion selectivity of a carrier-based membrane. In our study, it 
yielded the first evidence of rapid, driven discharge of lipophilic 
counter-ion. This evidence supports the predictions of our model, which 
indicate that this discharge arises from relaxation of the membrane’s 
boundary potential. The detection of discharge and loss of transport 
selectivity provided sufficient evidence to positively identify their un-
derlying cause—the intra-membrane concentration polarization of free- 
carrier—and its temporal onset. 

Our model, which we previously examined in Ref. [34], was able to 
recapitulate the current-limiting processes we examined here, along 
with their adverse effects. While this model suggests that a reaction 
boundary layer may arise under some conditions and prevent effective 
operation, we did not observe evidence for this phenomenon under the 
conditions we examined here. 

The effects of free-carrier concentration polarization provide a 
possible explanation for the paradoxical results of Qian et al., who also 
found that their carrier-based liquid membrane failed to selectively 
transport its primary ion under intensive currents [17]. In addition, 
guided by our method, we improved on the membrane of Song et al. [11] 
by modifying its composition, eliminated its discharge under the regime 
that we studied. 

Discharge of lipophilic counter-ion and loss of transport selectivity 
are fundamental to the operation of the membrane. Both will result in 
loss of function, and counter-ion discharge introduces harmful byprod-
ucts into the aqueous solution. This is likewise a factor for ion-exchange 
membranes. Through mechanisms chemical rather than energetic, their 
fixed charges can degrade into hydrophobic ions [42,43] under condi-
tions that arise from intensive current [44]. 

Our method for direct, real-time, quantitative measurement of ion 
concentration raises new prospects for the study of electro-membrane 
systems. This type of measurement has not previously been possible 
within electrically driven boundary layers. It may elicit new perspec-
tives on nonlinear transport phenomena such as current-induced mem-
brane discharge [45] and equilibrium electroconvective instability [20], 
for which selectivity is a fundamental aspect. In application, it enables 
continuous, in situ monitoring of membrane performance and even 
closed-loop operation. 
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Fig. 7. Simulations of current-limiting behaviors, their effects on the sensor electrode. (a) Simulated concentrations of Ca2+ and TPB– measured 100 μm from the 
surface of the driver membrane (applying − 0.4 µA). Plotted on the same axis, is the raw sensor readings from our experiment with the Ca2+-selective sensor 
(applying − 0.4 µA). This behavior arises from relaxation of the membrane’s boundary potential. (b) Simulation of Ca2+ concentration measured 100 μm from the 
surface of the driver membrane (logKpart

R− = − 5). The partition coefficient was scaled by an order of magnitude to mimic the effect of replacing TPB– with TKClPB–. 
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