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Temperature gradients in electrodialysis (ED) stacks can potentially enhance the eﬃciency of charge separation
and the selective transport of ions. We have previously investigated temperature gradients in the Ohmic regime
but not in the limiting current regime, where diﬀusion of ions towards the membrane determines the transport
rate and temperature gradients potentially have the largest inﬂuence. In this research, commercial ion exchange
membranes (FAS and FKS, FUMATECH, Germany) are used for the investigation of temperature gradients in the
limiting current regime. In contrast to the Ohmic regime, we ﬁnd that heating the diluted stream increases the
current obtained (at a constant applied potential) when compared to heating the concentrate stream in systems
containing monovalent KCl and NaCl solutions. For mixtures of mono- and divalent ions, the temperature
gradient has a larger inﬂuence on the selectivity of the separation. If the desalinated stream is heated, divalent
Mg2+ ions show a higher transport than the monovalent K+ and Na+ ions. This is due to the enhanced competitive transport of the mono- and divalent ions under the application of a temperature gradient. These results
show the potential application and relevance of temperature gradients to enhance the selective separation of
mono- and divalent ions.

1. Introduction
Electrodialysis (ED) is an established technique for the desalination
of brackish water or the concentration of industrial streams [1]. An
electric ﬁeld is applied over a stack of alternating cation and anion
exchange membranes to selectively transport ions, resulting in a concentrated and a diluted product stream. Counter-ions are transported
through the oppositely charged polymeric membrane, while co-ions are
mostly blocked by Donnan-exclusion. In industry, electrodialysis processes are mostly used for nitrate-removal, the desalination of brackish
water and the deionization of whey [1].
The number of ions transported (indicated by the measured current)
increases linearly (following Ohm's law) with increasing driving potential diﬀerence, until there is a mismatch between the supply and
removal rates of ions at the membrane interface [2,3]. A depleted
boundary layer at the membrane interface develops at elevated ﬁeld
strengths. Ion transport through this boundary layer, which is dictated
by diﬀusion and electromigration, limits the total transport of ions in
the system. As a result, a system speciﬁc so-called “limiting current
density” is observed for all electrodialysis systems, in which the eﬃciency of the process is reduced since the required power (P = VI,
where I is the current through and V is the potential over the stack) is
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increasing while the ionic current is stable. To increase the process
eﬃciency and to be able to operate at higher current densities, the
enhancement of selective ion transport in electrodialysis has been of
interest for many years [4]. Enhancing the membrane selectivity can be
of interest, but nowadays commercial membranes have a permselectivity of over 90% [5] and enhancing this would only yield minor improvements on the overall process. Most research has focused on mixing
the ﬂuid in the stack by means of proﬁled membranes [6,7], non-conducting or ion conducting, turbulence promoting spacers [8-12] to increase the supply of ions towards the membrane interface.
The total ﬂux of ions (Ji) through the boundary layer towards the
membrane for dilute systems can be described by the Nernst-Planck
equation (Eq. (1)). The ion transport consists of convection via the ﬂow
velocity u, diﬀusion as a result of a concentration gradient ∇ ci and a
molecular ion diﬀusivity Di or similarly, through a temperature gradient ∇ T with thermodiﬀusivity DT,i, an electromigration ﬂux resulting
from the local electric potential gradient ∇ V, the ionic mobility νi,
charge zi and Faraday's constant F.

Ji = Ji,conv + Ji,migr + Ji,diff = ci u − νi z i Fci V − Di ci − DT , i T

(1)

Temperature has a large inﬂuence on the physical properties of an
ionic solution, and thus inﬂuences the total ﬂux as described by Eq. (1).
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For instance, the diﬀusivity Di and mobility νi of ions in solution increase with increasing temperature, while the viscosity of the solution
decreases with increasing temperature [13]. Since Di ∼ T/η and νi ∼
Di/RT, temperature generally has a larger inﬂuence on the diﬀusivity
than on the electric mobility. If the temperature in electrodialysis systems is altered, the charge transport characteristics in the system will
therefore be changed [14]. In general, at higher temperatures, an increased ﬂux of ions is expected as a result of the enhanced ionic mobility and diﬀusivity of ions in the solution and the subsequent eﬀect of
this on the diﬀerent terms of the Nernst-Planck equation [15,16].
Membrane resistance reduces as a function of increasing temperature,
most pronounced at temperatures above 30 ° C [17]. A thermodiﬀusive
ﬂux (known as the Soret eﬀect) due to a temperature gradient ∇ T and
the thermodiﬀusion coeﬃcient DT,i should be considered in non-isothermal systems [18]. While many studies have focused on the role of
temperature in isothermal experiments, fewer have investigated the
eﬀect of temperature gradients on the charge transport in electrodialysis systems [19].
The combined eﬀect of temperature gradients, (induced) potential
gradients and developing concentration gradients in electrodialysis
yields a complicated interplay of eﬀects, opening up a rich ﬁeld of investigation. Temperature gradients in the membrane directly inﬂuence
the ion ﬂux through the contribution of thermodiﬀusive transport
yielding a thermoelectric potential diﬀerence [20-22] and can induce
thermoosmotic water transport across ion exchange membranes [18,2325]. The direction and magnitude of the thermoosmotic water transport
are dependent on both membrane and system properties, and the
thermoosmotic water transport number is diﬀerent for all experimental
systems [23]. Additionally, a temperature gradient can theoretically
enhance the selectivity of the separation process as a result of reducing
the non-desired co-ion transport through the membrane [26]. By
heating the ion depleted stream, diﬀusive ion transport inside this
stream can be enhanced compared to the transport in the enriched
stream. This enhances the diﬀusive transport of counter-ions towards
the membrane in the dilute stream, while the relative diﬀusive transport of co-ions in the concentrate stream is reduced. Since the diﬀusion
boundary layer is most important in the limiting current regime, the
eﬀect of temperature and temperature gradients is expected to be most
pronounced in this regime.
The separation of divalent from monovalent ions is of interest for
industrial desalination [27-29], for instance in systems where heavy
metals have to be selectively removed and in water softening by exchanging divalent ions with monovalent ions [30,31]. Electrodialysis is
one of the techniques that is promising for this separation [32,33].
Competitive charge transport between mono- and divalent ions changes
the ion ﬂux through a membrane if a mixture is present versus a pure
salt solution [34]. In a mixture, the relative ﬂux of monovalent Na+
was drastically reduced by the addition of divalent Mg2+ or Ca2+ ions,
while the eﬀect of adding Na+ on the Mg2+ ﬂux was minor. The
temperature dependence of the diﬀusivity is slightly diﬀerent for all
ions and can inﬂuence the selectivity of the ED-process for di- or
monovalent ions. In general, at higher temperatures, the relative differences between the diﬀusivity of the diﬀerent ions are enhanced [35],
resulting in altered transport characteristics. Unequal temperatures in
the concentrate and dilute stream can, through these diﬀerent relative
diﬀusivities, theoretically yield more selective transport of these ions
relative to one another. Temperature can also have an eﬀect on the
interaction between the diﬀerent ions and the membrane. For example,
the ion hydration radius aﬀects the interaction with the membrane and
this radius is dependent on temperature.
We have previously investigated the eﬀect of temperature and
temperature gradients in the industrially relevant Ohmic regime, where
we found that increasing the temperature of (one of the) feed streams
enhances the eﬃciency of ED processes [19]. However, at these lower
currents the direction of the applied temperature gradient did not have
a signiﬁcant inﬂuence on the selectivity and the reduction in required

power for the ED process in the Ohmic regime. We expect this to be
diﬀerent for operation in the limiting regime, as in this regime the
diﬀusion of ions plays a crucial role in the overall ion transport and the
limiting current ilim scales linear with Di. In this research, we investigate
the inﬂuence of temperature and temperature gradients on charge
transport in electrodialysis systems in the limiting current regime. The
eﬀect of temperature gradients on the individual ion transport and
overall currents is investigated in systems containing either or both
mono- and divalent ions. It should be noted that the eﬃciency of the ED
process in the limiting regime will be lower than the eﬃciency in the
Ohmic regime, since the boundary layers present in the limiting regime
increase the total resistance of the stack. An elevated temperature (or
temperature gradient) can only shift the onset of the limiting current
regime, allowing operation at higher potentials and current densities,
but not increasing the eﬃciency of the separation. However, the fundamental investigation of ion transport in the limiting current regime is
of interest as knowledge on this regime can be applied in the enhancement of ion separation and yields more insights in the physical
background of electrodialysis processes.

2. Experimental details
A lab scale, commercially available electrodialysis stack with an
active area of 10×10 cm2 (FUMATECH BWT GmbH, Germany) was
used for all measurements. This is a diﬀerent stack than the one used in
our previous work [19]. The stack consists of three cell pairs, composed
of three FAS-PET-100 (AEM) and four FKS-PET-100 (CEM) membranes
spaced with ED-100-4CS PVC (600 μm) spacers, all obtained from
FUMATECH BWT GmbH, Germany. Before composing the stack,
membranes are pre-treated by placing them in 0.5 M KOH overnight
and ﬂushing them with 0.017 M KOH to ensure exchange of all native
ions in the membrane for K+ and OH−, which are ions that are present
in the experimental system. The membrane stack is assembled and secured by screwing the end-plates containing the electrodes in a metal
framework. The stack is ﬂushed overnight with the desired feed solution to equilibrate the ion composition in the membranes. The stack is
operated in a vertical co-ﬂow conﬁguration, feeding the compartments
from bottom to top to ensure a constant compartment ﬂuid volume. In
the co-ﬂow conﬁguration, there is less overall heat transfer than for
experiments in cross-ﬂow conﬁguration, so we are able to maintain the
temperature gradient over a larger part of the system.
To check if membrane permselectivity is aﬀected by the increased
temperature, we measured the membrane potential after the electrodialysis experiments, using a standard two compartment measurement [36] set-up at 0.1 M and 0.5 M KCl. By comparing the measured
γc
RT
potential to the theoretical potential, Vt = zF ln γc cc , the permselectivity
d d

of the membrane can be estimated. In this equation, γc and γd are the
activity coeﬃcients of the electrolyte in the diﬀerent compartments.
Both IV-sweeps and chronoamperometric measurements are conducted in this work. IV-sweeps are performed to investigate the eﬀect of
temperature and temperature gradients on the characteristic shape of
the IV-curve. The onset and magnitude of the limiting current regime
can be determined by these measurements. For the investigation of the
eﬀect of temperature gradients on the charge transport through the
boundary layer, and the eﬀect of this on the desalination and selective
transport of mono- and divalent ions, chronoamperometric measurements are conducted in the limiting current regime. In these measurements a constant potential is applied and the resulting current is measured. Ion concentrations of the dilute and concentrate streams are
measured for the chronoamperometric measurements.
All measurements are done at a ﬂow rate of 50 mL/min in both the
dilute and concentrate stream, which corresponds to a linear ﬂow speed
of 0.46 cm/s and a residence time of ∼22 s. Flow was pumped using
peristaltic pumps (Cole-Palmer) and pulsations are suppressed by inhouse built pulsation dampeners. The ﬂow rate was controlled using an
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Table 1
Actual feed cation concentrations, percentages of monovalent and divalent cations and amount of positive charge with their standard deviation for the diﬀerent salt
compositions.
Mixture

cF,Na+ [mmol/L]

cF,K+ [mmol/L]

cF,Mg2+ [mmol/L]

Monovalent cations [%]

Divalent cations [%]

Σ zjF cj [C/L]

NaCl
MgCl2a
Mix

5.53 ± 0.04
0.60 ± 0.01
2.93 ± 0.01

1.24 ± 0.02
0.18 ± 0.001
1.11 ± 0.01

2.82 ± 0.04
1.41 ± 0.02

100 ± 0.1
21.6 ± 0.04
74.2 ± 0.3

78.4 ± 0.04
25.8 ± 0.3

6.53 ± 0.06
6.19 ± 0.01
6.45 ± 0.04

a

Standard deviation is based on two measurements.

in-house built ﬂow meter (TCO, University of Twente, The
Netherlands), containing a McMillan Co. 101 ﬂo-sen ﬂow sensor. To
ensure membrane packing, a 0.1 bar overpressure was applied to the
electrolyte stream by adjusting the redox solution ﬂow rate accordingly.
Diﬀerent feed solutions are used for the diﬀerent sets of measurements. Ionic strength is kept constant for all measurements, to be able
to directly compare our measurement results. For measurements with
NaCl, we use a model solution of 6.7 mM, which is corresponding to
typical concentrations of river water in the Netherlands [37]. The
electrode compartments are ﬂushed with 6.7 mM K2SO4 as a redox
solution for avoiding Cl2 gas formation. We choose this relatively low
electrolyte concentration to prevent osmotic water transport from the
feed to the electrode rinse. For the measurements with MgCl2, the
concentration was 3.35 mM so that the ionic strength of the mono- and
divalent solutions are equal. For the measurements with a mixture of
mono- and divalent ions we use 3.35 mM NaCl and 1.68 mM MgCl2,
once again keeping the ionic strength of the solution constant and
minimizing the osmotic pressure diﬀerence with the electrolyte solution. Outlet ﬂows are recycled into a 20 L feed tank, which is continuously stirred using aquarium mixers (Wavereef® Auto Top Oﬀ
System, Single Level Sensor WIC-01S, obtained from Aquaria Veldhuis
BV, The Netherlands).
Experiments are carried out at four diﬀerent temperature conﬁgurations; (1) isothermal at 5 °C, (2) dilute at 5 °C, concentrate at 25 °C,
(3) dilute at 25 °C, concentrate at 5 °C and (4) isothermal at 25 °C. When
we indicate the dilute or concentrate stream, this of course is an indicator of the stream leaving the stack, as the inlet concentrations of
both streams are equal. Feed solutions are kept at the desired temperature by two Julabo F12-ED Refrigerated - Heating Circulators. Prior
to all measurements, the system was allowed to reach thermal equilibrium. Both in- and outlet temperatures of both feed streams are constantly monitored using AMA-digit ad 15th thermometers (Amarell,
Germany).
All electrical characterization of the system is done using a Metrohm
Autolab PGSTAT302N (Metrohm, The Netherlands) which is controlled
by NOVA 2.0 software. In the IV-sweeps, we ﬁrst measure the open
circuit potential of the system and afterwards apply currents between 0
and 0.2 A with steps of 0.01 A to the system. The system is allowed to
settle for 30 s, which corresponds to ∼1.5 residence times. After 30 s,
the potential required to obtain the current is measured and the applied
current is increased. At experimental times above 600 s the system
becomes unstable due to gas formation. For the chronoamperometric
measurements, a constant potential of 5 V is applied and the resulting
current is measured for 500 s. This potential is conﬁrmed to be in the
limiting current regime based on the IV-sweeps.
During the chronoamperometric measurements, samples are collected for evaluating ion concentration by means of ion chromatography (IC). Anion concentrations were quantiﬁed with IC (Metrosep A
Supp 16 - 150/4.0 column on a Metrohm 850 Professional IC). Cation
concentrations were measured with IC as well (Metrosep C6 - 150/4.0
column on a Metrohm 850 Professional IC).

temperature in the range between 5 °C and 40 °C, with a value of 0.98
for all conﬁgurations for the cation exchange membrane. The selectivity
of the anion exchange membrane dropped from 0.98 at a temperature
of 25 °C to 0.93 at a temperature of 40 °C, but was constant in the range
between 5 °C and 25 °C, in which we performed our ED experiments.
We note that outside of the temperature range that was tested here, the
permselectivity of the membrane may show larger changes [38]. No
signiﬁcant water transport was observed during the permselectivity
measurements, indicating that the temperature has no inﬂuence on
water transport through our commercial membranes.
After our measurements, we found K+ to be present in our in- and
outlet streams. This is a result of leakage of K+ ions from the electrolyte
solution in the electrode compartments towards the feed solution
through the outer two cation exchange membranes. Na+ and Mg2+ are
exchanged with K+. This also holds for the measurements with MgCl2
as a feed, in which Na+ ions are present as a result of exchange with the
membrane and the electrolyte. The cation composition of the feed (cF)
was measured for all conﬁgurations using additional IC measurements
(Table 1). In the remainder of this work, we will focus on the measurements with only monovalent ions (NaCl feed in Table 1) and the
intended mixture of mono- and divalent ions (Mix in Table 1). For the
interpretation of the measurements we take the eﬀect of both K+ and
Na+ into account when discussing monovalent ions.

3.1. IV-characterization
For all systems and temperature conﬁgurations IV-sweeps were
conducted, in order to determine the onset of the limiting current regime and investigate the inﬂuence of temperature/temperature gradients on the characteristics of the ED system. The highest current
densities were measured for systems with the highest temperature and
lowest current densities were measured for systems with the lowest
temperatures, as was expected. The measurements for the NaCl and the
mixed solution containing both Mg2+ and Na+ are shown in Fig. 1. The
total current density was approximately 30% higher for the hot isothermal case (red line) when compared to the cold isothermal case
(blue line) for the NaCl measurements. For the measurements of the
mixture, the hot isothermal case also has an enhanced current density
of 30% when compared to the cold isothermal case. This increase in
current density between the two isothermal matches with the expected
increase in ion diﬀusivity for a temperature increase of 20 °C [35]. The
transition into the limiting current regime is shifted to a lower applied
potential at higher temperatures and the limiting current density is
higher, as is expected because of the enhanced transport of ions at a
higher temperature [39].
As can be observed, at high ﬁeld strengths for both cases slightly
higher current densities are measured in the situation in which the
concentrate stream is heated, which is in contrast to our expectations.
We expected that heating the dilute stream would increase the overall
current density since the transport main limitations for diﬀusive ion
transport occur in this stream. However, the measured diﬀerence between the two diﬀerent temperature gradient conﬁgurations is too
small to be signiﬁcant in these IV-sweeps, especially at low to moderate
ﬁeld strengths and for the measurement of the mixture. A possible explanation for this is the short times for which the current is measured

3. Results and discussion
The membrane permselectivity was found to be independent of
64

Desalination 443 (2018) 62–69

A.M. Benneker et al.

Fig. 1. IV-characterization of the ED stack. (a) for 6.7 mM NaCl as a feed solution and (b) for the mixed feed of 3.35 mM NaCl and 1.68 mM MgCl2. The shaded area
indicates the standard error between the measurements, lines are for visualization purposes only. (For interpretation of the references to color in this ﬁgure, the
reader is referred to the web version of this article.)

is increased and thus the resistance of the system decreases at these
voltages. This inﬂection is attributed to the preferential transport of
divalent ions at low current densities [33,45] resulting from an enhanced electrostatic interaction between divalent ions and the membrane. The transport of monovalent ions is reduced due to electrostatic
repulsion between the Na+ and Mg2+. At higher current densities, the
contribution of this additional attraction is of lesser inﬂuence and the
transport of monovalent ions is enhanced by the larger electric driving
force (higher ΔV) overcoming the electrostatic forces.

(30 s), which, after the chronoamperometric measurements that will be
presented in the next section, turned out to be a time at which the
measured current was not yet stable. IV-sweeps with a longer waiting
time per potential were done, but were found to be unstable at high
measurement times.
The temperature increase from Joule heating as a result of the
current through the system can be estimated using ΔT = P/(ϕmcp), in
which P = VI is the input power, ϕm = 50 g/s is the mass ﬂow rate
through the system and cp = 4.2 J/(gK) is the speciﬁc heat of the ﬂuid.
Joule heating is estimated to be negligible, as at the highest measured
potentials (V = 10V) and currents (I = 0.2A), the temperature increase
estimated in this way is 0.01 K. The diﬀerent relative diﬀusivities of
ions in the solution is also expected to have an inﬂuence on the total
current density that is measured [34].
The transition towards the limiting current regime is sharpest in the
pure NaCl measurements, occurring around a potential of 2 V with a
corresponding current of 4 A/m2, for the cold isothermal case. For the
mixture, the onset of the limiting current regime is shifted to ∼3 V, and
a higher value of the current (∼6 A/m2). The thickness of the diﬀusion
boundary layer δ can be estimated through the Peers equation (Eq.
(2)) [40], in which zi is the charge number, F is the Faraday constant, Di
the diﬀusivity of the ions, τi an τi are the relative ion transport numbers
inside the membrane and the solution and cb is the bulk ion concentration. We have τi = 0.98 for our commercial membranes at the low
concentrations present in our system and we assume the relative
transport of both cation and anion in the solution to be equal so that
τi = 0.5, although in reality the transport numbers of the diﬀerent ions
in solution are slightly diﬀerent [41]. However, for our order of magnitude estimation of the boundary layer thickness, the eﬀect of changing τi is minor.

ilim =

z i FDi cb
τi − τi δ

3.2. Chronoamperometric measurements
From the IV-sweeps we conclude that applying a potential of 5 V in
the chronoamperometric measurements is suﬃcient to ensure operation
in the limiting current regime, but to not be in the overlimiting regime.
Samples are taken for all these measurements to be able to measure the
ion concentrations in the dilute and concentrate streams and to investigate the inﬂuence of temperature gradients on the transport of the
diﬀerent ions in the system. In Fig. 2, the current is plotted as a function
of time for (a) the NaCl and (b) the mixed MgCl2 and NaCl. The system
requires ∼150 s (over ﬁve times the liquid residence time) to stabilize,
after which a constant current is measured. This implies that when
doing the IV-sweeps, the measured potential is not the equilibrium
potential since for those experiments a hold time of 30 s per applied
potential was used in order to avoid system instability at larger hold
times (over the total IV-sweep). The measured current is highest (7.9 A/
m2 for NaCl, 10.7 A/m2 for the mixture) for the isothermal case at 25 ° C
and lowest (5.7 A/m2 and 8.4 A/m2 respectively) for the isothermal
case at 5 °C for all diﬀerent feed compositions, as was expected. In
contrast to our previous work, where measurements were done in the
Ohmic regime [19] and the IV-sweeps in the current, here we are able
to measure a diﬀerence between the two temperature gradient cases. In
the limiting current regime the diﬀusion boundary layer is more developed compared to the Ohmic regime, resulting in a larger inﬂuence
of temperature on the ion transport. Measurements for the monovalent
salts are very reproducible, having a small standard error (∼2%). For
the measurements of the pure NaCl and MgCl2 solutions (the latter is
not shown here, the general trend is similar to NaCl) feed, the measured
current is higher (∼7%) for the case when the dilute stream is heated
when compared to the concentrate stream and this is most pronounced
for the NaCl case (Fig. 2a). For the mixture, the higher current is
measured for the case in which the concentrate stream is heated, although the diﬀerence between these two temperature conﬁgurations is
generally small (between 2 and 6%).

(2)

By using our measured limiting current densities and taking
τi − τi = 0.48, we ﬁnd a thickness in the order of hundreds of micrometers, which is in good comparison to boundary layer thicknesses
found in similar systems [42, 43]. The thickness of the diﬀusion
boundary can also be estimated based on the hydrodynamics of the
system using the Leveque approximation [44] from which we ﬁnd a
similar value of 190 μm. The development of the concentration polarization in the diﬀusion boundary layer is not instantaneous, resulting in
transient behaviour of the measured current.
For the measurements of the mixture (Fig. 1b), an inﬂection point
can be observed in the Ohmic region (around 2 V), after which the slope
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Fig. 2. It-characterization of the ED stack for all feed compositions. (a) Feed is 6.7 mM NaCl, with as inset a close-up of the ﬁrst 50s. (c) Feed is 3.35 mM NaCl and
1.68 mM MgCl2. Error bars are the standard error between the measurement runs.

which shows up separately in the equation. The resistance of the
membranes is typically in the order of 105Ω/m2 and the resistance of
the electrolyte and salt solutions can be calculated using R = ρ/(lA) in
whichρ = 1/σ. The conductivity of the solution, σ = F 2 ∑ z i2 νi ci , depends on the ion concentration ci and charge zi and the ionic mobility
νi = Di/RT which depends on the diﬀusivity Di and temperature. If we
take the diﬀerence in diﬀusivity at diﬀerent temperatures into account
we can calculate the change in resistance of the solution. For instance,
considering Cl− and K+, at T = 298 K and an inlet concentration of
6.7 mM the diﬀusivity of these ions is ∼2.0 × 10−9 m2/s, yielding a
resistance of R = 1.65 × 106Ω/m2. At a lower temperature of T = 278
K and the same feed concentration the diﬀusivity is ∼1.05 × 10−9 m2/
s yielding a resistance of R = 3.05 × 106Ω/m2. The resistance of the
solutions is higher than the resistance of the membranes and electrolyte
and thus contribute most to the total resistance in the system. Decreasing the temperature of the solution by 20 °C increases the resistance of the electrolyte solution by 85%. From this, we can identify
that the change in Di is large enough to account for the change in
measured current, even if the actual change in temperature is less than
the inlet temperature diﬀerences due to heat transfer between the dilute
and concentrate stream.
Cation concentrations have been measured for all diﬀerent measurement conﬁgurations, and are shown in Fig. 3 for the NaCl and
mixed feed. In this ﬁgure, the outlet concentrations for all ions are
given relative to their inlet concentrations that were analyzed for all
experiments as well (see Table 1). As was discussed previously, K+ ions
are present in the system as a result of ion exchange with the electrolyte
solution (K2SO4). In contrast to our previous results in the Ohmic regime, we do ﬁnd diﬀerences in the relative outlet concentrations for the
diﬀerent temperature conﬁgurations. We can deﬁne an average relative
separation based on the concentrate cj,C and dilute stream cj,D outlet
concentrations when compared to the inlet concentrations cj,F, as
1
((1 − cj, D/cj, F ) + (cj, C / cj, F − 1)) . For all measurements, the cold iso2
thermal case yields the lowest degree of separation for all present ions
(an average relative separation of ∼26% in the NaCl measurements,
∼40% for the mixture), while the hot isothermal case yields the highest
degree of separation (average relative separation of ∼43% in NaCl,
∼56% for the mixture). This is in line with the currents that were
measured, as higher currents imply a larger transport of ions. These
measurements also indicate that there is no signiﬁcant inﬂuence of
temperature on water splitting in our system under these operating
conditions, as the enhanced separation is in agreement with the increased current. For the cases with an applied temperature gradient, the
diﬀerence in outlet concentrations is smaller. For the NaCl feed, the

For the NaCl measurements, the IV-characterization and chronoamperometric measurements are seemingly contradictory. In the IV
sweeps the case in which the concentrate stream was heated yielded the
highest currents, but in the chronoamperometric measurements higher
currents are observed when the dilute stream is heated. However, initially this was also the case for the chronoamperometric measurements
(see inset of Fig. 2a). After ∼30–40 s, the current for the hot concentrate case drops below the current measured for the case with a hot
dilute stream. We attribute this to the development of the diﬀusion
boundary layer, which is not in equilibrium at shorter times. The
boundary layer is calculated to be in the order of hundreds of micrometers in the channel of 600 μm, and the concentration proﬁle in this
boundary layer is not established at the start of the measurements.
When the steady state concentration proﬁle in the boundary layer is
developed, the current through the system becomes stable. In the
measurements with a mixed feed (Fig. 2b), higher current is measured
when heating the concentrate stream, which is contrary to our expectations. This is possibly due to a diﬀerent response of the mono- and
divalent ions to the temperature [34]. Together with the competitive
transport of these ions at diﬀerent temperature conﬁgurations, this
could lead to a higher current when the concentrate stream is heated
when compared to the case in which the dilute stream is heated, most
pronounced when the diﬀusivity of the divalent ions is less dependent
on temperature than the diﬀusivity of the monovalent ions. This was
conﬁrmed by the measurements of ion concentrations of all outlet
streams, as is described in the next sections.
From the measured currents and Eq. (2), we can identify the inﬂuence of diﬀerent parameters on the current. The boundary layer
thickness δ is dependent on the viscosity (and density) of the liquid, and
can thus be inﬂuenced by the temperature of the stream. The ﬂow rate
and compartment geometry, have not changed between the measurements. The permselectivity of the membrane was found to be independent of temperature in the range applied in our measurements
(5–25 °C). Apart from that, the diﬀusivity Di changes with changing
temperature. The diﬀerence in measured current (27 to 39%) can be
compared with the diﬀerence in diﬀusivity of the diﬀerent ions over the
applied feed temperature range, which is roughly doubled for all ions
(see Appendix A [35,46]). The ED system containing n cell pairs can be
described as a series of electrical resistances, resulting in a total resistance Rtot = 2 * Relec + RCEM + [Rdil + RAEM + Rconc + RCEM]n, which
is dependent on the resistance of the electrolyte compartments (Relec),
the resistance of the membranes (RCEM and RAEM) and the resistance of
the dilute and concentrate compartments (Rdil and Rconc). There is one
additional CEM shielding the ﬁrst cell pair from the electrolyte solution,
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Fig. 3. Relative outlet concentrations (to feed concentrations) for all cations at the diﬀerent temperature conﬁgurations, for the measurements with only NaCl (a) and
the mixed NaCl and MgCl2 feed (b). Relative concentrations of the individual cations as well as the total cation concentration are given. Concentrate concentrations
are above the cj/cj,feed = 1 line, while dilute concentrations are below this line. The error is the standard deviation between the measurements. Note the diﬀerent
values on the y-axes.

membrane stack containing N cell pairs can be calculated using Eq.
(3) [49]. Based on our measurements we ﬁnd the highest current eﬃciency for the hot isothermal cases, which means that apart from obtaining the highest current, the power in this case is also used most
eﬃciently for the selective transport of ions.

case in which the dilute stream is heated has an average separation of
35%, while heating the concentrate stream yields a separation of 33%.
For the mixture, the opposite is the case, here the case with the heated
dilute stream yields a lower (43%) average separation than the case
with a heated concentrate stream (46%). This again is consistent with
the measured diﬀerence in currents for these diﬀerent settings and can
be explained by the increased competitive transport of ions in the case
of the mixture.
Water transport as a result of an osmotic gradient is expected to be
minor in our system since the commercial membranes have a high resistance to water transport and we have only small osmotic pressures
(maximum of 0.17 bar for a concentration diﬀerence of 6.7 mM) in our
system due to the low absolute salt concentrations in our system. In our
set-up we cannot directly quantify the water transport, but based on the
measured concentration diﬀerences we assume the role of osmotic,
thermoosmotic and electroosmotic water transport to be minor. Taking
typical total water transport numbers (tw ≈ 10) [47, 48], the water
t M
transport can be estimated as w F w ∫ Idt , in which Mw is the molecular
weight of water. For our system, taking an average current of 0.11 A
and a chronoamperometric measurement time of 500 s this is estimated
to be ∼0.1 g. The maximum additional amount of NaCl ions transported as a result of this water transport is 6.7 × 10−7 mol (0.1 g of
water at a maximum concentration of 6.7 mM) in total. This ion
transport (corresponding to an additional current of 1.3 × 10−4 A,
calculated using the Faraday constant) is negligible in comparison to
the ionic transport as a result of the imposed electric ﬁeld at which a
total current of 0.11 A was measured (Fig. 2) indicating that the thermodiﬀusive contribution (the last term of Eq. (2)) is negligible.
From our ion concentration measurements (see Fig. 3), we ﬁnd that
in the case of temperature gradients the degree of separation of Na+
and K+ diﬀers from the separation of Mg2+. In the mixture, the
monovalent ions are separated to a lesser extent when the desalinated
stream is heated when compared to the heating of the concentrated
stream. This indicates that for the temperature conﬁguration where the
dilute stream is heated in a mixture of mono- and divalent ions there is
competitive transport that reduces the transport of monovalent ions.
For the Mg2+ ions, there is no reduced transport observed when
changing the direction of the temperature gradient. This implies that
the competitive transport of divalent ions [33] is more signiﬁcant in the
case of a hot diluted stream. The total charge transport is then reduced
by the reduction in transport of monovalent ions, resulting in a lower
current measured at this conﬁguration.
With the measured current I, concentrations ci,in and ci,out, Faraday's
constant F and the dilute ﬂow rate Qf, the current eﬃciency ηcurr of the

ηcurr =

Qf F ∑ (z i (ci, in − ci, out ))
NI

(3)

The current eﬃciency is not signiﬁcantly dependent on the direction of the temperature gradient. Current eﬃciency for the NaCl feed
ranges from 69% (for the cold isothermal case) to 100% (for the hot
isothermal case). This high eﬃciency indicates that for the high isothermal case there is no signiﬁcant concentration polarization. This is a
result of the increased diﬀusion of ions at the elevated temperature and
is an indication that increasing the temperature is a useful strategy in
enhancing the obtainable current in ED systems. For the mixture the
eﬃciency is ∼83% for all temperature conﬁgurations, except for the
hot isothermal case, where the eﬃciency is 88%. The current eﬃciency
of the mixture is therefore not dependent on the temperature conﬁguration, but higher degrees of desalination can be obtained when
working with a temperature gradient. This shows that the increased
selective transport of ions is of more signiﬁcance than the possibly increased water transport at elevated temperatures and temperature
gradients.
The relative eﬃciency for the separation of Mg2+ when compared
to the separation of Na+ and K+ is enhanced when the dilute stream is
heated, albeit with a relatively small magnitude. The direction of the
temperature gradient has an inﬂuence on the relative transport of Mg2+
when compared to the transport of K+ and Na+. If the dilute stream is
heated the transport of monovalent ions is inhibited while the transport
of the divalent ions is not impacted, resulting in a more selective
transport of divalent ions for this temperature conﬁguration. This is
presumed to be a result of the competitive ion transport between the
mono- and divalent ions [33,34,50], both in the solution and the
membrane, inhibiting the transport of monovalent ions towards and
through the membrane at this conﬁguration. The ﬂux of Na+ ions was
found to decrease signiﬁcantly when Mg2+ was also present in the feed
stream [34], since Mg2+ can monopolize the transfer sites (yielding a
possible partial charge inversion) in the membrane and thus suppress
the transport of monovalent ions. The temperature gradient can enhance this, as the hydrated radii of the diﬀerent ions are changing with
temperature, yielding a diﬀerent degree of polarization at diﬀerent
temperatures. Mg2+ ions are already relatively polarized when compared to the other ions in the system [34], yielding a higher aﬃnity of
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these ions with the cation exchange membrane. The hydration of Na+
and K+ ions increases more with temperature than the hydration of
Mg2+ ions [51], meaning that at a higher temperature the relative
polarization of the Mg2+ is increased, enhancing the transport of these
ions over the monovalent ions. This eﬀect is most pronounced for the
case in which the dilute channel temperature is increased.

cations. In this case, the inﬂuence of the direction of the temperature
gradient on the measured current was lower. The selectivity favored the
separation of divalent ions when the dilute stream was heated. This is
attributed to competitive transport of the mono- and divalent ions that
is inﬂuenced by their diﬀerent response on temperature. Apart from an
altered ratio in diﬀusivities in the solution, the polarization of the different ions has a diﬀerent response to temperature. Increasing the
temperature enhances the relative polarization of Mg2+, resulting in a
higher aﬃnity of these ions towards the membrane and an enhanced
transport of these multivalent ions. This work demonstrates that other
gradients, such as temperature, can be applied in order to tune selectivity without having to change other operating parameters, such as
the system geometry, spacers and ﬂow rate. Our results can be of potential use in the improvement of separation of mono- and divalent ions
by electrodialysis under temperature gradients.

4. Conclusion
In this work, we investigated the inﬂuence of temperature gradients
on charge transport in electrodialysis in the limiting current regime. It
was found that temperature gradients can enhance the total ion transport in the system when operated in the limiting current regime. Higher
currents, and thus an increased ﬂux of ions, are measured when temperature in (one of) the streams is increased. For a feed of only
monovalent ions, the eﬃciency of the ED-process is increased when the
dilute stream is heated, since the main diﬀusive resistance is located in
this compartment. This is in contrast to the application of temperature
gradients in electrodialysis in the Ohmic regime, where the direction of
the temperature gradient had no signiﬁcant inﬂuence on the process
eﬃciency [19]. The direction of the temperature gradient did not signiﬁcantly enhance separation of monovalent ions.
Experiments were also done for mixtures of mono- and divalent
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Appendix A. Diﬀusion coeﬃcients for ions

Fig. A.1. Temperature dependence of diﬀusivity of the diﬀerent ions used in the experiments, extracted from experimental data reported elsewhere [35,46].
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