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Influence of temperature gradients on charge
transport in asymmetric nanochannelst
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Charge selective asymmetric nanochannels are used for a variety of applications, such as nanofluidic
sensing devices and energy conversion applications. In this paper, we numerically investigate the influence
of an applied temperature difference over tapered nanochannels on the resulting charge transport and
flow behavior. Using a temperature-dependent formulation of the coupled Poisson—Nernst—Planck and
Navier—Stokes equations, various nanochannel geometries are investigated. Temperature has a large influ-
ence on the total ion transport, as the diffusivity of ions and viscosity of the solution are strongly affected
by temperature. We find that the selectivity of the nanochannels is enhanced with increasing asymmetry
ratios, while the total current is reduced at higher asymmetry cases. Most interestingly, we find that apply-
ing a temperature gradient along the electric field and along the asymmetry direction of the nanochannel
enhances the selectivity of the tapered channels even further, while a temperature gradient countering the
electric field reduces the selectivity of the nanochannel. Current rectification is enhanced in asymmetric
nanochannels if a temperature gradient is applied, independent of the direction of the temperature differ-
ence. However, the degree of rectification is dependent on the direction of the temperature gradient with
respect to the channel geometry and the electric field direction. The enhanced selectivity of nanochannels
due to applied temperature gradients could result in more efficient operation in energy harvesting or

rsc.li/pccp

1 Introduction

Nanochannels with a characteristic dimension on the order
of the Debye length or less are charge-selective due to charge
exclusion of co-ions based on the wall charge of the channel. In
recent years, nanochannels"” and nanoslits®* have found great
interest in experimental and theoretical studies of charge trans-
port and electrokinetic effects in order to improve understanding
of charge-selective interfaces for various applications, such as
desalination, purification, mixing and energy harvesting.>™*
Many different aspects of ion and fluid transport in nanochannels
have been experimentally investigated, amongst which are the
effects of pH,'®"” temperature,'® concentration gradients® and
the electric field distribution."®

Asymmetric, tapered or conical-shaped nanochannels are
interesting for different applications, for use as diodes as mimics
of the gating functions of biological ion channels and for micro-
scale energy conversion or nanofluidic sensing devices.>*>
Different experimental studies have been conducted on

Soft Matter, Fluidics and Interfaces, Faculty of Science and Technology,

MESA+ Institute for Nanotechnology, University of Twente, The Netherlands.

E-mail: j.a.wood@utwente.nl

+ Electronic supplementary information (ESI) available. See DOI: 10.1039/c7cp03281a

28232 | Phys. Chem. Chem. Phys., 2017, 19, 28232-28238

desalination applications, motivating experimental investigations.

geometrically asymmetric nanochannels in which the nano-
channel surface characteristics®* > or the environmental con-
ditions such as pH®® and temperature®” have been successfully
controlled and studied,”®*® showing among other effects a
rectification of the current.’*” This rectification implies that
the direction of the applied potential gradient yields a different
overall resistance of the nanochannel. As the rectification ratio
(the ratio of the resistances between the different electric field
directions) is influenced by the distribution of the surface
charges and hydrophobicity gradients inside the nanochannel,
a gradient in pH across the nanochannel can enhance or
suppress the rectification degree of the channel.?>*> The bulk
electrolyte concentration and salt concentration gradients over
the nanochannel can enhance rectification if the concentration
gradient is in the preferred direction of ion transport (induced
by geometry), while it can lead to inversion of the rectification if
the concentration gradient is reversed.>® The measured currents
are increased if the temperature of the surrounding electrolyte is
increased (under isothermal conditions), independent of the
direction of the electric field.””

Theoretical frameworks for the description of electrokinetic
transport phenomena in uniform nanochannels range from
analytical solutions in 1D**** to numerical 2D and 3D solutions
of the combined Poisson-Nernst-Planck and Navier-Stokes
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equations.*>*® Numerical investigation of transport in and near
nanofluidic channels has yielded information on, among
other things, concentration polarization®” and micromixing.*®
Nanochannel characteristics that are of crucial importance are
wall {-potential/wall charge and size,*>*® which can be easily
varied in numerical studies when compared to experimental
systems.*’ The scale difference between nanochannels and
microchannels yields additional numerical difficulty, as one
should account for the entrance and exit effects of the nano-
channels.*” There is a large variation in hydrodynamic resis-
tance, as well as electric field focusing towards the nanochannels
yielding curved electric field-lines in the channels and strong
velocity gradients.*?

Ton current rectification inside tapered nanochannels has
been simulated widely, using different formulations of the
Poisson-Nernst-Planck equations,**™® indicating that tailor
made nanochannels show potential as diodes, which has
been confirmed in experiments.*® Molecular dynamics studies
have shown that the sign of the surface charge of the nano-
channel walls has a large influence on the transport of liquid
and ions through the channels.”® The contribution of electro-
osmotic flow (EOF) to ion current rectification in tapered
channels was found to be significant at high voltages for
channels with a high overlap of Debye layers.’® As the degree
of double layer overlap varies along the length of these tapered
nanochannels, the transport of ions through these channels is
altered when compared to uniform channels. The electric field
normal to the nanochannel wall will have a higher magni-
tude in the more narrow part of the channel, locally affecting
the transport of ions and influencing the selectivity of the
channels.

If a temperature gradient is applied over a charge-selective
interface in an electrolyte solution, a potential difference
arises,”*> which can be harvested as electrical work. Applying
temperature gradients to experimental nanochannel systems
can be challenging, but can yield information on transport
mechanisms in macro-systems such as electrodialysis mem-
brane stacks. We have previously numerically investigated the
role of temperature and temperature gradients in uniform,
electrically gated, nanochannels,*” and found that ion selecti-
vity could be theoretically enhanced in systems which contain a
temperature gradient along the nanochannel. This was found
to primarily result from changes in diffusivity of the ions and a
changing viscosity of the liquid. We also found that Joule
heating, Soret effects and the influence of induced electro-
thermal flows were negligible under the conditions studied
since ion concentrations are too low to yield a significant
contribution for Joule heating. Soret effects were found to be
negligible compared to electrophoretic effects even at the lowest
voltages applied at the investigated conditions. For asymmetric
nanochannels, in contrast to concentration- and pH-gradients
etc., temperature gradients have not been investigated to our
knowledge. As temperature gradients are not uncommon in ion
transport processes, the influence of these gradients is inter-
esting for different applications. In asymmetric nanochannels,
the degree of Debye layer overlap varies with the position in

This journal is © the Owner Societies 2017

View Article Online

PCCP

the nanochannel, which will result in altered charge transport
phenomena through these channels.

In this paper, we numerically investigate the effect of asym-
metry of the gated nanochannel coupled to imposed tempera-
ture gradients on charge transport through a nanochannel
containing a 1:1 monovalent electrolyte KCI solution using a
non-isothermal formulation of the Poisson-Nernst-Planck with
Navier-Stokes equations. We compare charge-selectivity, total
flux and the resultant rectification between asymmetric nano-
channels with uniform channels with temperature gradients, as
well as coupling to the applied electric field direction in these
systems.

2 Model description

The Debye length, the characteristic size of the electric double
layer on a wall in an electrolyte solution, is defined as
k' = \/(eceokpT)/ (D e2z32n;), where &, is the dielectric per-
mittivity of the medium, kg is Boltzmann’s constant, 7T is the
temperature in K, e the elementary charge, z is the ion valency
and 7 is the number of ions per unit of volume.”® In nano-
channel systems, the degree of overlap of Debye layers is thus
dependent on the ion concentration and the characteristic size
of the nanochannel. If the height of the nanochannel changes
with length, this will have an effect on the local overlap of
Debye layers, which may influence the selectivity of the nano-
channel and thus influence the degree of separation and charge
transport.

For our simulations, we used our previously developed model
framework,” consisting of a non-dimensional formulation of
the non-isothermal steady state Poisson-Nernst-Planck (PNP)
equations coupled to Navier-Stokes (NS) equations. We consider
an asymmetric nanoslit geometry, as depicted in Fig. 1, with a
computational symmetry plane along AH and we investigated
different ratios between #; and £, keeping the average channel
height (scaled to the Debye length at T = T, and ¢ = ¢,) constant
(h = 1) and varying the asymmetry ratio o = hy/h,. The electric
potential is split into two terms; the applied potential ¢ and
the induced electrokinetic potential i, both scaled against
Vin = kgTle, as was previously described.*>>* This yields eqn (1-3)
for description of the electric field, where ¢; and c, represent
the cation and anion concentration respectively, which are scaled

AE
Lehannel
‘*

Fig. 1 Schematic illustration of the simulation geometry, which consists
of two micro reservoirs connected through an asymmetric nanochannel
with a half-height h at the left side, decreasing to a half-height h, at the
right side. Temperature, potential and concentration in the microchannels
are varied in the different cases investigated. In our simulations, g = 0 and
oL = [-300Vi, 300Vl
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against the reservoir bulk concentration c, ¢, is the temperature-
dependent relative permittivity which is scaled against the per-
mittivity at T = 293 K and L..¢ = & holds for scaling of the spatial
dimensions:

V-(e:Ve) =0 (1)
V- (V) = —%(KLref)z(Cl - ) (2)
E=-V(p+y) (3)

Temperature dependent properties are described by the
equations as were used previously,*” listed in the ESL{ We
consider the case of a 1:1 electrolyte, KCI. This electrolyte was
selected because of the similar diffusivities of both K" and CI~
ions, and the similar responses of diffusivity to temperature of
these ions. The use of different, mono- or multivalent ions
where diffusivity and temperature dependence is not similar is
intriguing for future research. Using the dimensionless Nernst-
Planck equations we can describe the transport as a result of
convection, diffusion and electromigration:

ZiDiCi
140

Pe u-Ve¢ - V- (DiVCi + Vip + lﬁ)) =0 (4)

Temperature dependence of ion diffusivity (D;) was taken
into account, while it was considered independent of concen-
tration in the considered range. The temperature dependence
of the ionic heat of transport coefficients was studied, but was
found to be negligible. 0 = (T — Ty,)/T, is the dimensionless
temperature and Pe,, is the Péclet number (for mass transfer,
both for anion and cation), which is evaluated at the reference
temperature 7T,. For description of the fluid hydrodynamics,
the dimensionless Navier-Stokes equations with a temperature
dependent viscosity (1) are applied and a contribution of the
Coulomb force (f.) is taken into account:

Re(u-Vu) = —Vp+ V. (uVu) + 1,
ke TocoLye
fo=———(c1 —)E 5
Lot (c1 =) (5)
V-u=0

where Re, the Reynolds number, is evaluated at the reference
temperature. The boundary conditions used are identical with
our previous work and are provided in the ESL¥

While developing the model, we have tested the contribu-
tions of Coulomb and dielectric forces on the fluid flow. The
dielectric (electrothermal) forces were found to not significantly
contribute in this work despite the tapered geometry causing
larger field gradients. This also holds for the contribution of Soret
diffusion, which was negligible as well.*> While the dielectric
force was negligible in this case, we note that this may not be the
case for other geometries. We have neglected the potentially large
effect from temperature-dependent zeta potentials by choosing a
constant wall potential, treating the system as an effective gated
dielectric in line with previous work,*®*>*> due to the large
amount of uncertainty in the precise temperature-dependence
of solid zeta-potentials.**>®
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The density of the solvent (water) is considered to be
constant with respect to temperature in the considered range
between 293 and 313 K, as was mentioned previously.*> To
close the system of equations, a dimensionless energy balance
is formulated (eqn (6)), in which we assumed the heat capacity
to be constant in the considered temperature range, while the
thermal conductivity k was considered to be dependent on tem-
perature (albeit weakly) and Pey is the thermal Péclet number.
We have also neglected the contributions of Joule heating and
viscous dissipation, based on our previous investigations and
order of magnitude analysis.**

Pequ-V0 = V-(kV0) (6)

2.1 Simulation details

In this study, we use a 2D model (COMSOL Multiphysics 5.2)
to investigate the effects of the non-uniformity of the nano-
channels and temperature gradients on charge transport. The
general geometry is depicted in Fig. 1, where we can vary the
nanochannel height and asymmetry ratio « = hy/h;. The electric
field and temperature gradient are applied in the adjacent
microchannels. For every asymmetry ratio we investigated four
different cases; two isothermal cases (at 293 K and 313 K) and
two temperature gradient cases in which the direction of the
temperature gradient with respect to the nanochannel is altered.
In the temperature gradient cases, one reservoir wall is kept at
293 K while the other is at 313 K, resulting in a difference of 20 K.
For all models, ¢, =1 x 10~> M, corresponding to a Debye length
of 95 nm at T = T, which was chosen to ensure Debye layer
overlap in the 100 nm channel. The applied potential is varied
from —300 to 300V;;,. The sign of the electric field, as well as the
direction of the temperature gradient, is expected to have an
influence on the charge transport, as in asymmetric channels we
expect current rectification to occur. Three different asymmetry
ratios were considered, in which o is 1, 3 and 9, while the average
channel height was kept constant at 100 nm. The smallest
dimension being modeled is thus a channel inlet of 10 nm,
which is sufficiently large for the PNP framework to be applic-
able.”” Since the surface charge or {-potential of a solid is also
dependent on temperature, we investigate an electrically gated
nanochannel in which the wall potential is kept constant, to be
able to decouple the effect of the temperature gradient over the
channel from the effects that temperature has on the surface
charge. Preliminary numerical investigations have shown that
implementation of a temperature dependent {-potential does
not yield significantly altered results, although the case for a
temperature-dependent surface charge based on a pK, model
may not show this insensitivity.”® The nanochannel is con-
sidered to have a constant wall potential of —50 mV, which can
be considered as a realistic potential in the case of a gated
dielectric.*®

If we state that the electric field and temperature gradient
are aligned, this indicates that both the high 7 and high ¢ are
on the same side of the nanochannel, either left or right. In all
our simulations, the largest nanochannel inlet is on the left
side of the geometry (4 > h,, see Fig. 1). This means that if we
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state that the temperature, electric field and geometry are
aligned, the high T and high ¢ are also applied at the left side
of the nanochannel. If, in our figures, the electric potential is
negative, this means that the potential on the left side is
grounded and the potential is applied in the right reservoir.

The channel length is 500 dimensionless units, which
corresponds to 2.5 pm in physical dimensions. The connected
microchannels are also 500 dimensionless units in both width
and height. We confirmed that this is sufficient to treat the
reservoir boundary conditions as far-field, by inspection of the
resulting concentration profiles. The nanochannel is mapped
using 40 x 2000 quadrilateral elements, in which we meshed a
symmetric distribution and a maximum element ratio of 10.
The microchannels were meshed using quadrilateral elements,
decreasing in size closer to the nanochannel entrance and the
boundaries of the system, with mesh independence confirmed
for the different geometries and applied potentials.

3 Results and discussion

From our simulations, we obtain the flux of both cations and
anions and we are therefore able to calculate the total current
and the selectivity of the nanochannels. For the four different
temperature configurations per geometry we can compare the
total current and fluxes as a function of the applied potential.
Fig. 2a shows the total current through the nanochannel as a
function of applied potential for the four different temperature
configurations in a channel with an asymmetry ratio of 3. At
negative field strengths, the current transport is in the opposite
direction and therefore the sign is correspondingly flipped. The
total current is higher at a negative field strength (where the
anodic microchannel is on the small nanochannel inlet) when
compared to the positive field strengths (where the anodic side
is on the larger nanochannel inlet). As is expected, the total
(absolute) current is highest for the isothermal case at high
temperatures, as the diffusivity of both co-ions and counter-ions
is enhanced at enhanced temperatures. Likewise, the absolute
current is lowest for the isothermal case at low temperatures. The
cases in which there are temperature differences show inter-
mediate currents. The case in which the electric field and the
temperature gradient are aligned yields the highest current, as
the high temperature enhances cation diffusivity. As the nano-
channel is cation selective, the enhancement of cation transport
towards the channel will result in a higher overall current
through the channel, which would be flipped in the case of anion
selective materials.

In Fig. 2b the influence of temperature gradients on the
selectivity of the nanochannel is shown. Selectivity is highest at
low field strengths, as at higher field strengths the Donnan
exclusion potential in the nanochannel®" is overcome by the
driving potential and the transport of all ions is enhanced,
including the counterions. Depending on the direction of the
temperature gradient, the highest selectivity is reached at either
slight negative or slight positive field strengths. For the iso-
thermal cases, the low temperature case shows higher selectivity

This journal is © the Owner Societies 2017

View Article Online

PCCP
(a)
1073
3
»
TL =T = 293K .
¢Ty =Tgp = 313K o 24
2 Tp = 313K, T = 293K v s
T, = 293K, T = 313K ' e
P e
E ,’V
Z &
1 ot 4
i
2 o
2 o
E o !
= »
s A
& it
-1 /‘,l
/‘/(’
» »
s
-2 /,&’ N
//‘ *
y #
¢
-3
—300 —200 —100 0 100 200 300
Applied potential ¢ (V)
(b)
35
T, =Tr = 293K
+Ty = Tg = 313K
30 T = 313K, T = 293K
+T, =293 K, Tp = 313K .
)
25 ¢
"
14
45
-~
< 20 v "w
B iy
£ A
o i
g 15 HE AR
SR
/
B 4 Lot
10 r oy LR
LA R
. » e ®
5 e ‘ ¥ \‘ $
% ¢ e |
a0 T M ‘\"‘*~~«~};;3
ol
—300 —200 —100 0 100 200 300

Applied potential ¢ (Vyp,)

Fig. 2 Total current (a) and selectivity (b) in asymmetric nanochannels
with o = 3 under different temperature configurations. Asymmetry of the
current and selectivity with respect to the applied potential indicates current
rectification in this system. Dashed lines are for visualization purposes only.

when compared to the higher temperature case, as a result
of the lower relative diffusivity of anions (compared to cation
diffusivity) at lower temperatures. This is similar to the behav-
ior in uniform nanochannels, where selectivity is the highest
for low temperature isothermal cases as well. Selectivity can be
enhanced with a temperature gradient, and this enhancement
is dependent on the interplay between the direction of the tem-
perature gradient and the direction of the electric field with
respect to the nanochannel geometry. The largest enhancement
in selectivity is obtained for the case in which the high tempera-
ture is on the large inlet of the nanochannel and the temperature
gradient is aligned with the electric field, where high T, high ¢
and high £ are all on the same side of the channel. If the electric
field is flipped (corresponding to negative potentials in Fig. 2b),
the case with the opposite temperature gradient yields the highest
selectivity, again when the temperature gradient is aligned with
the electric field (low T, low ¢ and high & at the same side).
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This indicates that if the temperature is increased in the
reservoir where cations are depleted, the selectivity of the nano-
channel is enhanced, independent of the inlet characteristic
length of the nanochannel, meaning that the enhanced diffusivity
of ions has a large influence on the selectivity of the channel. In
particular, the relatively low diffusivity of anions (compared to
cations) at lower temperatures enhances the selectivity as this
reduces the transport of co-ions through the channel. This was
also found to be the case for uniform channels,** albeit with a
higher applied wall potential. If the temperature gradient counters
the electric field gradient, the selectivity of the nanochannel is
reduced, as a result of the enhanced relative diffusivity of anions
in the cathodic reservoir, which enhances transport of these
anions through the nanochannel.

If we compare the current rectification, which is defined by
the ratios of the total current for the different directions of the
electric field and shown in Fig. 3, we see that for the isothermal
cases, the total rectification is very similar in both quantitative
and qualitative behavior and does not exceed a rectification of 1.2
throughout the range of applied potentials. The absolute value of
rectification is relatively low as we are working at relatively low ion
concentrations in order to have a good selectivity of the nanopore.
With increasing field strength the degree of rectification is
reduced and at very high field strengths there is no significant
rectification observed, just as there was no significant selectivity at
these field strengths. For the cases where a temperature gradient
is applied, this behavior is altered and the rectification is generally
increased. The field strength at which the rectification is the
highest is shifted to higher potentials when a temperature
gradient is applied. For the case where the high temperature
is on the smaller nanochannel inlet this is most pronounced,
with rectification factors over 1.5 at low field strengths.

Simulations were also performed for geometries having a
different aspect ratio, « = 9 and o = 1 (symmetric channels).
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Fig. 3 Current rectification for the four different temperature configura-
tions at different field strengths for the case « = 3. Rectification is calculated
by dividing the total current for the negative applied potential by the total
current for the positive applied potential at equal strengths. Lines are for
visualization purposes only.
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For the symmetric nanochannels, current rectification only occurs
in the case of a temperature gradient, due to the symmetry of the
system at isothermal conditions, as can be observed in Fig. 4. The
current rectification in the case of a temperature gradient is less
pronounced in the symmetric nanochannel in comparison to
the asymmetric nanochannels for identical salt concentrations
(a rectification up to 1.4 at low electric field strengths), which is
as expected as the asymmetry enhances the rectification of the
current. For the case with a higher asymmetry ratio o = 9, the
rectification is enhanced slightly for all temperature configura-
tions in comparison to the case where o = 3. This is attributed to
the enhanced asymmetry of the nanochannel. The quantitative
behavior of the nanochannel with a larger degree of asymmetry
is similar to the behavior shown in Fig. 3.

In asymmetric nanochannels, the degree of Debye layer
overlap is not constant throughout the channel. In our model,
we have defined the Debye layer such that there is an overlap at
the location where the channel height is 1 dimensionless unit,
which for the asymmetric nanochannels is in the middle of the
channel, while in the symmetric channel the Debye layers are
overlapping throughout the entire channel. However, as a result of
the constricted inlet (or outlet) of the asymmetric nanochannels,
selectivity is enhanced when increasing the aspect ratio of the
channel. This indicates that the minimum size of the channel
(degree of Debye layer overlap) is very important in the deter-
mination of nanochannel selectivity. However, many other
factors, such as wall potential and pH>® could be of influence
and are not investigated here.

A negligible extended space charge develops in the entrance/
exit regions of the nanochannels, even at the highest field
strengths. The concentrations of cations and anions are found
to be equal outside of the nanochannel. As such, there is no
contribution of electro-osmosis of the second kind to the charge

transport towards the nanochannel.”® The space charge within
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Fig. 4 Current rectification in symmetric nanochannels with an imposed
temperature gradient T| = 313 K and Tg = 293 K. Rectification is calculated
by dividing the total current for the positive applied electric field by the total
current for the negative applied electric field at equal strengths. Lines are for
visualization purposes only.
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the nanochannel is dependent on the applied electric field,
since at high potentials the permeability for anions in the
channel increases as the applied field overcomes the Donnan
exclusion potential for counter-ions.

By investigating the individual terms of the Nernst-Planck
equation (eqn (4)), we are able to determine the contributions
of convective, diffusive and electromigration fluxes to the total
current. In general, the convective flux has the dominant contri-
bution to the total cation flux, at all modeled field strengths.
Convection within the nanochannel is a result of electro-
osmotic movement of the fluid. For low to moderate applied
electric field strengths the convective flux of ions increases with
increasing field strength. At sufficiently large applied potentials
(above 50Vy,), the relative convective contribution to the total
flux decreases again as a result of the lower selectivity of the
channel, which results in a smaller cation concentration in the
channel. The contribution of thermophoretic transport (Soret
effects) is negligible in comparison with the other modes of
transport for all field strengths considered except for zero volts.
The anion flux as a result of convective ion transport increases
with increasing applied potentials. For anions, however, there
is no maximum in the convective flux found at moderate field
strengths, as the concentration of anions in the nanochannel
increases at higher potentials. The electromigration flux of
both cations and anions increases with increasing applied
potential because this is directly proportional to the electric field
strength. For high field strengths, the electromigration flux
accounts for a significant contribution in the total current for
both cations and anions, as it grows faster than the convective
flux. However, at these high field strengths the selectivity of the
nanochannel drops significantly and current rectification is
reduced as both cations and anions are free to pass through the
channel.

4 Conclusions and perspectives

In this paper, we have demonstrated that temperature gradients
enhance current rectification in charge selective nanochannels
through the use of numerical simulations based on a non-
isothermal PNP-NS framework. Selectivity of the asymmetric
nanochannels is dramatically enhanced if the electric field and
temperature gradient are aligned with the nanochannel asym-
metry. This enhancement was found to result primarily from
increased diffusivity of both cations and anions at elevated
temperatures and the subsequent enhancement of transport of
ions along the electric field. For asymmetric nanochannels,
current rectification occurs also without temperature gradients,
but this is significantly enhanced when a temperature differ-
ence is applied over the nanochannel. Most interesting is
the fact that if the direction of the temperature gradient, the
electric field and the decrease in nanochannel height are
aligned, the enhancement in selectivity and rectification is
over 50%. Channels with higher aspect ratios show a higher
ion selectivity and rectification, as a result of a higher degree of
Debye layer overlap.

This journal is © the Owner Societies 2017
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This work was done using KCl, an electrolyte in which both the
anion and cation are monovalent and have similar diffusivities
and temperature dependence of diffusivity. Extension of this work
towards multivalent ions or other ions with different diffusivities
and responses of diffusivity to temperature can yield interesting
mechanisms for the selective removal of mono- or multivalent
ions from salt solutions. Temperature gradients within the Debye
layer can be of interest in a fundamental study on how this affects
the electro-osmotic flow inside nanoporous materials, as well as
the effect of temperature dependence of the (-potential of the
channel wall,*® which we have neglected in this study by assuming
a constant wall potential.

For comparison of this work to experimental systems con-
sisting of non-gated nanochannels (e.g. silica nanochannels),
the influence of temperature on other properties such as the pH
and dissolved gases and the direct effect on the wall charge
should be investigated, since these effects cannot be neglected in
experimental systems and we are dealing with a gated dielectric
in this research. With increasing temperature, the solubility of
gases decreases, yielding bubble formation and possible shifts in
pH. Changes in the relative pH of the two compartments would
also result in additional changes in charge transport'®'” and
should be considered when interpreting experiments.

In general, in ion transport systems such as electrodialysis
(ED), thermophoretic transport is not significant when compared
to transport as a result of a concentration gradient or a potential
gradient.”” However, a temperature gradient can yield significant
beneficial effects on the ion transport in these systems, if applied
alongside an electric potential. This is of interest in many
different systems, for instance in enhancing pre-concentration
in micro-nano systems and for understanding fundamental ion
transport mechanisms. As the selectivity increases, a lower potential
would be required to obtain the same degree of desalination in ED
systems, which is of interest as it reduces energy requirements
in desalination processes.
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