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a b s t r a c t

We present a theoretical and numerical modeling study of the multiphysicochemical process in electroki-
netic transport in silica nanochannels. The electrochemical boundary condition is solved by considering
both the chemical equilibrium on solid–liquid interfaces and the salt concentration enrichment caused
by the double layer interaction. The transport behavior is modeled numerically by solving the governing
equations using the lattice Poisson–Boltzmann method. The framework is validated by good agreements
with the experimental data for all range of ionic concentrations. The modeling results suggest that when
the double layers interact, the bulk salt concentration enrichment results in the saturation of conduc-
tances for low ionic concentrations. Both the streaming conductance and the electrical conductance are
enhanced by the double layer interaction, and such enhancements diminish when the channel size is
larger than 10 times of the Debye length. The streaming conductance increases with pH almost linearly
when pH < 8, while the electrical conductance increases with pH exponentially.

Published by Elsevier B.V.

1. Introduction

Nanofluidics is an emerging field of interest because of its
potential capabilities of controlling and manipulating fluids and
inclusions (particles and ions) exquisitely [1–4], and its poten-
tial applications in biochemomedical analysis [5–9] and energy
conversion systems [10–13]. Electrokinetic transport such as elec-
troosmotic flows and streaming currents, known to be induced by
charged surfaces of channels, is becoming increasingly arrestive
and important at nanoscale because of the larger surface to volume
ratio. New physical or chemical effects may arise as the electrical
double layers (EDLs) interact in nanochannels [13–20]. Hibara et
al. [16] reported lower dielectric constants and higher viscosities
of the aqueous solution in nanometer-sized channels. Pu et al. [17]
revealed the ion-enrichment and ion-depletion effects when a volt-
age was applied across a nanochannel. Stein et al. [2] and Karnik et
al. [7] found that the electrical conductance of nanofluidic channels
saturates at a value for the dilute electrolyte, which departs signif-
icantly from bulk behavior. This phenomenon was ascribed to the
dominance of the effective surface-charge density [2,21,22]. Liu et
al. [13] discovered that the apparent proton conductivity inside a
nanochannel can be enhanced by orders of magnitude relative to
that in a bulk solution, and such enhancement occurs even before
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EDLs overlap. Moreover, van der Heyden et al. [3] reported that the
streaming current is approximately constant at low salt concen-
trations but drops at high-salt concentrations. Choi and Kim [23]
modeled the streaming conductance of silica nanochannels using a
self-consistent model and claimed that their predictions were more
accurate than any models in the previous studies, however their
models deviated significantly from the experimental data at the
low concentration region. It is still a challenge to predict transport
conductance that can agree well with the experimental data in both
high and low ionic concentration regions [24]. Although some of
these phenomena have been well investigated, a clear understand-
ing of the underlying mechanisms for the surface-charge-governed
electrokinetic transport in confined nanofluidics is still lacking.

This contribution focuses on the electrokinetic transports,
both the electroosmotic flow and the streaming current, in silica
nanofluidic channels through theoretical and numerical modeling.
As the rapid developments of computational technology in recent
years, the electrokinetic transport in nanofluidic channels has been
investigated by both atomistic simulations [25–30] and continuum
models [6,10,14,31,32]. It is still a major challenge now to predict
the electrokinetic transport in channels using the first principle
methods for a full range of ionic concentrations. In this study, we
consider the nanochannels with an internal height in the range of
20–600 nm, which are commonly interested in nanofluidic devices.
In this range, the continuum theories are still valid to describe
the transport behavior because the size is much larger than the
diameter of solvent molecules [33]; meanwhile the phenomena are
significantly different from those in microfluidic devices due to the
channel size comparable to the Debye length [1,6]. Another issue
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Fig. 1. Geometry and boundary conditions of a nanofluidic channel which is h high.
T and pH are the local temperature and pH value, respectively, and nb is the effective
bulk ionic concentration. The electrolyte solution is driven flowing in the nanochan-
nel either by an external electric field, Eext, or by a pressure gradient, −�p.

we address in this work is the chemical dissociation and charge
regulation of surfaces and their effects on the electric potential
boundary conditions. In most of the previous numerical modeling
of electrokinetic transport in nanochannels, either constant charge
density [6,10,27,28,30,31], constant zeta potential [32], or chemical
equilibrium condition [3,15] has been employed for the boundary
condition on the wall surfaces. A recent study indicates that none of
these result in good predictions compared with the experimental
data [3]. Therefore, it is important to use better boundary condi-
tions for modeling electrokinetic phenomena in nanofluidics [3].
The purpose of the present study is to develop a mathematical and
numerical model to better predict the electrokinetic transport in
nanofluidic channels for the entire region of ionic concentrations,
and to reveal the physical and chemical transport mechanisms
in nanofluidics, aiming to better design and optimize nanofluidic
devices.

2. Mathematical models

2.1. Governing equations

In this work, we consider the electrokinetic transport in a two-
dimensional (2D) straight smooth channel, as shown in Fig. 1. The
channel is charged by the solid–liquid interaction. The channel is h
high. The electrolyte solution is driven flowing in the nanochannel
either by the external electric field, Eext, or by the pressure gradient,
−�p.

The mathematical models are based on the following assump-
tions: (i) the system is in chemical and dynamic equilibrium; (ii) the
transport process is in steady state; (iii) the channel height is much
larger than the solvent molecular size. As the thickness of the Stern
layer (compact layer) is around one molecular diameter, depend-
ing on the ion-surface molecular interactions, it is negligible based
on this large-enough-channel-height assumption; (iv) the ions in
the Stern layer are attached on the surfaces and have no contri-
bution to the bulk ionic current; (v) the bulk ionic concentration
is not too high (<1 M) or too low so that the Poisson–Boltzmann
(PB) model is still applicable [33]. When the bulk ionic concen-
tration is higher than 1 M, the Boltzmann distribution will break
down for ions due to the non-negligible volume fraction of ions
and ions interactions [30]. On the other hand, if the bulk ionic con-
centration is very low for a given channel height so that the double
layer thickness is greater than ten times of the channel height, the
PB model will fails because of the double layer interactions com-
pared with the Poisson–Nernst–Planck model [33] even if for the
same boundary conditions; (vi) no other chemical reactions occur
at surfaces except the dissociation of silanol groups. Under these
assumptions, the governing equations for the electrokinetic trans-
port in a nanochannel for a monovalent electrolyte solution are as
follows [1,34,35]:

∇2 = 2enb

εε0
sinh

(
e 

kT

)
, (1)

�e = −2enb sinh

(
e 

kT

)
, (2)

∇ · u = 0, (3)

�u · ∇u = −∇p+ �∇2u + �eE, (4)

where  denotes the static electric potential, e the absolute value
of proton charge, ε0 the permittivity of vacuum, ε the relative
dielectric constant of the solution, nb the effective bulk ionic con-
centration, k the Boltzmann constant, T the absolute temperature,
u the fluid velocity, � the fluid density, p the pressure, � the vis-
cosity, �e the charge density, and E the electric field strength. The
electric field strength (E) can be either the external electric field
strength (Eext) for electroosmotic flows or the streaming induced
electric field strength (Estr) for pressure-driven flows which is often
referred as the cause of the electroviscosity [36]. All the units are
in or have to be converted to SI units for Eqs. (1)–(4).

2.2. Boundary conditions

As reported before [3], the boundary conditions are critical to
modeling electrokinetic phenomena in nanofluidics. For the hydro-
dynamic boundary condition, we use the non-slip model at the
silica surfaces. The slip boundary conditions have been adopted in
some recent studies [37–39], and have shown significant effects on
the ion transport in nanofluidics for some cases. However a careful
molecular study showed that the hydrodynamic boundary condi-
tion, slip or not, depended on the molecular interactions between
fluid and solid and on the channel size [40,41]. For the dilute solu-
tion in silica nanochannels considered in this work (h�20 nm), the
non-slip boundary condition is still valid [29,42,43].

For the electrostatic boundary condition, in this work we use
the Basic Stern (BS) model developed by Behrens and Grier [15] in
which the silica surfaces acquire charges in contact with water by
the dissociation of silanol groups [44]:

SiOH ↔ SiO− + H+, (5)

so that the diffusion layer potential (�) on the interface can be
expressed as a function of the charge density (�) [15]:

�(�) = kT

e
ln

−�
e� + � − (pH − pK)

kT ln 10
e

− �

C
(6)

where � is the surface density of chargeable sites, pK the logarith-
mic dissociation constant, and C the Stern layer’s phenomenological
capacity. Eq. (6) reflects the chemical nature of the silica–water
interface and its charging process, however the BS model has
some limitations: (i) hardly suitable for extremely acidic solutions
(pH < 3) or for where the protonation of doubly coordinated groups
(Si2–O) has to be taken into account [15,45]; (ii) unsuitable for
high-salt-concentration solutions (>1 mM) since only silica–water
interaction is considered [46].

For the flat surfaces of a nanochannel, the surface-charge density
is approximated using the Grahame equation [47]:

�(�) = 2εε0kT�

e
sinh

(
e�

2kT

)
, (7)

where �−1 is the Debye screening length given by � =√
2z2e2nb/εε0kT . Solving Eqs. (6) and (7) yields the electrostatic

boundary conditions at the wall surfaces of the channels when the
double layers do not interact. Such a chemical equilibrium bound-
ary condition has been employed in the previous studies [3,19,48].
Fig. 2 shows the zeta potential on an isolated flat silica surfaces con-
tacting with the NaCl solution. The solid line is predicted by the BS
model and the circles are the experimental data from Gaudin and
Fuerstenau [49]. The BS predictions agree with the experimental
data in the dilute solutions (<1 mM). The BS model can be extended
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Fig. 2. Zeta potential versus bulk concentration for isolated flat silica surfaces. The
cycles are from the experimental data from Gaudin and Fuerstenau [49]. The param-
eters using in the Basic Stern model are � = 8 nm−2, C = 2.9 F m−2 and pK 7.5 [15].
The other parameters are T = 298 K, and pH 6.5 [49].

to other non-silica materials, such as carbon and plastic materials,
once the parameters (� , C, pK,) are given.

2.3. Effective bulk concentration

When the EDL interaction occurs in nanofluidic channels, a tra-
ditional “bulk” ionic concentration does not even exist. The local
electroneutrality may be never obtained at the middle of chan-
nel for these cases. People have found the counter-ion-enrichment
when the EDL overlap occurs in the nanochannels [17,20,30,50].
A few methods have been proposed to determine the effective
bulk ionic concentration in nanochannels [19,51]. A reasonable
determination for the effective bulk ionic concentration with dou-
ble layer interactions in nanochannels requires (i) to reflect the
dominating ions effects on transport and (ii) to transform to the
traditional bulk concentration automatically when the double layer
interaction vanishes. Based on these requirements, we present an
enrichment coefficient, ˛, to calculate the effective bulk ionic con-
centration in this work, which is defined as

˛ = n+,m
n∞

, (8)

where n+,m represents the counter-ion concentration at the mid-
dle of the channel and n∞ is the initial ionic concentration in the
free-streaming flow. When the channel height is much larger than
the Debye length, the effective bulk ionic concentration (nb) equals
to the initial (free-streaming) ionic concentration (n∞). However
if the channel height is comparable to the Debye length, the bulk
ionic concentration at the middle of channel will be enriched by the
interaction of double layers from both walls. Thus the effective bulk
ionic concentration (nb) is equal to n+,m in value, and calculated by

nb = ˛n∞. (9)

The combination of Eqs. (1) and (6)–(9) yields a full descrip-
tion of the electrochemical boundary conditions even if the double
layers interact in nanochannels. The solution process is as fol-
lows: (i) calculate the initial boundaries (�0 and �0) using Eqs.
(6) and (7) through iterations by assuming nb = n∞; (ii) solve the
Poisson–Boltzmann equation, Eq. (1), using the initial boundary
condition (�0 or �0) to obtain the effective bulk concentration nb;
(iii) substitute nb into Eqs. (6) and (7) and solve for the final bound-
ary conditions (� and �) through another iteration process.

Fig. 3. Effective bulk concentration as a function of the initial bulk concentration for
different channel heights (h). The chemical equilibrium parameters are � = 8 nm−2,
pK 7.9 and C = 2.9 F m−2 from the reference [15]. The other parameters are T = 293 K
and pH 8.

Fig. 3 shows the calculated effective bulk ionic concentration
(nb) as a function of the initial bath bulk concentration (n∞) for dif-
ferent channel heights. For two isolated surfaces (h = ∞), nb always
equals n∞. Once the double layers interact, nb becomes greater
than n∞ and keeps approximately a constant in a wide range of
n∞. It decreases again slightly when the double layers interact very
strongly (see the situation for h = 40 nm at n∞ = 10−6 ∼ 10−5 M).

2.4. Simulation system and parameters

After the electrochemical boundary conditions are determined,
the governing Eqs. (1)–(4) are solved numerically by a lattice
Poisson–Boltzmann framework [52–54] in a 2D straight nanochan-
nel. The lattice Poisson–Boltzmann method can be regarded as
a highly efficient solver for the strongly nonlinear equations
governing the multiphysical transport [52]. Different from the
conventional computational methods for differential equations,
the lattice evolution method employs the mesoscopic equations
(for example, the Boltzmann equation) to determine macroscopic
transport dynamics, and solves the governing equations by track-
ing the distribution functions of particle packets on lattices [55].
The lattice Poisson–Boltzmann framework includes an electric
potential evolution method on discrete lattices to solve the nonlin-
ear Poisson–Boltzmann equation and a density evolution method
on the same set of discrete lattices to solve the Navier–Stokes
equations [52,54]. This numerical framework was implemented
in FORTRAN and has been validated with analytical solutions and
experimental data for micro- and nanoscale electrokientic flows
[52,54,56]. In the present work, we consider the flow of a KCl solu-
tion in a 2D silica nanofluidic channel either driven by a pressure
gradient or by an external electric field. The channel height varies
from 20 to 600 nm, the initial bulk KCl concentration from 10−6 to
1 M, and the pH value from 5 to 9. We use a 200 × 200 lattice system
for most cases and refine the lattices when necessary to ensure that
the lattice size is smaller than one third of the Debye length (�−1)
for acceptable numerical accuracy. If the Debye length is smaller
than 3% of the channel height, it satisfies the “thin layer” hypothe-
sis and the electrokinetic transport can be simply calculated based
on the Helmholtz–Smoluchowski model [1].

When the flow is driven by a pressure gradient, a streaming
potential is established because of the ion transport. The streaming
electric field is always opposite to the flow direction, and hence
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the net flow in the channel is diminished. This phenomenon is
commonly referred as the electroviscosity effect since the liquid
appears to be of higher viscosity near the surfaces [19,52,57]. In
this work, the streaming electric field strength is calculated by a
simplified model [57]

Estr = −
∫ h

0
�eudA

Ac	0 + Ps	s
, (10)

where �0 is the electrical conductivity of the fluid, 	s is the spe-
cific surface conductivity, Ac is the effective area of the channel’s
cross-section for the bulk conduction current and Ps the wetting
parameter of the channel [58,59]

Ps = 2(w + h), (11)

where w is the channel width and h the channel height.
Although the fluid electrical conductivity (	0) depends on the

electrolyte concentration and the surface-charge density [2,21]
and the surface conductivity (	s) may vary with the channel size
[59] and the ionic transport properties in the Stern layer [60],
we use constant 	0 and 	s for simplification in this work at:
	0 = 1.42 × 10−3
−1 m−1 and 	s = 1.64 × 10−9
−1 [52,61].

The conductance is calculated after the numerical simulations
and compared with the existing experimental data from the liter-
ature. For the pressure-driven flow, the streaming conductance is
defined as the streaming current per unit applied pressure [3]

cstr ≡ Istr

�p
= 1
�p

∫
�eudS, (12)

where Istr denotes the streaming current and S the cross-section
area.

For the electroosmotic flow, the channel electrokinetic conduc-
tance is defined as the current per unit applied electrical potential
difference [2]

ce ≡ I

�V
= 1
�V

(∑
i

zie

∫
JidS

)
(13)

where the subscript i denotes the i-th ion species, and J the ionic
flux determined by the Nernst–Planck equation [34,36,62]

J i = − eziDi
kT

ni∇ + niu, (14)

where z is the valence and D the diffusivity of the ion. Another
parameter, the ion mobility (�m), is often used to calculate the
ionic current, defined as�m,i = eziDi kT−1. [2,63] The diffusivity and
mobility of ion may vary with the ionic concentration. In this work,
we assume constant ion properties since the mobility variance is
within 0.3% when the ionic concentration is 10−6 ∼1 M for the KCl
solution [2].

The other simulation parameters, if not specified otherwise,
are � = 999.9 kg m−3, εε0 = 6.95 × 10−10 C2 J−1 m, �= 0.889 mPa s,
T = 293 K,DK+ = 1.96 × 10−9 m2 s−1 andDCl− = 2.03 × 10−9 m2 s−1.
[6,53,56]

3. Results and discussion

3.1. Benchmark

To validate the present numerical framework, we first simulate
the pressure-driven flow of a KCl solution in a silica nanochan-
nel, calculate the streaming conductance, and compare with other
models and experimental data [3]. Fig. 4 shows the results for a
channel with h = 140 nm. The measured streaming conductance is
for a three-dimensional rectangular channel with a high aspect
ratio at about 360 [3]. It is expected that at such a high aspect ratio,

Fig. 4. Streaming conductance as a function of the initial bulk KCl concentration
for a nanofluidic channel (h = 140 nm). The present simulation is compared with the
constant zeta potential, constant charge density, the chemical equilibrium model
and the experimental data from van der Heyden et al. [3]. The channel is 50 �m wide
and 4.5 mm long [3]. The effective bulk ionic concentrations and zeta potentials in
Fig. 1 are used for the present simulations.

the edge effects are negligible and the 2D simulations can result in
a good approximation for the 3D experiments. We use � = −100 mV
for the constant zeta potential model and � = −10 mC m−2 for the
constant charge density model. The electroviscosity effect is taken
into account in the simulations for both models. The chemical equi-
librium model solves the boundary condition only once, Eqs. (6)
and (7), without the effective bulk concentration modification [3].
As a result, the streaming conductance calculated using this model
does not fit the experimental data for low bulk concentrations
(<10−5 M), at which the bulk concentration-enrichment is substan-
tial. The prediction for the constant surface-charge density deviates
from the experimental data for low bulk concentrations due to the
electroviscosity considered in our simulation. The result obtained
from the present framework agrees much better than the other
models with the experimental data in the entire concentration
range, which increases sharply with the concentration decrease at
high-salt concentrations, reaches the maximum at some moderate
concentration, and keeps almost constant at low salt concentra-
tions. Based on the present simulation process, it is reasonable to
believe that the ionic concentration-enrichment caused by the EDL
interaction results in the saturation of the surface-charge density
and hence that of the streaming conductance. It is noticed that in
Fig. 4 the present model still overrates the streaming conductance
a little bit for low salt concentrations (<10−4 M) even though they
are within the error bars. One possible reason is that when the salt
concentration is lower than 10−4 M, it is virtually hard to control pH
due to the dissolved atmospheric CO2 [64]. The pH of the solution
will actually reduce from 8. The pH value effects on the transport
properties of nanochannels will be discussed in the later part of this
paper.

3.2. Streaming conductance in pressure-driven flows

Fig. 5(a) shows the streaming conductance versus the initial KCl
concentration for three different channels. The streaming conduc-
tance increases with the decrease of the KCl concentration, and
then gets saturated after reaching a maximum value. The saturation
conductance appears proportional to the channel size approxi-
mately. This result agrees well with the experimental observation
qualitatively [3]. When all the results for different channel sizes
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Fig. 5. Streaming conductance as a function of channel wall separations for KCl
solutions at T = 293 K and pH 8. The other parameters are the same as those in Fig. 4.

(20–600 nm) and different salt concentrations are normalized, they
fall into one curve as shown in Fig. 5(b). The streaming conductance
cs is normalized by cs0 which is based on the original chemical equi-
librium model without the bulk concentration modification. The x
axis is the dimensionless wall separation, �0h, where �0 is calcu-

Fig. 6. Streaming conductance as a function of pH for KCl solutions at T = 293 K and
n∞ = 10−4 M. The other parameters are the same as those in Fig. 4.

lated by the initial salt bulk concentration: �0 =
√

2z2e2n∞/εε0kT .
The results indicates that the dimensionless streaming conduc-
tance increases with the decrease of the wall separation and is
enhanced up to 10 times by the EDL interaction when the Debye
length (�−1

0 ) is 10 times of the channel height (h). The effect from
the EDL interaction fully diminishes and the dimensionless stream-
ing conductance becomes a constant (unity) when the channel size
is larger than 10 times of the Debye length.

Fig. 6 shows pH effects on the streaming conductance for a 10−4

M KCl solution. The contribution from the buffer electrolyte, used
to change the pH of the solution, is negligible in this pH range com-
pared with the relative higher salt solution. Fig. 6 indicates that
the streaming conductance increases with the increasing pH value
almost linearly when pH < 8. This result suggests the streaming con-
ductance sensitive to the pH value of the solution when pH < 8.
Any decrease of pH of the dilute solution will lead to a remarkable
decrease of the streaming conductance. This proves our hypothesis
that the predictions will agree better with the experimental data in
Fig. 4 at low ionic concentrations if the pH decrease caused by the
dissolved CO2 is taken into account [64].

3.3. Electrical conductance in electroosmotic flows

When an electrolyte solution is driven to flow in nanochan-
nels by an external electric field, i.e. the electroosmotic flow,

Fig. 7. Electrical conductance for different channel walls separations for KCl solu-
tions at T = 293 K and pH 8. The other parameters are the same as those in Fig.
4.
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Fig. 8. Electrical conductance of a nanofluidic channel (h = 140 nm) as a function of
pH for KCl solutions at T = 293 K and n∞ = 10−4 M. The other parameters are the same
as those in Fig. 4. The inset displays a linear relationship when using a logarithmic
y axis.

the electrical conductance becomes the most important quantity
characterizing ion transport in the channels. Fig. 7(a) shows the
electrical conductance as a function of the KCl concentration for
two different channel sizes. The saturation phenomenon appears
again, which is caused by the concentration-enrichment when
the EDL overlap occurs and has been reported by experiments
[2,7,13,21,22]. It is interesting to find that a larger channel has a
higher conductance before the EDL overlap, but a lower conduc-
tance after that. Such a phenomenon has only been reported by
Stein et al. [2] (see Fig. 2 in [2]). When we reformulate the conduc-
tance and the channel wall separation into dimensionless forms,
the results fall into one curve, as shown in Fig. 7(b), for differ-
ent channel sizes (20–600 nm) and salt concentrations (10−6 ∼1 M).
On a log-log plot, the dimensionless conductance changes linearly
with the channel wall separation (dimensional channel size) in two
regions. This prediction agrees well with the experimental data
reported by Liu et al. [13] (see Fig. 4 in [12]). The conductance is
enhanced nearly 20 times by the EDL interaction when the Debye
length (�−1

0 ) is 10 times of the channel size (h), and similar with the
streaming conductance, the effect from the EDL interaction dimin-
ishes when the channel size is larger than 10 times of the Debye
length.

Fig. 8 shows the electrical conductance of a 140 nm nanochan-
nel as a function of the pH value of a KCl solution at T = 293 K and
n∞ = 10−4 M. The inset displays a linear relationship when using a
logarithmic y axis, which indicates that the conductance increases
with the pH value exponentially.

4. Conclusions

Electrokinetic transport in nanofluidic channels has been
investigated using the present numerical framework. The elec-
trochemical boundary condition is solved by considering both
the chemical equilibrium on solid–liquid interfaces and the salt
concentration-enrichment by the double layer interactions. The
transport behavior is then simulated by solving the governing equa-
tions using the lattice Poisson–Boltzmann method. The channel
size varies from 20 to 600 nm, the initial bulk concentration of KCl
aqueous solution ranges from 10−6 to 1 M, and the pH value of the
solution changes from 5 to 9. Both the streaming conductance for
pressure-driven flows and the electrical conductance for electri-
cally driven flows in nanochannels are calculated and compared

with the existing experimental data. The following conclusions
can be drawn from this study. (1) The bulk salt concentration-
enrichment caused by double layer interactions plays the key
role on the electrokinetic transport in nanofluidic channels when
the double layer thickness is comparable to the channel height.
The effective bulk concentration modification is based on the
counter-ion concentration at the center of the channel. (2) Both
the streaming conductance and the electrical conductance satu-
rate when the EDLs interaction. The reason is the saturation of
the surface-charge density and the zeta potential caused by the
bulk salt concentration-enrichment. (3) Although the conductance
varies with the channel size and the salt concentration, the nor-
malized streaming conductance and electrical conductance versus
the dimensionless channel wall separation falls into one curve,
respectively, for given pH value and temperature of the solution.
(4) Both the streaming conductance and the electrical conductance
are enhanced about an order of magnitude by the EDL interaction
when the Debye length (�−1

0 ) is 10 times of the channel size (h),
and such effect fully diminishes when the channel size is larger
than 10 times of the Debye length. (5) The streaming conductance
increases with the pH value approximately linearly when pH < 8,
while the electrical conductance increases with the pH value at an
exponential rate.
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