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Solute separation in nanofluidic channels:
Pressure-driven or electric field-driven?

We demonstrate theoretically that solute separation can be accomplished in pressure-driven
flow through nanochannels due to solute–wall interactions. Such pressure-driven separa-
tion is efficient in identifying solutes with variable valences. This function complements
exactly the electric field-driven separation (i.e., electrophoretic separation) in nanofluidic
channels that works well for solutes differing in diffusivity. We also demonstrate the
enhanced separation of solutes of either different valence or different diffusivity through
the combination of a pressure-driven flow and an electric field-driven backflow in nano-
fluidic channels. This combined flow, however, has to be used with caution for solutes
varying in both valence and diffusivity.
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1 Introduction

CE is a routine analytical technique to separate charged
solutes differing in electrophoretic mobility in micro-
channels [1]. As an important alternative to this electric field-
driven separation, LC is useful for the separation of solutes
varying in interaction with a stationary phase when they are
forced by pressure through a microcolumn [2]. Considering
the growing demand of integrated nanofluidic systems [3, 4]
and the advances in nanochannel fabrication [5–10], it is
natural to ask the question whether solute separation can
also be realized in nanofluidic channels by pressure- or elec-
tric field-driven processes.

Recently, electrophoretic separation of fluorescent dyes
was implemented in nanochannels. Garcia et al. [11]
observed that the nanoconfinement of electrokinetic trans-
port resulted in enhanced electrophoretic separation of
negatively charged Alxea dye from neutral rhodamine B dye.
Their experimental data of dye velocity agreed well with a
proposed concentration-weighted velocity. Pennathur and
Santiago [12–15] analyzed the solute electrokinetic transport
in nanochannels, and demonstrated the electrokinetic
separation of fluorescein and Bodipy by ion valence that they
termed EKSIV. More recently, Xuan and Li [16] investigated
numerically the influence of transverse electromigration on
electrokinetic transport of charged solutes in a series of

micro- and nanochannels. They found that this crosswise
motion of solutes in response to the electrical double layer
(EDL) field, which is often ignored in previous studies, could
significantly affect the electrokinetic migration velocity in
nanochannels and the electrokinetic dispersion in micro-
channels.

As it is essentially the consequence of solute–wall inter-
actions, the transverse electromigration of charged solutes
within EDL should affect their transport and separation in
nanofluidic channels regardless of the flow pattern of the
BGE. This article is going to examine the feasibility of solute
separation in pressure-driven nanochannel flow and then
compare its efficiency with that in electric field-driven nano-
channel flow.

2 Theoretical formulation

2.1 Notation

(see Addendum)

2.2 Solute transport in nanofluidic channels

Given the fact that the width (in micrometers) of state-of-the-
art nanofluidic channels is usually much larger than the
depth (in nanometers) [5–15], we consider the transport of a
solute zone in a slit nanochannel, see Fig. 1 for the sche-
matic. Apparently, two solutes can be separated if their zones
migrate at different velocities. This section presents the
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Figure 1. Scheme of the solute
transport in a slit nanochannel.
The dashed-dotted line indi-
cates the channel axis. For defi-
nition of symbols refer to Nota-
tion (see Addendum).

derivation of the mean migration velocity of a solute zone.
The analysis of solute separation in nanochannels will be
provided in the following section.

Assuming a fully developed flow of the BGE (either
pressure- or electric field-driven), the electrokinetic transport
of solutes in a slit nanochannel is governed by the following
2-D Nernst–Planck equation

qc
qt
þ uþ mepE
� � qc

qx
¼ D

q2c
qx2 þ D

q2c
qy2 þ mep

q
qy

c
qc
qy

� �
(1)

where c is the solute concentration, t is the time coordinate, u
is the velocity of the BGE in the x-direction, mep is the solute
electrophoretic mobility (also called ionic mobility), E is the
axial electric field either externally applied in EOF or intern-
ally induced in pressure-driven flow (i.e., so-called streaming
potential field) [17–19], x and y are the longitudinal and
transverse coordinates originating from the axis of the chan-
nel inlet (see Fig. 1), D is the solute diffusivity, and c is the
EDL potential that varies only in the y-direction. Integrating
Eq. (1) over the channel cross-section drops the terms in-
volving the y-coordinate because of the no-flux boundary
condition

q�c
qt
þ
qðuþ mepEÞc

qx
¼ D

q2�c
qx2

(2)

where the overbar indicates the average over the cross-sec-
tion. Equation (2) is valid in straight channels of arbitrary
cross-sectional shape [20]. However, it provides no direct
knowledge of either the mean migration velocity or the
effective dispersion coefficient of solutes, where the former
determines whether solutes can be separated while the latter
governs the resolution [21]. As the hydrodynamic dispersion
is proportional to the square of the channel transverse di-
mension in both pressure- [22, 23] and electric field-driven
flows [24, 25], it becomes trivial in nanochannels even
though the variation of fluid velocity across the channel may
become very significant [6–9, 11–15]. Moreover, such disper-
sion has no direct influence on the mean migration velocity
of solutes. Therefore, we neglect the hydrodynamic disper-
sion in this article and focus primarily on the migration ve-
locity with regard to solute separation.

Following the analysis of Pennathur and Santiago [12–15],
we drop the terms associated with the longitudinal (x-coordi-
nate) concentration gradient (thus neglect the hydrodynamic
dispersion). Also a quasi-steady equilibrium of the solutes is
assumed in the transverse direction, reducing Eq. (1) to

0 ¼ D
q2c x; y; tð Þ

qy2
þ mep

q
qy

c x; y; tð Þ qc
qy

� �
(3)

Invoking the Nernst–Einstein equation [18], mep = Dzve/kBT,
and integrating Eq. (3) twice gives [7, 12–18]

c x; y; tð Þ ¼ cc x; tð Þ exp � zve
kBT

c� ccð Þ
� �

(4)

where cc and cc are, respectively, the solute concentration
and the EDL potential at the channel axis, zv is the valence of
solutes, e is the charge of a proton, kB is the Boltzmann’s
constant, and T isthe liquid temperature. Thus, substituting
Eq. (4) into Eq. (2) leads to

qcc

qt
þUs

qcc

qx
¼ D

q2cc

qx2
(5)

where Us is the mean migration velocity of a solute zone in
nanochannels given by

Us ¼ u exp � zvec
kBT

� �,
exp � zvec

kBT

� �
þ mepE (6)

Apparently the Us of neutral solutes (zv = 0), Uneutral ¼ �u, is
only associated with the flow velocity of BGE. For charged
solutes, however, the valence zv also plays an important role
in Us, which underlies the solute separation in pressure-dri-
ven nanochannel flows and will be addressed in detail
shortly. A closed form solution of cc is available from Eq. (5),
so that the electrokinetic transport of charged solutes in
nanochannels is described by [26]

c x; y; tð Þ ¼ c0
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(7)

where c0 is the initial solute concentration, erf is the error
function, w0 is the half-width of the initially uniform solute
zone, and X0 is the x-coordinate of the center of the initial
solute zone. It is important to note that Eq. (7) is accurate
only in very small nanochannels where the effective disper-
sion coefficient is reduced to diffusion coefficient D [12–15].
In relatively large nanochannels (e.g., submicrometer
channels) or if the solute diffusivity is extremely small, how-
ever, D should be replaced by the effective dispersion coeffi-
cient of either a higher or lower magnitude [18].

The EDL potential c and the fluid velocity u in the last
two equations are given by (see the Addendum for the deri-
vations)
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c ¼ z
cosh kyð Þ
cosh kwð Þ (8)

u ¼ mpd 1� y2

w2

� �
P þ meo 1� c

z

� �
E (9)

where � is the wall zeta potential, w is the half-channel width,
k ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2e2n0=ekBT

p
the inverse of Debye length with n0 the

ionic density of the bulk electrolyte, mpd = w2/2Z the defined
pressure-driven mobility (in unit of ms21Pa21), meo = 2e�/Z
the electroosmotic mobility (in unit of m2s21V21, positive if
the zeta potential � is assumed negative), Z is the liquid vis-
cosity, and P is the pressure drop per unit channel length.
Note that the so-called Debye–Hückel approximation [17–19]
has been utilized to get Eq. (8), which requires essentially a
low magnitude of � (smaller than 25 mV). However, we have
demonstrated recently using numerical simulation the fairly
good accuracy of Eq. (8) in predicting the solute migration
velocity Us at � = 250 mV [16]. Therefore, Us in Eq. (6) is
specified as

Us ¼ mpdP
1� y2

w2

� �
G yð Þ

G yð Þ
þ meoE
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h i
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G yð Þ ¼ exp � zvez
kBT

cosh kyð Þ
cosh Kð Þ

� �
(11)

where m�ep ¼ mep

.
zv ¼ De

.
kBT can be viewed as the unit

electrophoretic mobility, and K = kw is the nondimensional
electrokinetic width. In EOF, the pressure drop P vanishes.
In pressure-driven flow, however, the electric field E is simply
replaced by the induced streaming potential field Est given by
(see the Addendum for the derivation)
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meo 1� tanh Kð Þ=K½ �
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where s is the bulk conductivity of the BGE. It is noted that
the function F3 defined in Eq. (13) is reflective of the surface
conductance (see the Addendum), which could be significant
in nanofluidic channels.

2.3 Solute separation in nanofluidic channels

The explicit inclusion of solute valence zv in all the three ve-
locity components of Us in Eq. (10) indicates a potential
separation of solutes, based on zv, in both pressure- and
electric field-driven flows. Those solutes differing solely in
m�ep¼ De=kBT (virtually the diffusivity D) can only be electro-
phoretically separated, which is, however, still available in
both types of flows because of the presence of the electric
field therein (either externally applied in electric field-driven

flow or internally induced in pressure-driven flow). In order
to compare fairly the efficiency of solute separation in be-
tween the two flow patterns, we define the ratio of mean
migration velocity between charged and neutral solutes, that
is

Us

Uneutral
¼ Us

2
3mpdP þ meoE 1� tanh Kð Þ=K½ � (14)

Therefore, the deviation of Us/Uneutral from unity indicates
the separation of a charged solute from a neutral solute, and
the difference in Us/Uneutral indicates the separation between
two charged solutes because Uneutral has nothing to do with
the solute properties. Moreover, the ratio Us/Uneutral is inde-
pendent of the driving force (E or P) because the pressure
drop P vanishes in EOF while the induced electric field E is
proportional to P in pressure-driven flow (see Eq. 12).

In typical microfluidic channels with K ..1, it is easy to
obtain from Eqs. (10), (11), and (14) the following ratio,

Us

Uneutral






K!1
¼

2
3mpdP þ meo 1þ zvgð ÞE

2
3mpdP þ meoE

(15)

where g ¼ m�ep

.
meo ¼ �DeZ=ezkBT is the mobility ratio be-

tween solute electrophoresis and liquid electroosmosis and is
positive in negatively charged channels. Therefore, solutes
differing in zv and/or g cannot be effectively separated in
pressure-driven flow through a microchannel because the
EDL is so thin that the induced streaming potential field, Eq.
(12), is negligible [17, 19], i.e., Us)K?? % Uneutral = 2mpdP/3.
In nanofluidic channels, however, the EDL thickness is
comparable to the channel width such that on one hand, the
streaming potential field or the so-called electro-viscous
effect gets strong [6–9, 17], and on the other, the solute–wall
interactions significantly affect the migration velocity of
charged solutes, regardless of the flow pattern of the BGE
[16]. Therefore, solutes in nanofluidic channels can be sepa-
rated in both pressure- and electric field-driven flows.

In order for a straightforward understanding of the
solute separation in nanofluidic channels, we propose a
simplification to the mean migration velocity of solutes Us in
Eq. (10). Assuming a very small � such that �* = e�/kBT,,1
yields G(y) & 1 2 zv�

*cosh(ky)/cosh(kw) (see Eq. 11) and
F & 1 (see Eq. 13), and hence reduces Eq. (10) to

Us simp ¼ mpdP

(
1�

K=3� zvz
� tanh Kð Þ � 2=K þ 2 tanh Kð Þ=K2
� 	

K � zvz
�tanh Kð Þ

)

þmeoE 1�
tanh Kð Þ � zvz

� tanh Kð Þ þ K=cosh2 Kð Þ
� 	�

2

K � zvz
�tanh Kð Þ

( )

þzvm�epE (16)

Compared to those of neutral solutes (i.e., the denominator
of the right-hand side of Eq. 14), both the pressure-driven
and the electroosmotic velocity components in Eq. (16) are
enhanced for negatively charged solutes (zv�

*.0) but
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reduced for positively charged solutes (zv�
*,0) wherein a

negative zeta potential has been assumed.
There is, however, a distinct difference in the influence of

solute electrophoretic motion between pressure- and electric
field-driven flows. For example, consider the case zv�

*,0, i.e.,
positively charged solutes (zv.0) transported in a nanochan-
nel carrying negative surface charge (�*,0)1. The three mo-
bilities mpd, meo, and m�ep in Eq. (16) are now all positive. In elec-
tric field-driven flows (P = 0), the positive electroosmotic ve-
locity component is decreased with the rise of zv, while, at the
same time, the positive electrophoretic velocity component is
increased. Therefore, the variation of mean migration velocity
Us_simp with respect to zv is mitigated. Similarly, in pressure-
driven flows the positive pressure-driven velocity component
gets smaller for solutes with a larger zv. From Eq. (12), we know
that the induced streaming potential field Est points to the
opposite direction of the applied pressure drop P. Therefore,
the enhanced solute electrophoretic motion, which is against
the pressure-driven flow, should improve the solute separation
differing in zv. However, the smaller magnitude of the induced
electroosmotic backflow at a larger zv tends to hinder the solute
separation. The real efficiency of solute separation in electric
field-driven and pressure-driven nanochannel flows will be
discussed in the proceeding section.

3 Results and discussion

In this section, we compare the efficiency of solute separa-
tion in pressure- and electric field-driven nanochannel flows
in terms of the ratio of mean migration velocity Us/Uneutral

defined in Eq. (14). The two main factors affecting the
separation efficiency, i.e., solute valence zv and mobility ratio
g (virtually the solute diffusivity D), will be examined indi-
vidually in channels of different electrokinetic width K (or
half-width w). We also demonstrate the improved separation
efficiency of solutes transported in a combined pressure- and
electric field-driven flow. The physicochemical properties
[27] used in the calculations are summarized in Table 1 or
otherwise noted in the figure captions.

Figure 2 shows the comparison of Us/Uneutral for charged
solutes with valences zv = 62 and61 between (a) pressure-
and (b) electric field-driven nanochannel flows where the
mobility ratio is fixed at g = 0.055 (or the solute diffusivity
D = 5610211 m2/s). We see in pressure-driven flow nega-
tively charged solutes always move faster than neutral ones
while positively charged solutes move slower. Such velocity
differences due to the solute–wall interactions become more
significant when the electrokinetic width K shrinks, indicat-
ing higher separation efficiency in narrower nanochannels.
Specifically, all Us/Uneutral curves in Fig. 2a achieve their
extremes at around K = 4 corresponding to a half-channel
width w = 40 nm, where the induced streaming potential
field is believed to approach its maximum [17, 19]. In electric
field-driven flow, however, there appear crossovers in Us/
Uneutral curves, which necessitate a cautious identification of

Table 1. Summary of physicochemical properties used in the
calculations unless otherwise noted in the figure cap-
tions

Properties Values

BGE Permittivity e 7.08610210 CV21m21

Viscosity z 161023 kg?m21s21

Ionic density n0 6.02261023 m23a)

Temperature T 298 K

Nanofluidic channels Length 600 mm
Zeta potential � –50 mV

Dissolved solutes Diffusion coefficient D 5610211 m2/s
Mobility ratio g 0.055
Bulk concentration c0 10 mM
Half width of initial

solute band w0

0.5 mm

Center of initial solute
band X0

10 mm

a) Note: This ionic density corresponds to the ionic concentra-
tion of 1 mM.

solutes in nanochannels of different widths. This phenom-
enon is attributed to the competitive effect between electro-
osmosis and electrophoresis as noted above. Moreover, the
Us/Uneutral curves in electric field-driven flow are more clo-
sely gathered compared to those in pressure-driven flow.
Therefore, solutes differing merely in valence are more effi-
ciently separated in pressure-driven nanochannel flows. In
addition, we notice that all Us/Uneutral curves in Fig. 2b
achieve their extremes within almost the same range of K as
in Fig. 2a, indicating the most desirable width of nanochan-
nels for solute separation. As an example, Fig. 2c demon-
strates the transport of an initially 1 mm wide solute zone 5 s
after a vacuum of 260 kPa was imposed to the outlet of a
600 mm long, 100 nm wide channel. The attraction of posi-
tively charged solutes into the EDL where the wall viscous
retardation is effective explains why they move slower than
negatively charged solutes that are focused to the channel
center where the fluid moves the fastest [11–16].

Figure 3 compares the ratio Us/Uneutral for monovalent
negative solutes with variable mobility ratios g (note:
g0 = 0.055) between (a) pressure- and (b) electric field-driven
nanochannel flows. For these solutes, the velocity compo-
nent(s) associated with the fluid motion, i.e., the pressure-
driven and/or the electroosmotic velocity component in the
mean migration velocity Us, remains constant. In other
words, only the difference in electrophoretic velocity compo-
nent contributes to the solute separation. As the streaming
effect is just a secondary effect in pressure-driven flow,
solutes differing in g are basically hard to separate, especially
when the magnitude of g is small. In electric field-driven

1 This analysis also applies to negatively charged solutes transported
in a nanochannel carrying positive surface charge where zv�

*,0
also holds.
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Figure 2. Comparison of the
ratio of the mean migration ve-
locity Us/Uneutral for solutes with
different valences zv transported
in between (a) pressure- and (b)
electric field-driven nanochan-
nel flows. (c) Pressure-driven
solute transport in a 100 nm
wide channel at t = 5 s (only top
half-channel is illustrated). The
hollow arrow pointing to (c)
indicates the equivalent non-
dimensional electrokinetic
width K (noted by a cross in the
abscissa of (a)) in (c). In all cases,
a uniform solute band of half-
width w0 = 0.5 mm and con-
centration c0 = 10 mM was initi-
ally injected to the same posi-
tion X0 = 10 mm downstream
from the channel inlet. The
applied pressure drop per unit
channel length is
P = 16108 Pam21. For all other
parameters refer to Table 1. Dif-
ferently shaded maps are used
for the cases demonstrated,
where, however, Cmax always
indicates the maximum con-
centration in each case.

flow, however, such solutes can be easily distinguished due to
their dramatic difference in electrophoretic velocity. Figure
3c compares the transport of an initially 1 mm wide solute
zone 5 s after an axial electric field of E = 3 kV/m is applied
across a negatively charged nanochannel of width 100 nm.
The higher the mobility ratio is, the slower the solute moves
due to the larger negative electrophoretic velocity. Moreover,
the solute with a higher mobility ratio is more significantly
dispersed due to the greater diffusion coefficient.

It is now clear that in nanofluidic channels, pressure-
driven flow can separate efficiently solutes with different
valences zv, while separate trivially those differing only in
mobility ratio g. Electric field-driven flow in nanochannels
does the opposite thing. Naturally, we turn to the combina-
tion of these two types of flows. Figure 4 demonstrates the
improved Us/Uneutral in pressure-driven nanochannel flow
where an electric field of E = bEst is applied to generate an
electroosmotic backflow. Note that b = 1 corresponds exactly
to the pressure-driven flow we analyzed earlier. At a higher
magnitude of b, all the Us/Uneutral curves illustrated in Fig. 4
go further away from the reference line Us/Uneutral = 1 (i.e.,
the ratio for neutral solutes). Therefore, the separation effi-

ciency of solutes varying in either solely valence or solely
mobility ratio is enhanced when the electroosmotic backflow
grows stronger. However, it is also apparent that the separa-
tion of solute with zv = 11 and g = 5g0 from the one with
zv = 12 and g = g0 is degraded with the increase of b. In such
a case, we may reverse the EOF to improve the separation.
Anyway, such a method of combining pressure- and electric
field-driven flows should be used with care for solute
separation in nanofluidic channels.

4 Concluding remarks

We have demonstrated theoretically that the solute–wall
interactions in nanofluidic channels enable the separation of
solutes in both pressure- and electric field-driven flows.
However, their separation efficiencies may be significantly
different depending on the two characteristic properties of
solutes, i.e., valence and mobility ratio (equivalent to the
solute diffusivity as noted in the text). Specifically, solutes
differing in valence can be efficiently separated in pressure-
driven flow while those with different mobility ratios have to
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Figure 3. Comparison of the
ratio of mean migration velocity
Us/Uneutral for solutes with differ-
ent mobility ratios g transported
in between (a) pressure- and (b)
electric field-driven nanochan-
nel flows. (c) Electric field-driven
solute transport in a 100 nm
wide channel at t = 5 s (only top
half-channel is illustrated). The
hollow arrow pointing to (c)
indicates the equivalent non-
dimensional electrokinetic
width K (noted by a cross in the
abscissa of (b)) in (c). The
applied electric field is fixed as
E = 3 kV/m. The reference mo-
bility ratio is g0 = 0.055. For all
other parameters refer to Fig. 2.
Differently shaded maps are
used for the cases demon-
strated, where, however, Cmax

always indicates the maximum
concentration in each case.

Figure 4. Ratio of mean migration velocity Us/Uneutral for solutes
transported in a combined pressure- and electric field-driven
flow. An electric field of E = bEst is applied to generate the elec-
troosmotic backflow, where Est is the induced streaming poten-
tial field. The ellipse groups the curves for monovalent negative
solutes with variable mobility ratios g, while all other curves
share the same mobility ratio g0 = 0.055.

be separated in electric field-driven flow. We have also pro-
posed a combined pressure- and electric field-driven flow in
nanochannels for a better separation. In such a combined
nanochannel flow, the separation efficiency of solutes vary-
ing in either valence or diffusivity alone is predicted to
increase with increase in the magnitude of the electro-
osmotic backflow. However, this method may degrade the
separation efficiency for solutes differing in both valence and
diffusivity and thus should be used carefully.

Financial support from the Natural Sciences and Engineer-
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6 Addendum

6.1 Notation

c solute concentration
c0 initial solute concentration
cc solute concentration at the channel axis
D diffusion coefficient
e charge of a proton, 1.602610219 C
E axial electric field
Est streaming potential field in pressure-driven flow
F/G defined functions
kB Boltzmann’s constant, 1.381610223 J K21

K nondimensional electrokinetic width
n0 bulk ionic density of BGE
P pressure drop per unit channel length
t time coordinate
T temperature, 298 K (T0 for ambient)
u velocity of BGE in the longitudinal direction
Us mean migration velocity of solutes
Uneutral mean migration velocity of neutral solutes
Us_simp simplified solution of Us

w half-channel width
w0 half-width of the injected solute zone
x streamwise or longitudinal coordinate
X0 the central location of the injected solute zone
y transverse coordinate
zv valence of solute ions
e permittivity
Z dynamic viscosity

g mobility ratio between electrophoresis and electro-
osmosis

k reciprocal of Debye length
m mobility
m�ep unit electrophoretic mobility
c EDL potential
cc double layer potential at the channel axis
s electrical conductivity of the BGE
� zeta potential, 250 mV
�* normalized zeta potential, = e�/kBT
Subscripts:
eo electroosmotic
ep electrophoretic
pd pressure-driven

6.2 Electrokinetic flow field in a slit nanochannel

This Addendum presents the derivations of the EDL field,
Eq. (8), flow field, Eq. (9), and streaming potential field, Eq.
(12), in electrokinetic flow through a slit nanochannel; see
Fig. 1 for the schematic. At steady-state, the Navier–Stokes
equation is reduced to [28, 29]

Z
d2u
dy2
þ P þ reE ¼ 0 (A1)

where P is the pressure drop per unit channel length, E is the
axial electric field strength, and re is the net charge density
given by the Poisson equation [18, 19]

re ¼ �e
d2c
dy2

(A2)
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Considering the no-slip boundary condition for Eq. (A1) and
the Dirichlet boundary condition (i.e., zeta potential) for Eq.
(A2) on the channel wall (y = w), it is straightforward to ob-
tain

u ¼ mpd 1� y2

w2

� �
P þ meo 1� c

z

� �
E (9)

where the definitions of mpd and meo are the same as men-
tioned previously. It is noted that in the net charge density, re

in Eq. (A2), we have neglected the contribution from the
charged solutes in order to simplify the analysis. This neglect
is reasonable as long as the solute concentration is much
lower than the ionic concentration of the BGE, which is ful-
filled in typical electrophoretic separations. Under such a
condition, it is also safe to assume a uniform zeta potential
on the channel wall. The EDL potential c is determined from
the Poisson–Boltzmann equation that can be simplified to
Eq. (A3) under the Debye–Hückel approximation [17–19]

d2c
dy2
¼ k2c (A3)

where k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2e2n0=ekBT

p
is the inverse of Debye length. Note

that we have assumed here a symmetric electrolyte solution
with unit charge, for example, KCl, for simplicity. Hence, the
EDL potential field is easily solved as

c ¼ z
cosh kyð Þ
cosh kwð Þ (8)

Assuming equal ionic mobilities for the positive and nega-
tive ions of the electrolyte, the electrical current density is
given by [17, 29, 30]

j ¼ reuþ s cosh
zvec
kBT

� �
E (A4)

where s is the bulk conductivity of the electrolyte. It is
important to note that the cosh term in Eq. (A4) accounts for
the distribution of the real conductivity across the channel
due to the effect of the so-called surface conductance [17–19].
Substituting Eqs. (8) and (9) into Eq. (A4) and then integrat-
ing it over a unit channel cross-section yields the average
current density J in electrokinetic flow

J ¼ meoF1P þ m2
eo

mpd
F2 þ sF3

 !
E (A5)

F1 ¼ 1� tanh Kð Þ=K (A6)

F2 ¼ K tanh Kð Þ � K
�

cosh2 Kð Þ
� 	�

4 (A7)

F3 ¼
Zw

0

cosh
zvez
kBT

cosh kyð Þ
cosh Kð Þ

� �
d

y
w

� �
(13)

For a steady-state pressure-driven flow, there is no net cur-
rent in the channel, i.e., J = 0. As such, a streaming potential
field Est is produced by the applied pressure drop

Est ¼ �
meoF1

m2
eoF2

.
mpd þ sF3

P (A8)

Recovering the functions F1 and F2 then gives Eq. (12) in the
main text.
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