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Nanochannel ion transport is known to be governed by surface charge at low ionic concentrations. In this paper,
we show that this surface charge is typically dominated by hydronium ions arising from dissolution of ambient
atmospheric carbon dioxide. Taking the hydronium ions into account, we model the nanochannel conductance
at low salt concentrations and identify a conductance minimum before saturation at a value independent
of salt concentration in the dilute limit. Via the Poisson–Boltzmann equation, our model self-consistently
couples chemical-equilibrium dissociation models of the silica wall and of the electrolyte bulk, parametrized
by the dissociation reaction constants. Experimental data with aqueous KCl solutions in 165-nm-high silica
nanochannels are described well by our model, both with and without extra hydronium from added HCl.
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I. INTRODUCTION

Nanofluidics and specifically, ion transport through artificial nanochannels, are important for both fundamental
scientific studies and for practical biomolecular and energybased applications [1–3]. Of particular interest is the intricate
interplay among surface chemistry, electrokinetics, and fluid
dynamics spanning over molecular and continuum macroscopic length scales [4,5]. It has been demonstrated that
the electrokinetic properties at this scale have enabled a
range of innovations including those for chemical sensing
and bioanalytics [6–12], energy harvesting systems, [13–18],
and nanofluidic ion transport [19–26], including enrichment,
depletion, and rectification effects [27–32].
For many of these applications, characterizing and understanding the conduction properties of electrolyte-filled
nanochannels at low salt concentrations (< 10−3 M) is important, and this raises the question of the role of hydronium ions.
It is well known that, under standard conditions, the dissolution
of ambient atmospheric carbon dioxide in de-ionized (DI)
water leads to the formation of carbonic acid, which, upon
reaching chemical equilibrium with the water, gives rise to an
inherent concentration of hydronium ions of ∼ 10−6 M corresponding to pH 5.7. Because hydronium has a uniquely high
mobility, a factor of ∼ 5 higher than common salt ions, in bulk
solutions, it is found that hydronium ions begin to dominate
the electrical conductivity when the salt concentration is lower
than ∼ 5 × 10−6 M. Furthermore, hydronium is also known
to interact with the confining walls of the electrolyte. For
oxide walls, most prominently silica, numerous studies have
shown how hydronium affects the electrical properties of the
wall-electrolyte interface and leads to a wall surface charge
that depends on salt concentration [33–44] including our own
recent study [26]. Finally, at sufficiently low salt concentration,
this surface charge is found to dominate the conductance
of electrolyte-filled nanochannels [8,11,19,24,27,28,32,45].
Given these facts, it is remarkable that the role of hydronium
ions is largely unexplored in the literature on nanochannel
conductance at low salt concentrations in unbuffered solutions.
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TABLE I. Experimental observations of a nanochannel conductance minimum at low salt concentration: List of reference, figure
number, year, magnitude δ of the minimum Eq. (21), and the applied
surface-charge model (Const and Dissoc refer to constant surfacecharge and chemical-equilibrium dissociation models, respectively).
All studies involve silica nanochannels and aqueous KCl solutions,
except Stein et al., who used a 50%/50% mixture of isopropanol and
an appropriately diluted KCl : TRIS (100 : 1) solution.
References
[19]
[28]
[45]
[46]
[24]
[32]

Stein et al.
Karnik et al.
Schoch and Renaud
Cheng
Martins et al.
Duan et al.
This paper

Figure

Year

δ

Model

3
3
3
2.9
3
3
-

(2004)
(2005)
(2005)
(2008)
(2009)
(2010)
(2010)

1.06
1.38
1.19
1.27
1.68
1.25
1.18

Const
Const
Const
Const
Const
Dissoc
Dissoc

The main goal of this paper is to provide such an analysis
mainly in terms of theoretical modeling, but also supported
by our own experimental validation. Among the dozens of
papers published on nanochannel conductance, we have only
found a single very recent paper dealing directly with similar
modeling [32].
Another motivation for our paper is to explain the appearance of a minimum in the nanochannel conductance as
a function of salt concentration, which several groups have
observed, but not noticed, see Table I. The minimum, which
cannot be explained by depletion effects near the entrances,
as this would lead to a decreased conductance at the lowest
salt concentration, is found to occur for salt concentrations
∼ 5 × 10−6 M, the above-mentioned crossover from salt to
hydronium-dominated conductance. The main result of our
analysis is that our model predicts such a minimum due to the
presence of inherent hydronium ions.
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II. MODEL

We consider a long straight nanochannel connecting two
large bulk reservoirs. Traditionally, theoretical modeling of
ionic transport in such systems is based on the Gouy–
Chapman–Stern theory of electrostatic screening by the mobile
co- and counterions in an aqueous salt solution of a wall
with constant surface charge, coupled to the continuum
fluid dynamics equations and, thus, forming the Poisson–
Nernst–Planck transport equations [47]. This results in a
monotonic decreasing nanochannel conductance as a function
of decreasing salt concentration that levels off at a plateau in
the dilute limit, as shown in Refs. [19,24,28,45,46] of Table I
as well as in Refs. [8,11,27] and summarized by Fig. 8 in a
recent review paper [2]. However, this is in contrast to the
observed nonmonotonic conductance graphs with a minimum,
and therefore, we choose to base our analysis on the other
well-known class of modeling, where the surface charge is
governed dynamically by chemical reaction constants of the
proton dissociation processes in the bulk electrolyte and at the
wall [26,32–44].
Building on our own recently published work [26], we
extend these previous buffer/wall dissociation models to low
concentration unbuffered electrolyte systems by the addition
of two crucial features: First, we account for hydronium ions
(here denoted as H+ for brevity) from autoprotolysis of water
and from dissociated carbonic acid induced by dissolution of
ambient atmospheric carbon dioxide; and second, we calculate
the surface charge from a self-consistent electrostatic coupling
between hydronium dissociation models of the silanol groups
at the wall and of all the bulk constituents, parametrized
by the associated dissociation constants. Our model consists
of three parts: (i) bulk dissociation reactions determining
2−
the concentrations of the involved H+ , OH− , HCO−
3 , CO3 ,
−
+
K , and Cl ions in the reservoirs, (ii) surface reactions
determining the potential and charge of the nanochannel
surface, and (iii) the Poisson–Boltzmann equation for the
electrical potential coupling the first two parts.
Specifically, following Refs. [26,33–44], we model the
solid/liquid interface as the layered structure shown in Fig. 1.
The innermost plane is the silanol surface at the o plane with
surface charge σo and potential φo . Next is the immobile Stern
layer situated between the o plane and the d plane and having
the capacitance Cs [F/m2 ]. Following the Stern layer is the
electrically charged diffusive screening layer extending from
the d plane a few times the Debye screening length λD to the
bulk and having surface charge σd and ζ potential φd . The last
layer is the charge-neutral bulk of the reservoirs.

FIG. 1. (Color online) Model of a silica surface (dark brown)
contacting an aqueous solution of KCl (white). At the bottom, the
four regions of our model have been identified: the silica wall, the
immobile Stern layer (light blue), the diffusive layer, and the bulk.
The dashed line denoted as the o plane is where the bound surface
charge σo resides, while the dashed line denoted as the d plane marks
the beginning of the diffuse mobile layer, a layer stretching from the
d plane to the bulk, and in which a mobile screening charge σd = −σo
resides. Cs is the (Stern) capacitance of the immobile layer. The
potentials at the o and d planes are denoted as φo and φd , respectively.

For DI water with a saturated concentration of carbonic acid
of 11.8 μM at 25 ◦ C [50], pH = 5.68, in agreement with our
own experimental measurements. Likewise, the salt KCl is
represented by the potassium hydroxide family KOH, with
charge states z = 0 and +1, together with the hydrochloric
acid family HCl with charge states z = 0 and −1. A list of all
involved chemical families taken into account in our model is
shown in Table II.
When the total concentration cXtot of each chemical family
in a given aqueous solution is known, the equilibrium
reactions listed in Table II can be solved with respect to the
b
bulk concentration cX,z
of each family member using the
X
buffer calculator code [49]. This calculational scheme takes
dissociation equilibrium, conservation of mass, and charge
neutrality into account,
b
b
KX,zX cX,z
= cX,z
cb , dissociation reactions,
X +1
X H
 b
cX,zX = cXtot , conservation of mass,

A. Bulk chemistry of the reservoirs

All bulk ionic concentrations in the reservoirs are calculated
using the method of chemical families presented in Ref. [48]
and supplemented by an open-source MATLAB-code buffer
calculator [49]. For this paper, the carbonic acid family H2 CO3
with charge states z = 0, − 1, and −2 is of particular interest,
H2 CO3 

HCO−
3




HCO−
3
CO2−
3

+ H+ , pKHCO−3 = 6.35,
+

+H ,

pKCO2−
= 10.33.
3

(1a)
(1b)

(2a)
(2b)

zX



b
zX cX,z
= 0, charge neutrality.
X

(2c)

X,zX

As Eqs. (2) describe the bulk ionic composition in the
reservoirs, charge neutrality is a good approximation.
b
Once the bulk concentrations cX,z
are known, three paramX
eters characterizing the bulk electrolyte can be determined: the
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TABLE II. List of the chemical families X used in this paper
together with the associated reaction schemes, charge states zX , reaction constants pKX,zX = − log10 (KX,zX /1 M), and electrophoretic
mobilities μbX,zX . Note that the pKX,zX values are always associated
with dissociation processes.
Chemical
family X

zX

Carbonic
acid

0
−1
−2
Potassium
0
hydroxide
+1
Hydrochloric
0
acid
−1
Water
0
−1
Silanol
0
−1
+1

Reaction scheme
(dissociation)

μbX,zX
[10−9/T]

pKX,zX

H2 CO3
−
H2 CO3 
 HCO3 + H+
2−
+

CO
HCO−
3 
3 +H
KOH
−
KOH 
 K+ + OH
HCl
−
HCl 
 Cl + H+
H2 O
−
H2 O 
 OH + H+
SiOH
−
SiOH 
 SiO + H+
+ 
SiOH2  SiOH + H+

0.0
−46.1a
−71.8a
0.0
76.2b
0.0
−79.1b
362.4c
−205.2c

6.35a
10.33a
14.00a
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B. Nanochannel electrostatics

Near the walls in any given electrolyte system, charge
transfer processes occur between the electrolyte and the
wall, leading to a nonzero electric potential φ(r). Defining
φ to be zero in the bulk reservoirs, and assuming that the
ionic concentrations are small enough to neglect interionic
correlations, the concentration cX,zX of the ions as a function of
position r in charge state zX of family X can be written in terms
b
multiplied by a Boltzmann
of the bulk concentration cX,z
X
distribution factor as


zX eφ(r)
b
,
(5)
cX,zX (r) = cX,zX exp −
kB T

b

where we take the electric potential to be zero in the reservoirs.
It simplifies the analysis if we nondimensionalize electric
potentials and concentrations by introducing kB T /e as the
scale for the electric potentials and cI as the scale for the
concentrations. The dimensionless fields, denoted by a tilde,
become
e
1
φ,
c̃X,zX = cX,zX .
φ̃ =
(6)
kB T
cI

ionic strength cI , the dilute-limit electric conductivity σelo , and
the Debye screening length λD ,

Henceforth,
 the electric charge density can be written as
ρel = ecI X,zX zX c̃X,zX , which together with Eq. (5) leads
to the Poisson–Boltzmann equation for the dimensionless
potential φ̃,
eρ
1 
b
zX c̃X,z
e−zX φ̃ .
(7)
∇ 2 φ̃ = − el = − 2
X
kB T
2λD X,zX

−7.00a
14.00a
6.56d
−1.90e

From Ref. [52], infinite dilution at 25 ◦ C.
From Ref. [53], infinite dilution at 25 ◦ C.
c
Here, z = 0 represents H+ , and z = −1 represents OH− .
d
From this paper.
e
From Ref. [38].
a

1 2 b
z c
,
2 X,z X X,zX
X

o
b
σel = e
zX μbX,zX cX,z
,
X
cI =


λD =

X,zX

kB T
2e2 cI

(3a)
(3b)

1/2
(3c)

.

At ionic strengths above 1 mM, the dilute-limit electrophoretic mobility μbX,zX in Eq. (3b) is inaccurate, and we
correct it using the Pitts equation, which, for a 1 : 1 electrolyte
in water at 25 ◦ C, takes the form [52]
b
μ∗b
X,zX = μX,zX



− AzX + 0.23|zX zX,ci |μbX,zX

C. Nanochannel surface chemistry

The total surface density of charge-active silanol sites at
the wall is denoted as tot [m−2 ]. In our model, we take
the three charge states z = 0, − 1, and +1 into account,
for SiOH, SiO− , and SiOH2 + , respectively, as well as the
two associated hydronium dissociation processes listed under
silanol in Table II. These surface charge states have the
densities o , − , and + , respectively, and it is natural to
nondimensionalize them relative to tot to obtain
˜o = 1

√

cI
√ ,
1 + aB cI
(4)

where μ∗b
X,zX is the mobility corrected for nonzero ionic
strength, A = 3.1 × 10−8 m2 V−1 s−1 is a constant, zX,ci is the
−1

For a symmetric binary electrolyte, this reduces to the wellknown simple form ∇ 2 φ̃ = sinh (φ̃)/λ2D .

valence of the counterion, B = 0.33 Å M−1/2 is a constant,
and a is an effective atomic radius [52]. In this paper, the
conductivity in the high ionic strength regime is dominated
by K+ and Cl− ions, for which a = 3 Å [54], and therefore,
we approximate the electrolyte as binary. We can then use
these two corrected mobilities for K+ and Cl− in Eq. (3b) to
improve the accuracy of our calculated electrical conductivity
in the high ionic strength regime.

˜− = 1

o,

tot

tot

˜+ = 1

−,

tot

+,

(8)

with the obvious normalization condition
˜ o + ˜ − + ˜ + = 1.

(9)

The hydronium dissociation processes at the wall involve the
concentration cHo of the hydronium ions at the o plane, which,
through the Boltzmann distribution, is related to the bulk
concentration cHb . Consequently, the dimensional dissociation
constants K± for the two surface processes as well as their
nondimensionalized counterparts K̃± = K± /cHb become
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K− =

− b −(e/kB T )φo
cH e
,
o

K̃− =

˜−
e−φ̃o ,
˜o

(10a)

K+ =

o

cHb e−(e/kB T )φo ,

K̃+ =

˜ o −φ̃
e o.
˜+

(10b)

+

KRISTIAN LUND JENSEN et al.

PHYSICAL REVIEW E 83, 056307 (2011)

The physical pK values pK± = − log10 (K± /1 M) are listed
in Table II. The surface charge σo and its nondimensionalized
counterpart σ̃o normalized by e tot are
σo = e(

+

−

− ),

σ̃o = ˜ + − ˜ − .

(11)

Finally, by straightforward algebra combining Eqs. (9)–(11),
we eliminate ˜ o , ˜ + , and ˜ − and obtain an expression of σ̃o
in terms of φ̃o and K̃± ,
σ̃o (φ̃o ) =

e−2φ̃o − K̃+ K̃−
e−2φ̃o + K̃+ e−φ̃o + K̃+ K̃−

.

(12)

D. Relating the surface to the bulk

The above surface and bulk ionic concentrations can
be coupled by the Poisson–Boltzmann equation. Whereas,
hydronium ions can diffuse to the o plane, other ions may
not penetrate past the d plane, forming the immobile Stern
layer depicted in Fig. 1.
Following the Gouy–Chapman–Stern model, we introduce
the Stern capacitance Cs [F/m2 ] (nondimensionalized as C̃s ).
It enters in an assumed linear relation between the voltage drop
φo − φd across the immobile layer and the surface charge σo ,
σ
φo − φ d = o ,
Cs

σ̃
φ̃o − φ̃d = o ,
C̃s

k T
C̃s = 2B Cs .
e tot
(13)

The boundary conditions at the surface for the Poisson–
Boltzmann equation (7) involve the surface charge σ̃o through
Eqs. (12) and (13), and they become both nonlinear and mixed,
1
σ̃ (φ̃), at the d plane,
λD q̃I o

2 kB T cI
q̃I =
.
e tot

n · ∇ φ̃ =

(14a)
(14b)

Here, we have introduced the surface normal n and the
nondimensionalized bulk charge area density q̃I .
In the special case where the curvature effects of the
boundary can be neglected, e.g., the tangential derivatives
∇t2 φ̃ in ∇ 2 φ̃ are much smaller than the normal-direction
derivatives ∂n2 φ̃, the Poisson–Boltzmann equation (7) can be
integrated once. The standard trick is to multiply the equation
by ∂ n φ̃, and then to use that (∂ n φ̃) ∂n2 φ̃ = ∂ n [(∂ n φ̃)2 ]/2 and
−zX (∂ n φ̃) exp (−zX φ̃) = ∂ n [exp (−zX φ̃)]. The result, known
as Grahame’s equation [55], is
 b
c̃X,zX [e−zX φ̃d − e−zX φ̃m ],
(σ̃o )2 = q̃I2
(15)
X,zX

where φ̃m is the potential at the midpoint between opposite
walls in the normal direction. In this simplified case, Eqs. (12),
(13), and (15) form a self-consistent set of algebraic equations
for the determination of σ̃o , φ̃o , and φ̃d . This algebraic
approach, in particular, can be employed for flat plane-parallel
channels of a very large width-to-height aspect ratio, since
in this case, the curvature effects only play a role for the
vanishingly small region at the edges of the channel cross
section.

E. Entrance effects and permselectivity

For low salt concentration, the electric double layers of
opposite walls of the nanochannel begin to overlap. Counterions are attracted to the nanochannel, while coions are
expelled, and the nanochannel becomes permselective to the
counterions. At each entrance of the nanochannel, the ionic
densities have to attain their respective bulk values. This is
achieved by displacing ions across the entrance, resulting in
an ionic screening layer of width λD outside the entrance
and uncompensated wall charges in the nanochannel, thus,
creating oppositely pointing electric dipoles at each entrance
and spawning the Donnan potential [2]. For low currents (the
linear regime), no additional dissipation is created by this
process: The potential drop experienced when passing into
the nanochannel through one dipole region is canceled by the
potential gain when leaving the nanochannel through the other
dipole region.
The linear regime breaks down when a certain critical
current Ic , the so-called limiting current, is reached. In the limit
of low flow velocities, Ic can be estimated by the classic Levich
theory [2,56,57] corrected by the logarithmic flux-focusing
factor [31],
Ic =

η+1
π
c
2eAres D I ,
 Lo 
η
−
1
L
ln 2h
o

(16)

where Lo is the distance from the nanochannel entrance to the
electrode in the reservoir, 2h is the height of the nanochannel,
η = I+ /I− is the ratio of counterion and coion currents, e is the
elementary charge, Ares is the reservoir cross-sectional area,
D is the ionic diffusivity, and cI is the ionic strength of the
solution in the reservoir.
For currents above Ic , a finite-sized polarization concentration region with nearly zero ion concentration develops in
front of the anode-side entrance of the nanochannel, and there
will be a significant voltage drop across this region. When this
happens, the measured conductance G of the system drops, and
this more strongly for lower reservoir concentration, in stark
contrast to the increased G observed on the low concentration
side of the conductance minimum given by δ in Table I and
Eq. (21).
In Table III, we list the estimates for the limiting current
tot
Ic for the low concentration (cKCl
< 0.1 mM) data points in
Sec. IV B. In our experiments described in Sec. IV, we have
TABLE III. Estimates based on Eq. (16) of the limiting current Ic
tot
for data points in Sec. IV B with cKCl
< 0.1 mM. Ares = 1.5 mm ×
0.5 mm, Lo = 0.75 mm, and D = 6 × 10−9 m2 /s.
tot
cKCl
[μM]

0.0
0.1
0.3
1.0
3.0
10.0
25.0
50.0
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cI
[μM]

λD / h

−φ̃m

η

Ic
[nA]

2.1
2.2
2.4
3.1
5.1
12.1
27.1
52.1

1.27
1.24
1.19
1.05
0.82
0.53
0.35
0.26

3.32
3.28
3.22
3.01
2.61
1.90
1.23
0.73

759
707
619
413
186
44
12
4

1.1
1.1
1.2
1.6
2.6
6.3
16.0
41.8
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made sure that all our measurements were performed in the
linear regime by using currents below 0.2 nA, i.e., at least
a factor of 5 below the estimated limiting current Ic . Therefore, the measured conductance is the intrinsic nanochannel
conductance. Furthermore, by reversing the polarity, we have
checked that no current rectification did take place (data not
shown).
F. Nanochannel conductance

Operating under conditions where the entrance effects are
negligible, the electrical conductance G of an aqueous-filled
nanochannel is found as G = I /V by applying a known
voltage drop V and measuring the resulting current I . The
electromigrative contribution Gmig = Imig /V to G is found
by integrating over the sum of the conductivities for the
chemical families X. The external applied voltage also gives
rise to an axial electric field V /L driving an axial electroosmotic flow v(y,z) and resulting in an advective current Iadv
with the corresponding contribution, Gadv = Iadv /V , to the
conductance. The flow is found by solving the steady-state
Navier-Stokes equation with an electrical body force in a
rectangular channel [58]. For high-aspect-ratio rectangular
channels (height 2h much smaller than width w), only the
vertical z direction matters, and the explicit expression for the
total conductance, G = Gmig + Gadv , is well approximated by
G=

2ew 
z μ∗b cb
L X,z X X,zX X,zX
X

+

2 kB T w 
z cb
ηL X,z X X,zX
X

0

e−zX φ̃(z) dz

−h
0
−h

PHYSICAL REVIEW E 83, 056307 (2011)

σ̃o =

X,zX

III. NUMERICAL ONE-DIMENSIONAL ANALYSIS

In the following numerical analysis, we consider the case of
a channel aligned with the x axis and with a rectangular cross
section in the yz plane of height 2h and width w such that −h <
z < h and 0 < y < w, mimicking our experimental system
described in Sec. IV. The width-to-height aspect ratio in this
case is large, w  2h so that we can apply a one-dimensional
(1D) approximation, where the side walls at y = 0 and y = w
can be neglected, and only the top and bottom walls at z = ±h
play a role.

(19b)

,
K̃− K̃+ + K̃+ e−φ̃o + e−2φ̃o
 b
c̃X,zX [e−zX φ̃d − e−zX φ̃m ],
(σ̃o )2 = q̃I2

(19c)

X,zX

together with the 1D Poisson–Boltzmann equation for planar
walls including boundary conditions at the wall, z = −h, and
at the center of the channel, z = 0,
1 
b
∂z2 φ̃ = − 2
zX c̃X,z
e−zX φ̃ ,
(20a)
X
2λD X,zX
φ̃(−h) = φ̃d ,

∂ z φ̃ (0) = 0.

(20b)

We implement and solve the problem using MATLAB (Mathworks, Inc.) using the following self-consistent iteration
algorithm:
Initialization: Calculate pH = − log10 (cHb ) and ionic
b
in the bulk using the buffer calculator
concentrations c̃X,z
X
[49] Eq. (2), and assume φ̃m = 0.
Loop: Solve Eq. (19) for σ̃o , φ̃o , and φ̃d , then solve Eq. (20)
for φ̃, and finally obtain φ̃m = φ̃(0).
Test: Repeat the loop until φ̃m has converged.
Once converged, the algorithm provides the potential φ̃(z) to
be used in Eq. (17) for calculating the conductance G. This
algorithm, which self-consistently couples the CO2 -induced
hydronium, surface, and bulk reactions, as well as nonlinear
electrokinetics of the double layer, is the first main theoretical
result of this paper.

[φ̃(z) − φ̃d ]e−zX φ̃(z) dz. (17)

For zero internal potential (φ̃ = 0), the effects of the wall
disappear, and we obtain the bulk conductivity σelb as

b
σelb = e
zX μ∗b
(18)
X,zX cX,zX .

e−2φ̃o − K̃− K̃+

B. Prediction of the conductance minimum

The second theoretical result is the model prediction that the
conductance G of a nanochannel depends nonmonotonically
tot
b
on the KCl concentration cKCl
= cKb + = cCl
− in the reservoirs.
The nanochannel parameters listed in Table IV are chosen
to correspond to our experimental validation presented in
Sec. IV, and the simulation results are displayed in Fig. 2.
Consistent with literature, the modeled conductance of the
nanochannel follows a linear relation as does measured bulk
conductance at high salt concentrations. Furthermore, the
modeled conductance reaches a plateau in the infinite-dilution
limit, similar to that found by Refs. [19,24,28,45]. However, as
indicated in the log-log plot of Fig. 2(a) by the labels Plateau,
Valley, Departure, and Bulk, we find, in contrast to these
previous model studies, but in line with Ref. [32] where it went
TABLE IV. List of the nanochannel parameters used in the model
calculation of the nanochannel conductance, Fig. 2.
Parameter

Symbol

Value

2h
w
L

165 nm
8.3 μm
12.0 mm
5 nm−2
0.2 F m−2
1.0 mPa s
690 pF m−1
298 K

A. The numerical algorithm

The first part of our numerical scheme is using the buffer
calculator [49] based on Eq. (2) to determine the bulk
b
concentrations cX,z
for a given solution of the ions H+ ,
X
2−
−
+
OH− , HCO−
3 , CO3 , K , and Cl . We then consider the
self-consistent solution of Eqs. (12), (13), and (15), which,
in this case, takes the form
σ̃o = C̃s (φ̃o − φ̃d ),

Height
Width
Length
Surface site density
Stern capacitance
Viscosity of water
Permittivity of water
Temperature

(19a)
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Cs
η
T
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FIG. 2. (Color online) Theoretical predictions for the nanochantot
in the reservoirs
nel conductance G Eq. (17) vs KCl concentration cKCl
for the system described in Table IV and Sec. IV. (a) Log-log plot
tot
taking KCl, dissolved CO2 , and hydronium ions (full
of G vs cKCl
line) into account, and bulk conductance taking only KCl into account
(dashed line). Four conductance regimes are marked: bulk, departure,
valley (minimum conductance), and plateau. (b) The nonmonotonic
tot
dependence
conductance from panel (a) in a lin-log plot. (c) The cKCl
of the ζ potential ζ = φd and the surface charge σo .

un-noticed, that our model predicts a nonmonotonic behavior:
A minimum conductance (the valley) is obtained before
reaching the plateau. This conductance minimum positioned
tot
at cKCl
= 10 μM is more clearly pronounced in the lin-log plot
of Fig. 2(b). We quantify the magnitude of the conductance
minimum as the ratio δ of the largest conductance Gmax on
the low concentration side of the minimum and the minimum
conductance Gmin ,
Gmax
δ=
.
(21)
Gmin
For the KCl-based Fig. 2(b), we calculate δKCl = 1.42.
In Fig. 2(c), we show how the calculated ζ potential φd and
surface charge σo vary with salt concentration, trends that have
been previously observed theoretically and have been validated
experimentally [26,44]. Moreover, as the magnitude of the
ζ potential is small for our model system, |ζ | < 120 mV ≈
5kB T /e, we have justified our neglecting of ionic crowding
effects near the surface [59], and we gain confidence in our
model results.
C. Characterization of the conductance minimum

Further results of our model showing nonmonotonic contot
ductance vs the reservoir salt concentration cKCl
are presented
in Fig. 3, where parameters of the problem are varied one by
one, relative to those of Fig. 2, which here and in the following
are denoted Go (full black curve). In particular, when CO2 is
not included in our model (dashed red curve), the conductance
changes by up to a factor of 2 relative to Go . Additionally,
without CO2 , the position of the conductance minimum shifts

FIG. 3. (Color online) Theoretical prediction for the nanochannel
tot
in the reservoirs for the parameters of
conductance G Eq. (17) vs cKCl
Fig. 2 (Go , full black curve) and for variations from that: removal
∗
= 0, dashed red curve), decreased mobility of the
of CO2 (cCO
2
counterions (μ∗ = 0.53μK+ = μLi+ , dot-dashed blue curve), and
decreased nanochannel height (h∗ = 0.18h, dot-dot-dashed green
curve). Also shown is a scaled curve (G∗ = 0.18Go , dotted black
curve) for aid in comparison to the reduction of nanochannel height.
The inset shows the nonmonotonic conductance in a lin-log plot,
which enhances the predicted features.
tot
from cKCl
≈ 10 μM down to ≈ 0.4 μM governed solely by
autoprotolysis of water, again showing the importance of CO2 induced hydronium ions for the appearance of nonmonotonic
conductance.
In Fig. 3, we also plot G of a solution with a lower
ion mobility. Specifically, we substitute KCl with LiCl (dotdashed blue curve), thereby reducing the counterion mobility
by a factor of 0.53 from μK+ = 76.2 × 10−9 m2 (V s)−1
to μ∗ = μLi+ = 40.1 × 10−9 m2 (V s)−1 . Mobility reduction
tot
regime ∼ 10−3 −10−1 M, the
implies that: (i) In the high cKCl
conductance is lower by a factor of ∼ 0.75 consistent with the
lower bulk conductivity of the LiCl electrolyte. (ii) In the very
tot
dilute cKCl
regime ∼ 10−7 −10−6 M, the conductance plateau
reaches the same conductance value as KCl, again verifying
that nanochannel conductance in this regime is dominated by
the contribution from CO2 -induced hydronium. (iii) In the
tot
intermediate cKCl
regime ∼ 10−6 −10−3 M, the conductance
curve has a different shape: The position of the minimum is
tot
shifted to a higher value of salt concentration, cKCl
= 20 μM,
and its magnitude is increased from δKCl = 1.42 to δLiCl =
1.77. This enhancement of the conductance minimum for the
lower-mobility counterion Li+ is consistent with the intake
of counterions and the expulsion of coions in nanochannels
with overlapping electric double layers, a situation where the
counterions dominate the conductance.
We also show the dependence of nanochannel height on
the predominance of a nonmonotonic conductance at low
concentrations in Fig. 3. Specifically, we reduce the height
of the nanochannel by a factor of 0.18 to 2h∗ = 30 nm
(dot-dot-dashed green curve), corresponding to the silica
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nanochannels of Ref. [60]. Again, we note that: (i) In the high
tot
cKCl
regime ∼ 10−3 −10−1 M, the conductance is lower by a
factor of ∼ 0.18 consistent with the reduced cross-sectional
tot
regime ∼ 10−5 −10−3 M, the
area. (ii) In the intermediate cKCl
conductance curve has a more linear slope and, therefore, a
wide regime of minimum conductance. (iii) In the very dilute
tot
cKCl
regime ∼ 10−7 −10−5 M, the conductance is lower only
by a factor of ∼ 0.6 and not by the aforementioned factor of
0.18. This relatively higher conductance in smaller channels
at low concentrations is due to overlapping electric double
layers. For a binary symmetric electrolyte, the conductivity
in the electric double layer σelDL will be higher than the bulk
conductivity if the ζ potential is larger than the thermal voltage
ζ > kB T /(ze) simply due to an increased ionic concentration.
This is indeed the case in our nanochannels, especially at
low concentrations, as seen in Fig. 2(c). Hence, in our
nanochannels, as the concentration is lowered, the conductivity
in the channel gradually changes from σelb to σelDL concurrently
with the electric double layer overlap. The smaller the channel
dimensions, the greater the overlap, and, thus, the higher
the average conductivity at a given low concentration. Note
that, for aid in comparing this low-height curve with the
nominal conductance curve, we also have plotted the scaled
version G∗ = 0.18Go (dotted black curve) of the original
curve.
These theoretical model predictions must now be verified
experimentally. To date, log-log plots of conductance vs salt
concentration in unbuffered solutions do not readily show
the conductance valley, but much of this may be because
such a valley is difficult to discern in a log-log plot, as
shown in Figs. 2 and 3. However, as listed in Table I, we
have found six examples in the literature of an observed
(but un-noticed) conductance minimum. To provide further
experimental validation of our theoretical predictions, we
performed a set of conductance measurements on silica
nanochannels described in Sec. IV, varying just one parameter,
namely, the hydronium concentration through the addition of
HCl, to show that not only does this valley exist, but also
our model predicts the behavior of the valley accurately when
other ions are added to the system.
IV. EXPERIMENTAL VALIDATION

To test our theoretical predictions, we performed experiments in both bulk solutions and fused-silica nanochannels
fabricated in-house at the University of California, Santa Barbara [26]. The nanochannels (165-nm high, 8.3-μm wide, and
12-mm long) were equipped with 1.5-mm-diameter reservoirs
of depth 0.5 mm and mounted as shown in Fig. 4(a). We
tot
prepared 0.2-μm-filtered KCl concentrations cKCl
= 0.0001,
0.0003, 0.001, 0.003, 0.01, 0.025, 0.05, 0.1, 0.5, 1, 5, 10, and
100 mM and another set with 50 μM hydrochloric acid added
at the same KCl concentrations and at the additional values
tot
cKCl
= 0.02, 0.2, 0.6, and 50 mM.

PHYSICAL REVIEW E 83, 056307 (2011)

FIG. 4. (Color online) Experimental measurement of current I
in silica nanochannels of dimensions h × w × L = 165 nm ×
8.3 μm × 12 mm. (a) Our setup. For each experiment, the
voltage V (from a Keithley 2410) was applied for 5–10 min to
allow I to equilibrate (monitored by a high-sensitive electrometer,
Keithley 6517). (b) Raw data (dots) of I vs sample number N for the
five values of V indicated. The inset shows detailed variation of
I vs N at 8 samples/s.

a commercial pH and conductivity meter (Oakton, Inc), and
readouts of the pH and conductivity values were performed
after allowing for equilibration to have taken place. These
measurements were performed periodically on the prepared
solutions to make sure that variations due to temperature and
humidity did not exceed 5% of the original value. All solutions
were filtered with 0.2-μm PTFE syringe filters prior to use.
Figure 5(a) shows the measured bulk conductivity for the
KCl solutions used in our study, together with two model
calculations of σelb based on Eq. (18) and Table II without any
additional adjustable parameters: one (full line) taking into
2−
−
+
account all ions (H+ , OH− , HCO−
3 , CO3 , K , Cl ), the other
−
+
(dashed line) only including the salt (K , Cl ). Both measurements and model calculations show the expected monotonic
tot
decrease as a function of the bulk KCl concentration cKCl
tot
−6
with a crossover to a constant value at cKCl ≈ 5 × 10 M.
The inset shows a scatter of the measurements relative to
the model with errors within 13%, which, thus, constitutes
an estimate of the experimental uncertainty in our paper.
To further test the model, we added 50-μM HCl to our
KCl solutions; experimental results and model calculation are
shown in Fig. 5(b), with the inset indicating the deviation of
measurements relative to the model to be within 16%.

A. Measured bulk conductance

B. Measured nanochannel conductance

To validate the bulk conductance part of our model, we
conducted bulk measurements using a standard technique: The
prepared solutions were pipetted into the sample chamber of

The nanochannel conductance was measured as follows.
After electrokinetically rinsing each channel thoroughly with
DI water three times, we applied five voltages to the system
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FIG. 5. (Color online) (a) Conductivity σelb vs KCl concentration
for bulk measurements (σelmeas , open red circles) and model
calculations for both the full model with KCl, H2 CO3 , and H2 O (σelmod ,
full line) and for a partial model with only KCl (dashed line). Model
calculations are based on Eq. (18) and Table II without any additional
adjustable parameters. The inset shows the relative deviation X =
(σelmeas − σelmod )/σelmod (open blue circles) of the measurements from
the model. (b) Same as panel (a) with the addition of 50-μM HCl.
tot
cKCl

(100, 200, 300, 400, and 500 V) in succession, each one lasting
approximately 40 s. Raw data are shown in Fig. 4(b). To ensure
consistent and repeatable data, if the trial did not yield four or
five results that were within 10% of each other, we assumed
an unsteady current reading, corroded electrodes, external
interference, or poor channel preparation, and discarded the
data. Solution exchanges were performed in a systematic
fashion to avoid introducing bubbles or particulate matter into
the channels.
Moreover, for concentrations below 10 μM, we covered the
system with a Faraday cage to limit measurement noise. After
each day of experiments, we flushed the reservoirs multiple
times with DI water to prevent a buildup of salt deposits on
the channel during its time in storage, and then stored the chip
in a dry Eppendorf tube housed in a nitrogen container. We
note that electrolysis does not affect the current measurements
in our system: Conservatively, we estimate the pH change
of the reservoir to be 7.7 × 10−4 s−1 [48]; next, we find the

FIG. 6. (Color online) Log-log plot of measured nanochannel
tot
(red circles) and curve
conductance G vs KCl concentration cKCl
fits based on Eq. (17) using the logarithmic variables log10 (G) and
tot
) for model electrolytes of various compositions (full and
log10 (cKCl
dashed curves) employing the parameters of Tables II and IV. (a) No
HCl added: Fitting to a model including KCl, H2 O, and H2 CO3 (full
curve) yields pK− = 6.56 ± 0.06. Also shown is a model calculation
including only KCl (dashed line). (b) As before but with 50 μM of
HCl added: Fitting to a model including KCl, HCl, H2 O, and H2 CO3
(full curve) yields pK− = 6.91 ± 0.10. The insets are lin-log plots of
the respective low salt concentration regions.

volumetric flow rate to be 4 × 10−15 m3 /s; furthermore, the
absorption of CO2 in the reservoir gives rise to H2 CO3 , which
acts as a buffer and would further prevent pH changes, and
finally, we replenished the reservoirs every 3 min.
Due to a significant electro-osmotic flow velocity in our
165-nm-high nanochannels, we do not encounter the hour-long
equilibration time for conductance measurements encountered
in 2-nm-high nanochannels [32].
The most significant contribution of our model is predicting
the nanochannel conductance, which is shown together with
experimental measurements in Fig. 6. Panel (a) shows results
for KCl solutions between infinite dilution (DI water) and
100 mM. Using pK− as the only fitting parameter, and using
tot
log10 (cKCl
) and log10 (G) as variables to ensure an even
weighting between low and high concentration values, we
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obtain the fit shown for pK− = 6.56 ± 0.06, corresponding
well to the literature value of 6.64 [44]. The inset expands
on the low salt concentration region and shows the measured
conductance minimum and the theoretical fitting curve. The
lowest concentration point is furthest off this curve, but it is
also the one most prone to error. Previous models assuming
constant surface charge give the plateau but no valley [19,24,
28,45], while relaxing this assumption taking surface chemical
reactions into account leads to a monotonically decreasing
conductance [61]. Notably, the experimental data of previous
studies listed in Table I, have shown the same conductance
behavior as our model and data, supporting our claim that the
inclusion of hydronium ions in our model is consistent with a
broad range of experimental results. In all of these references,
the experimentally measured conductance has a minimum that
the applied models do not capture. Furthermore, the minimum
is located at KCl concentrations around 10−5 −10−4 M that is
consistent with our model predictions.
Another way to validate the predictions of our model is
to add an extra amount of hydronium ions. The conductance
valley is due to the concentration of K+ and Cl− dropping
below that of H+ and HCO3 − together with the fact that the
Debye length and ζ potential increase for decreasing ionic
strength (Fig. 2). Therefore, as in Fig. 5, we can test the
model by adding HCl and can observe the change in the
conductance curve. The result in Fig. 6(b) shows no valley
in both experiment and model. The fit now gives pK− = 6.91,
indicating that surface reactions are pH dependent.
Finally, as a control experiment, we measured the change
in pH and conductance of nanochannels substituting CO2 saturated by CO2 -oversaturated KCl solutions generated by
dry ice vapors. In this case, pH dropped by 22%, and G
increased by 27% (data not shown). Clearly, it would be
desirable to design experiments with a more controlled content
of CO2 in the atmosphere to further investigate its influence
on nanochannel conductance, but this is beyond the scope of
this current paper.

V. CONCLUSION
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