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Research Article

Ion separation in nanofluidics

Ionic species with a constant charge-to-size ratio (i.e. electrophoretic mobility) cannot be

separated in electroosmotic or pressure-driven flow along microscale channels. In

nanoscale channels, however, the enormous electric fields inside electrical double layers

cause transverse ion distributions yielding charge-dependent mean ion speeds in the

flow. Those ions with a constant charge-to-size ratio can thus be separated solely by

charge (or equivalently, size) in nanofluidics. Here we develop an analytical model to

optimize and compare the separation of such ions in nanochannel chromatography and

nanochannel electrophoresis in terms of selectivity, plate height and resolution. Both

planar and cylindrical geometries are considered. It is found that in nanoscale channels

chromatography yields a larger selectivity and a larger minimum reduced plate height

than electrophoresis does. The maximum resolution is, however, comparable between

these two nanofluidic approaches, where the optimal channel half-height or tube radius

is within the range of 1–10 times the Debye length. Our results also suggest that cations

can be better separated in nanofluidics than can anions.

Keywords:

Ion separation / Nanochannel chromatography / Nanochannel electrophoresis /
Nanofluidics / Resolution DOI 10.1002/elps.200800098

1 Introduction

CE is a routine analytical technique that uses electric

fields to separate ionic species with different electrophoretic

mobilities or charge-to-size ratios in a micro capillary

or a micro-fabricated channel. Chromatography is another

family of separation techniques for species varying in

interaction with a stationary phase that may be packed

or coated onto a micro-column. These species are passed

through the stationary phase in a pressure-driven or electric

field-driven mobile phase. However, neither electroosmotic

flow nor pressure-driven flow is able to separate

ions with a constant charge-to-size ratio in free solutions

through microchannels. This issue may be resolved by

nanofluidics, viz. fluid flow in nanochannels, which

has been growing exponentially over the past decade [1–5].

In nanoscale channels where the hydraulic diameter

is comparable to the electrical double layer (EDL) thick-

ness, the enormous electric fields inside EDL produce

transverse ion distributions that depend on the ion

charge [6–10]. As a consequence, the non-uniform fluid

flow along nanochannels, which may be electric field-driven

[11, 12] or pressure-driven [11–14], yields charge-dependent

mean ion speeds enabling the separation of ions by charge

alone.

The ion separation in electroosmotic flow along nanos-

cale channels, i.e. nanochannel electrophoresis, was first

proposed and implemented by Pennathur and Santiago [11]

and Garcia et al. [12]. Following them, Griffiths and Nilson

[13], and Xuan and Li [14] proposed to separate ions in

pressure-driven flow along nanoscale channels, named here

as nanochannel chromatography (note: not a strict defini-

tion). Both groups theoretically compared the ion separation

in these two nanofluidics-based technologies in terms of

retention (i.e. ratio of the mean speed of ionic species to that

of neutral species). The ion dispersion in nanofluidics has

also been analyzed and compared in between chromato-

graphy and electrophoresis [13, 15–18]. However, both

retention and dispersion are associated with only one type of

ions, and provide no direct measure of the separation

between two types of ions. The objective of this paper is to

optimize and compare the separation of ions with a constant

charge-to-size ratio in nanochannel chromatography and

nanochannel electrophoresis in terms of selectivity, plate

height and resolution. Nanoscale planar channels and round

tubes will both be considered in the analytical model. For

the separation of ions with different electrophoretic mobi-

lities in nanofluidic channels, which may be the result of

dissimilar ion charges or dissimilar ion diffusivities, readers

are referred to [13, 14].
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2 Theory

2.1 Ion transport in nanofluidics

The local ion speed, ui, in a combined pressure-driven and

electroosmotic flow along a straight, uniform channel is

given by

ui ¼ up þ ue þ viziFE ð1Þ

where up is the pressure-driven fluid velocity, ue the

electroosmotic fluid velocity, vi the ion mobility, zi the ion

charge, F the Faraday’s constant and E the axial electric field

either externally applied in electroosmotic flow or internally

induced in pressure-driven flow (i.e. so-called streaming

potential field) [19]. Note that the product, viziF, is the ion

electrophoretic mobility referred to in Section 1, and will be

assumed constant in Section 3. The two fluid velocity

components are expressed as [20–22]

up ¼
a2

2nþ1m
1� y2

a2

� �
P and ue ¼ �

Ez
m

1�C
z�

� �
E ð2Þ

where a is the half-height of a planar channel (n 5 0) or the

radius of a round tube (n 5 1), m the fluid viscosity, y the

transverse coordinate originating from the channel axis, P
the pressure drop per unit channel length, e the fluid

permittivity and z�5 Fz/RT the dimensionless form of the

wall zeta potential z with R the universal gas constant and T
the absolute fluid temperature.

The non-dimensional EDL potential in Eq (2), C5 Fc/

RT, is solved from the Poisson–Boltzmann equation

[23]

1

yn

d

dy
yn dC

dy

� �
¼ k2 sinhðCÞ ð3Þ

where k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2F2cb=ERT

p
is the inverse of the so-called Debye

screening length with cb being the ionic concentration of a

symmetric, unit-charge electrolyte (e.g. KCl). Here again,

n 5 0 indicates a planar channel while n 5 1 indicates a

round tube. It is recognized that the applicability of Eq. (3)

to nanoscale channels might be questionable especially to

those with strong EDL overlapping [24, 25]. However, Eq. (3)

has been successfully used to explain the experimentally

measured electrical conductance and streaming current in

variable nanofluidic channels [26–30]. For the case of a small

z� which is desirable for sensitive ion separations in nano-

channels as demonstrated by Griffiths and Nilson [13], one

may use the Debye–Huckel approximation in Eq. (3), that is

sinh(C) 5C, yielding [31]

C ¼ z�
coshðkyÞ
coshðkaÞ ð4Þ

in a channel (n 5 0) and

C ¼ z�
I0ðkyÞ
I0ðkaÞ ð5Þ

in a tube (n 5 1), where I0 denotes the zero order modified

Bessel function of the first kind, and ka can be viewed as the

normalized channel half-height or tube radius.

As a consequence of the transverse ion distributions

produced by the electric fields inside EDLs, the

mean ion speed (zone velocity) �ui in nanofluidics

becomes dependent on the ion charge zi and is given by

[7–18]

�ui ¼ �uip þ �uie þ viziFE ð6Þ

�uip ¼
hupBii
hBii

and �uie ¼
hueBii
hBii

ð7Þ

where �uip and �uie denote, respectively, the mean ion speed

due to pressure-driven fluid flow and electroosmotic fluid

flow, h� � �i ¼ ðnþ 1Þ
R a

0 ð� � �Þðy=aÞndðy=aÞ signifies the cross-

sectional area-average (n 5 0 or 1) and Bi 5 exp(�ziC)

characterizes the Boltzmann distribution of ions in the

transverse direction. In nanochannel electrophoresis, no

pressure gradient is applied so that �uip ¼ 0. In nanochannel

chromatography, downstream accumulation of counter-ions

results in the development of a streaming potential field

[19–23]. This induced electric field Est can be determined

from the zero current condition through the channel, as

presented below.

The electric current density j in a combined pressure-

driven and electroosmotic nanochannel flow is given by

[16–23, 32]

j ¼ � 1

yn

d

dy
yn dC

dy

� �
ERT

F
ðup þ ueÞ þ cblbcoshðCÞE ð8Þ

where lb is the molar conductivity of the bulk electrolyte. In

this equation the surface conductance of the outer

diffusion layer in the EDL has been considered through

the cosine hyperbolic function [21, 22]. The contribution

of the inner Stern layer conductance [23, 33, 34] to the

electric current is, however, ignored. Substituting up and ue

with Eq. (2) and then area-averaging the new Eq. (8)

lead to

Est ¼
g1=z�

2ncbFðg2 þ bg3=z
�2Þ

P ð9Þ

where in a channel (n 5 0)

g1 ¼ 1� tanhðkaÞ
ka

; g2 ¼
tanhðkaÞ

ka
� 1

cosh2 ðkaÞ

and

g3 ¼
Z a

0

coshðCÞ d
y

a

� �
ð10Þ

and in a tube (n 5 1)

g1 ¼ 1� 2I1ðkaÞ
kaI0ðkaÞ ; g2 ¼

I2
1ðkaÞ

I2
0ðkaÞ þ

2I1ðkaÞ
kaI0ðkaÞ � 1

and

g3 ¼
Z a

0

coshðCÞ y

a

� �
d

y

a

� �
ð11Þ

In Eq. (9), b5 lbm/eRT, whose reciprocal was termed Levine

number by Griffiths and Nilson [32], is a non-dimensional

product of fluid properties, and spans only the range

2obo10 for normal aqueous solutions [33].
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2.2 Ion separation in nanofluidics

Separation performance in chromatography and electro-

phoresis is typically characterized by selectivity, plate height

(or plate number, i.e. efficiency) and resolution [35].

Selectivity, rji, is defined as the ratio of the mean speeds of

ions i and j

rji ¼ �ui= �uj ð12Þ

and should be larger than 1 as traditionally defined. A larger

rji indicates a better separation.

Plate height, Hi, is the spatial variance of the ion peak

distribution, s2
i , divided by the migration distance, L, within

a time period of ti. High separation efficiency in chroma-

tography and electrophoresis requires a small Hi, which is

often expressed in the following dimensionless form of a

reduced plate height, hi [35]

hi ¼
Hi

a
¼ s2

i

aL
¼ 2D0iti

aL
¼ 2D0i

a �ui
ð13Þ

where D0i is the effective diffusion coefficient due to a

combination of hydrodynamic dispersion and molecular

diffusion. All other sources of dispersion such as injection

and detection, refer to [36, 37] for detail, have been neglected

here. According to the Taylor–Aris dispersion theory [38,

39], the effective diffusion coefficient is given by [39, 40]

D0i ¼ Dið1þ wiPe2
i Þ ð14Þ

where Di is the ion diffusivity and Pei ¼ �uia=Di is the Peclet

number based on the mean ion speed. The dispersion

coefficient, wi, is determined from [35, 41]

wi ¼ B�1
i y�n

Z y

0

Biðui= �ui � 1Þy0ndy0
� �2

* +
hBii�1 ð15Þ

Note that wi is not a function of the driving force [i.e. E in

electrophoresis or P in chromatography, see Eq. (2)] and the

ion Peclet number as well.

Following Griffiths and Nilson’s analysis [13], we

combine Eqs. (13) and (14) to rewrite the reduced plate

height as

hi ¼ 2ð1=Pei þ wiPeiÞ ð16Þ

Therefore, hi attains its minimum

hi;min ¼ 4
ffiffiffiffi
wi

p
at Pei;opt ¼ 1=

ffiffiffiffi
wi
p ð17Þ

In other words, there exists an optimal value for the mean

ion speed, �ui;opt ¼ Di=a
ffiffiffiffi
wi
p

, and thus an optimal electric

field in nanochannel electrophoresis or an optimal pressure

gradient in nanochannel chromatography, at which the

separation efficiency is maximized. An identical formula to

Eq. (17) has been obtained for hi;min in the paper by Griffiths

and Nilson [13]. There are, however, two aspects pertinent to

the present dispersion coefficient that have been neglected

in Griffiths and Nilson’s analysis. One is the ion electro-

phoretic mobility in nanochannel electrophoresis, and the

other is the flow-induced streaming potential field (and

thus fluid electroosmosis and ion electrophoresis) in nano-

channel chromatography. These two aspects may bring

substantial influences on both the selectivity (actually

retention in previous papers) and the plate height [13, 14,

16–18].

Resolution, Rji, can be defined in two different ways: the

one introduced by Giddings [42], Eq. (18), and the one

adopted by Huber [43] and Kenndler [44–46], Eq. (19),

Rji ¼
tj � ti

2ðst;i þ st;jÞ
ð18Þ

Rji ¼
tj � ti

st;i
ð19Þ

where t is the migration time as defined in Eq. (13) and st is

the standard deviation of ion peak distribution in the time

domain. In either of these two definitions, a larger value of

Rji indicates a better separation. For simplicity, Eq. (19) is

used here to calculate the resolution. Hence, substituting

ti ¼ L= �ui, tj ¼ L= �uj and st;i ¼ si= �ui into Eq. (19) gives

Rji ¼
L

si
ðrji � 1Þ ¼

ffiffiffiffiffiffiffiffi
L=a

p
ffiffiffiffi
hi

p ðrji � 1Þ ð20Þ

Referring back to Eq. (17), it is straightforward to obtain

Rji;max ¼
ffiffiffiffiffiffiffiffi
L=a

p
ffiffiffiffiffiffiffiffiffiffiffi
hi;min

p ðrji � 1Þ at Pei;opt ¼ 1=
ffiffiffiffi
wi
p ð21Þ

because the selectivity rji is independent of the ion Peclet

number as alluded to above.

3 Results and discussion

A MATLAB program was written to compare the perfor-

mance of ion separation in nanochannel chromatography

and nanochannel electrophoresis by examining the selecti-

vity, rji in Eq. (12), minimum reduced plate height, hi;min in

Eq. (17), and maximum resolution, Rji in Eq. (21). We focus

on the separation of ions with a constant electrophoretic

mobility, i.e. viziF in Eq. (1), which is equivalent to a

constant charge-to-size ratio or a constant product, Dz, of

the ion charge and diffusivity because the ion size is

inversely proportional to its diffusivity via the Nernst–Ein-

stein equation [23, 33]. These ions are unable to be separated

in either pressure-driven or electroosmotic microchannel

flows.

A typical value of the ion charge–diffusivity product,

Dz 5 10�10 m2/s, was selected in the calculations while the

ion charge was varied from �4 to 14. The non-dimensional

zeta potential was fixed to z�5�2 corresponding to a zeta

potential value of about �50 mV, at which the use of linear

approximation in Eq. (3) is still valid as demonstrated

previously [8, 21, 31]. The ionic concentration of the elec-

trolyte (e.g. KCl aqueous solution) was chosen as cb 5 1 mM,

and the Levine number was b5 4, which is typical for

aqueous solutions [32, 33]. The ratio of channel length to

channel half-height or tube radius was assumed to be

L/a 5 104 for convenience. We recognize that fixing the

channel length might be a wiser option when the channel

height or tube radius is varied. Presented below are only the

Electrophoresis 2008, 29, 3737–3743 Miniaturization 3739
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results for the nanoscale planar channels. Those for

nanoscale round tubes are quantitatively very similar and

thus all moved to the Supporting Information.

Figure 1 compares the selectivity, rji, of (A) cations and

(B) anions in nanochannel chromatography (solid lines) and

nanochannel electrophoresis (dashed lines). It is important

to note that the indices of rji, which indicate the charge

values of the two ions to be separated (For instance: r21 for

cations indicates the selectivity between positive ions of

charges 11 and 12, and r12 for anions indicates the selec-

tivity between negative ions of charges �1 and �2.), are

switched between cations and anions in order that rji41 as

traditional defined [35]. Specifically, we use r21, r32, and r43

for cations (or more generally, ions with ziz
�o0) as those

with higher charges are concentrated in a region of smaller

fluid speed (i.e. closer to the channel wall) and thus move

slower. In contrast, anions (or ions with ziz
�40) with

higher charges appear predominantly in the region of larger

fluid speed (closer to the channel center) and thus move

faster. Therefore, we need to use r12, r23 and r34 for anions.

This index switch also applies to the resolution, Rji, to be

illustrated in Fig. 3..

One can see in Fig. 1A that the selectivity, rji, of cations

in nanochannel chromatography is always greater than that

of the same pair of cations in nanochannel electrophoresis.

This discrepancy gets larger when the ion charge number

increases. Meanwhile, the optimal ka value at which rji is

maximized increases for both chromatography and electro-

phoresis though it is always smaller in the former case. The

discrepancy between these two optimal ka also increases

with the rise of ion charge. For example, r21 in nanochannel

chromatography reaches the maximum 1.93 at kaE5 while

in electrophoresis r21 is at most 1.45 when ka E6. As a

comparison, the maximum r43 in chromatography is 3.59 at

kaE31 while in electrophoresis it becomes 1.85 at kaE100.

The last two values of ka actually correspond to sub-micron

channels where there exists a very weak EDL overlapping.

However, the still relative large ziz
� (�6 for zi 5 13 ion and

�8 for zi 5 14 ion) is sufficient to provide a high sensitivity

of separation. This result agrees with Griffiths and Nilson’s

[13] analysis of charged ion retention.

For anions, Fig. 1B shows a significantly lower rji than

for cations in nanochannel chromatography. Moreover, rji

decreases when the ion charge number increases. The

optimal ka at which rji is maximized is also smaller than

that for cations, and decreases (but only slightly) with the

ion charge. For example, the maximum r12 5 1.09 appears at

kaE2.5, indicating that the best separation of anions in

chromatography occurs only in nanoscale channels with a

strong EDL overlapping. All these results apply equally to rji

of anions in nanochannel electrophoresis except at around

ka 5 0.6 where rji varies rapidly with ka and goes higher

than 2. Within this region of ka, the electrophoretic velocity

of anions is close to the fluid electroosmotic velocity [more

accurately, �uie in Eq. (6)] while in the opposite direction.

Therefore, the net ion speed is essentially so small that even

a trivial difference in the ion speed (essentially the differ-

ence in �uie as the ion electrophoretic velocity is constant due

to the fixed charge-to-size ratio of ions) could yield a large rji.

It is, however, important to note that a reversal of anion

speed (i.e. anions migrate to the anode side instead of the

cathode side along with the electrolyte solution) could take

place in nanochannel electrophoresis when ka is less than a

threshold value (e.g. ka 5 0.6 in Fig. 1B). In such circum-

stances, it is likely that only one of the two anionic species

migrates toward the detector no matter the detector is placed

in the cathode or the anode side of the channel. Another

consequence is that the maximum rji in nanochannel elec-

trophoresis might be achieved with a fairly long analysis

time, which makes the separation practically meaningless.

We therefore expect that ions with a constant electrophoretic

mobility can be better separated in nanochannel chromato-

graphy than in nanochannel electrophoresis. Moreover,

cations (or more generally, ions with ziz
�o0) can be sepa-

rated more easily than can anions (or ions with ziz
�40).

Figure 2 displays the minimum reduced plate height,

hi;min, of (A) cations and (B) anions in nanochannel chro-

matography (solid lines) and nanochannel electrophoresis

(dashed lines). For a clearer comparison, h0,min of neutral

species in both methods are also included in the plots. As

noted in Section 2, hi;min in Eq. (17) is essentially different
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from that derived by Griffiths and Nilson [13] though they

possess exactly the same form. We therefore do not intend

to compare Figure 2 with their results. It is, however, noted

that h0,min (or the dispersion coefficient w0) agrees very well

with Griffith and Nilson’s results for electrophoresis [13]

and Xuan and Sinton’s results [16] for chromatography.

As shown in Figure 2A, hi;min of cations in nanochannel

chromatography (solid lines) is roughly an order of magni-

tude larger than that in electrophoresis (dashed lines) except

at very small or very large ka, indicating a higher separation

efficiency in electrophoresis. In chromatography, hi;min of

cations is larger than h0,min, and increases with the charge

number zi. In electrophoresis, however, hi;min exhibits a

relatively complicated dependence on zi. Both hi;min have a

relative large value for an intermediate channel size,

1okao100. For large ka, the EDL thickness is so thin that

the ion distribution becomes uniform across the channel.

Therefore, the hydrodynamic dispersion in electrophoresis

(or the so-called electrokinetic dispersion [47]) reduces with

ka [48, 49] and so does hi;min. In this same limit, the flow-

induced streaming potential is negligible as g2-N[see Eqs.

(9)–(11)]. Hence, hi;min in chromatography should approach

4
ffiffiffiffiffiffiffiffiffiffiffiffi
2=105

p
¼ 0:552 where the value inside the square root is

the dispersion coefficient of neutral species for pure pres-

sure-driven flow in a planar channel [39, 50]. For small ka,

hi;min of cations in nanochannel chromatography approa-

ches 0.623 though the EDL potential is uniform across the

channel and so is the ion distribution. This last value is

dependent on the ion charge–diffusivity product, Dz, as

defined above. In the same limit, hi;min of cations in nano-

channel electrophoresis becomes independent of the ion

charge and approaches zero because of the constant while

finite Dz.

In contrast to cations, hi;min of anions in nanochannel

chromatography (solid lines in Fig. 2B) is smaller than

h0,min of neutral species and decreases when the magnitude

of ion charge zi increases (i.e. from �1 to �4). Moreover,

hi;min of anions varies with ka in an opposite way to that of

cations (solid lines in Fig. 2A). These results also apply to

hi;min of anions in nanochannel electrophoresis unless ka is

small. Therefore, anions yield higher separation efficiency

than do cations, which is contrary to the selectivity, rji, where

cations are actually preferred in both chromatography and

electrophoresis. In addition, hi;min of anions in chromato-

graphy approaches 0.496 when ka is very small while

converging to 0.552 when ka is very large due to the reasons

stated above. In electrophoresis, hi;min decreases with ka
when ka41. At about ka 5 0.6, there occurs a sharp rise in

hi;min due to the small magnitude of the net ion speed

around this ka value. This variation is consistent with that of

rji in Fig. 1B. In the low limit of ka, hi;min of anions in

electrophoresis becomes again independent of the ion

charge and approaches zero. Overall, hi;min is on the order of

1, indicating that submicrometer or even nanometer plates

heights are attainable for channel dimensions of the order of

100 nm. However, as Griffiths and Nilson [13] have pointed

out recently, the injection and detection volumes must then

be extremely small to realize the full capability of these

nanofluidics-based ion separation techniques.

Figure 3 compares the maximum resolution, Rji;max, of

cations and anions (as labeled) in nanochannel chromato-

graphy (solid lines) and nanochannel electrophoresis

(dashed lines). The indices of Rji;max are assigned following

those of the selectivity, rji, in Figure 1, to ensure Rji;max > 0.

One can see that Rji;max of cations in chromatography is

larger than that of anions throughout the range of ka. In

electrophoresis, cations also yield a better resolution than

anions do if ka41. When kao1, Rji;max of anions increases

and reaches the extremes at ka 5 0.6 due to the sudden rise

in both the selectivity (refer to Fig. 1B) and the reduced plate

height (refer to Fig. 2B) as described above. Within the same

range of ka, Rji;max of cations continues decreasing when ka

decreases and thus becomes smaller than that of anions.

Interestingly, chromatography and electrophoresis offer a

comparable resolution for both cations and anions in

nanoscale channels if ka41. This result may release

previous concerns [13, 14] that nanochannel electrophoresis

might be problematic in separating ions by charge due to

the effects of ion electrophoresis.
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It is also noted in Figure 3 that the optimal channel size

for both separation methods appears to be 1okao10. In

other words, the best channel half-height (and tube radius as

well, see the Supporting Information) for ion separation in

nanofluidics will be 10 nmoao100 nm when 1 mM elec-

trolyte solutions are used. In this context, the optimum

Peclet number to achieve the maximum resolution in a

channel of ka 5 5 (or aE50 nm) will be Pei;opt ¼ Oð4Þ
because hi;min ¼ Oð1Þ as noted above [see also Eqs. (17) and

(21)]. Although this Peclet number (corresponding to the

mean ion speed of the order of 8 mm/s) seems a little too

high in current nanofluidics, it indicates that large fluid

flows are preferred in both nanochannel chromatography

and nanochannel electrophoresis for high throughputs and

separation efficiencies.

4 Conclusions

We have derived closed formulae for the selectivity,

plate height and resolution to optimize and compare the

ion separation in nanochannel chromatography and

nanochannel electrophoresis. Ions with a constant charge-

to-size ratio are selected to demonstrate the advantage

of these nanofluidic approaches over the traditional CE and

chromatography in microscale channels. Results show

that nanochannel chromatography offers a larger selectivity

and a larger minimum reduced plate height than

nanochannel electrophoresis does. The maximum

resolution in which selectivity and plate height play

competing roles is thus comparable between these two

nanofluidics-based separations. The optimal channel half-

height or tube radius to achieve the maximum resolution for

all ions seems to be within the range of 1–10 times the

Debye length. This size (e.g. 10 nmoao100 nm in 1 mM

electrolyte solutions) is readily available with the current

nano-fabrication facility [51]. Our results also suggest that

cations can be better separated in nanofluidics than can

anions though the resolution of anions might reach a higher

level in smaller nanochannels at the cost of longer analysis

times.
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