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Abstract Field amplified sample stacking (FASS) is used

to increase sample concentrations in electrokinetic flows.

The technique uses conductivity gradients to establish a

non-uniform electric field that accumulates ions within a

conductivity gradient, and can be readily integrated with

capillary electrophoresis. Conductivity gradients also cause

gradients in near-wall electroosmotic flow velocities. These

velocity gradients generate internal pressure gradients that

drive secondary, dispersive flows. This dispersion leads to

a significant reduction in the efficiency of sample stacking.

This paper presents an experimental investigation of

internally generated pressure gradients in FASS using

micron-resolution particle image velocimetry (lPIV). We

measure velocity fields of particles seeded into an elec-

trokinetic FASS flow field in a glass microchannel with a

single buffer–buffer interface. lPIV allows for the direct

quantification of local, instantaneous pressure gradients by

analyzing the curvature of velocity profiles. Measurements

show internally generated pressure-driven velocities on the

order of 1mm/s for a typical applied electric field of 100 V/

cm and a conductivity ratio of 10. A one-dimensional (1D)

analytical model for the temporal development of the

internal pressure gradient generation is proposed which is

useful in estimating general trends in flow dynamics.

List of symbols

E applied electric field

U liquid velocity

L length of the channel

a length of the high conductivity segment (xD)

non-dimensionalized by L

r electrolyte conductivity

m electroosmotic wall mobility

c ratio of electrolyte conductivities

Subscripts

eof electroosmotic flow

p pressure-driven flow

eph electrophoretic

BGE back ground electrolyte

s sample zone

1 Introduction

Sensitivity to low (e.g., <10 nM) sample concentrations is

often a challenge in the design of on-chip capillary

electrophoresis (CE) assays. Techniques to enhance

sample concentration limits include field amplified sample

stacking (FASS) (Burgi and Chien 1991), free-standing

capillary field-amplified sample injection (FASI) (Chien

and Burgi 1991), and large volume sample stacking

(LVSS) (Chien and Burgi 1992). All of these processes

use non-uniform electrolyte conductivity. FASS is a

common method in which conductivity gradients are used

to create non-uniform electromigration of sample ions and
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thereby stack them at the interface between low and high

conductivity regions. FASS as an on-chip concentration

technique gains particular significance for its simplicity,

generality, and ease of integration with electrophoretic

separation techniques (Jacobson et al. 1994; Jacobson and

Ramsey 1995; Manz et al. 1992). An important challenge

in FASS is that non-uniform axial conductivity profiles

lead to axial electric field gradients. Non-uniform con-

ductivities lead to non-uniform electric fields (very

important) and non-uniform electroosmotic wall mobili-

ties (less important). Both of these lead to significantly

non-uniform near-wall electroosmotic flow (EOF) veloc-

ities, and the generation of internal pressure gradients

which disperse samples and lower concentration effi-

ciency. Other electrokinetic flow with significant

conductivity gradients include current monitoring flows

(used to quantify electroosmotic mobility) (Huang et al.

1988), thermal gradient focusing (Ross et al. 2001), and

isotachophoresis (Wainright 2002).

Burgi and Chien (1991) developed a simple 1-D model

for estimating cross-section-area averaged velocity due to

internal pressure gradients. They assumed conductivity

gradients are constant in time and discontinuous at the

interface. They considered a plug of fixed length migrating

along the length of the channel. They discuss the effects of

pressure driven flow components, which tend to broaden

the otherwise sharp zones generated by the stacking pro-

cess and reduces resolution. Several methods have been

suggested to correct for this dispersion. Reduction of EOF

channel mobilities by imposing radial electric fields

externally (Kasicka 1997) and lowering pH (Quirino and

Terabe 1999) has been reported. Another approach for

minimizing dispersion is the treatment of channel walls

with water-soluble polymers to suppress EOF. Bharadwaj

and Santiago (2005) used polyethylene oxide coating to

suppress EOF. Bharadwaj and Santiago (2005) and Ren

and Li (2006) both showed numerical model results for

internally generated pressure driven velocity profiles.

However, to our knowledge, no measurements of velocity

profiles (or fields) associated with internally-generated

pressure gradients have been reported. Such studies should

provide insight into the dynamics of electrokinetic flow

fields with conductivity gradients.

The current work extends the experimental study of

FASS by introducing seed particles into the flow field and

tracking the motion of these particles. Devasenathipathy

et al. (2002) and Kim et al. (2002) have earlier applied

lPIV to study electroosmotically-driven flow fields in

homogeneous electrolyte systems. This work contributes

towards the understanding of the dynamics of the genera-

tion of internal pressure gradient generation by providing

depth resolved quantitative measurements of the spatially

and temporally developing fluid flow field with axial

conductivity gradients. A greater understanding of these

flow dynamics is useful in the optimization of FASS.

2 Theory

In on-chip FASS, sample is dissolved in an electrolyte of

lower concentration than the background electrolyte. A

sample plug is then injected either electrokinetically or

with pressure-driven flow into a separation channel,

forming conductivity interfaces immediately upstream and

downstream of the sample plug (Yang and Chien 2001).

Another, also common realization is a single interface

configuration (Bharadwaj and Santiago 2005) where the

sample and background electrolyte regions fill two axial

segments of the entire channel of interest as shown in

Fig. 1. In all cases, the low conductivity sample region is a

high electrical resistance in series with the rest of the

channel. Large electric fields and large electrophoretic

velocities (relative to the background electrolyte) are

therefore established in the sample region. As ions cross

from high to low electrophoretic velocity regions (respec-

tively regions of low and high conductivity), they stack at

the interface region. Figure 1 shows schematically the

(a) 

(b) 
  

E1

-E 2

E U2 U1

+

-

Region 1: Low
Conductivity

Region 2: High
Conductivity

-

UEOF,2 UEOF,1

Fig. 1 a Schematic of field amplified sample stacking showing the

electric field along the channel with superimposed arrows indicating

ion motion and (below) shading indicating ion densities and field

polarity. In FASS, sample is dissolved in the low conductivity/high

electric field segment (Region 1). Anionic species cross the interface

of the low-conductivity/high field region (Region 1) and stack in the

high conductivity/low electric field segment (Region 2). In this paper,

we seed the entire field with fluorescent flow seed particles. b
Schematic of velocity field showing the internal pressure gradients

generated due to a mis-match in electroosmotic velocities in the two

segments. In the 1-D model presented here, the interface is treated as

a sharp zone of negligible width (compared to channel length) and the

flow in each section is treated as one-dimensional
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stacking of negative ions at the conductivity interface. The

background electrolyte-to-sample zone conductivity ratio,

defined as

c ¼ rBGE

rS
ð1Þ

typically determines the maximum achievable level of

stacking. This term is also referred to as the field

enhancement factor in capillary electrophoresis literature.

Electroosmotic flow, the motion of the bulk liquid in

response to an applied electric field in a liquid channel with

electric double layers on its wetted surfaces, is a function

of the wall surface chemistry. Under the thin electric

double layer approximation, the electroosmotic velocity is

related to the electric field through the local value of the

electroosmotic (wall) mobility, meof

UEOF ¼ teofE: ð2Þ

The background-to-sample region electric field ratio is c�1.

The background-to-sample electroosmotic mobility ratio

depends on the local field and on the fact that meof is a

function of local ion concentration and chemistry. For

sufficiently high concentrations of the buffers used for the

present experiments, we can assume pH is constant so that

the main dependence is on ion concentration. We shall

model the concentration dependence of electroosmotic

mobility as a power law of the form meof = meof,o cb where

meof,o is a reference value and b is an empirically deter-

mined parameter dependent on channel surface chemistry

and electrolyte solution. b typically ranges between �0.15

and �0.5. Conventional theory (i.e., assuming constant

surface charge at the wall), suggests a value of �0.5, but

this is well known to over-predict the dependence (e.g., see

Hunter 1981). Szymczyk et al. (1999) suggest a value of

�0.21 for ceramic porous membrane while Sadr et al.

report b = �0.28 for electroosmotic flow with sodium

tetraborate buffer (Sadr 2004). Another correlation for the

dependence of electroosmotic mobility on ionic concen-

tration and pH has been proposed by Thormann et al.

(1998). In this paper, we assume a value of –0.2 for b, as

per Bharadwaj and Santiago (2005).

Incorporating both these effects on electroosmotic flow

results in a sample-to-background electrolyte region elec-

troosmotic velocity ratio of the form

Ueof;S

Ueof;BGE

� c�1:2: ð3Þ

This mismatch in electroosmotic velocity induces internal

pressure gradients in the flow field.

In the current experiments, we consider FASS in a rect-

angular (or square) cross-section microchannel with a single

conductivity interface. A schematic of the flow profiles for a

single electrolyte–electrolyte interface is shown in Fig. 1.

The position xD is the time-dependent location of the con-

ductivity interface. Far enough from the interface (e.g., five

hydraulic diameters or more), fluid velocities can be assumed

to be purely axial such that the axial (u) and transverse (v and

w) velocity components are respectively u = u(y,z) and

v = w = 0. This approximation of largely axial velocities is

analogous to the lubrication approximation often used in

fluid flow analysis (White 1991).

3 1D model for pressure generation

We here present the derivation of a simple one-dimensional

(1D) expression for the variation of pressure gradients in a

FASS channel in space and time. We assume locally fully-

developed flow in a long thin tube of arbitrary cross-sec-

tion. As described in detail by Chen et al. (2005) and

Bharadwaj and Santiago (2005) for similar electrokinetic

flows, we assume the net neutrality approximation and that

charge accumulation in the channel (outside of the double

layers) occurs at time scales much faster than those of the

velocity and sample concentration fields. That is, applied

electric fields couple with conductivity gradients to gen-

erate net charge in the bulk fluid (Lin 2004), but this charge

density is negligible compared to total ion concentration.

This implies that the main contributions to local ion density

are due to Ohmic current and that the conservation of

current density can be well approximated as r � r �Eð Þ ¼ 0;

where r is local conductivity and �E is electric field. For a

long-thin channel of uniform cross-section, we can there-

fore write

r1E1 ¼ r2E2 ð4Þ

where the subscripts 1 and 2 refer respectively, to the low

and high conductivity segments. Equation 4 can be com-

bined with Eq. 1 to yield E1 = c E2.

The sum of the potential drops across the two segments

in series is the voltage drop across the length of the

channel, V0 = V1 + V2, so that

E0L ¼ E2xD þ E1ðL� xDÞ: ð5Þ

Equation 5 is written in terms of an effective applied

electric field, E0, defined as the voltage drop divided by

channel length xD and (L�xD) are respectively, the lengths

occupied by high and low conductivity segments. The

effects of both variable field and buffer concentration

results in an electroosmotic velocity which is different in

the two buffer segments as specified in Eq. 3. For

incompressible liquids, the net fluid flow across each

cross-section should be the same, Q1 = Q2, so the liquid

velocity in each segment, U(y,z), is
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123



Uðy; zÞ ¼ Upðy; zÞ þ Ueof ð6Þ

where Ueof is the local electroosmotic flow and Up is the

(non-uniform) velocity due to pressure driven flow. Here

(y,z) are Cartesian coordinates describing axes perpen-

dicular to the flow channel (for some arbitrary long, thin

tube). In typical microchannel EOF, the Debye length,

kd, is much smaller than the characteristic channel

dimension; so EOF can be modeled by a slip surface

parallel to and within a few Debye lengths of the wall.

The details of the double layer need not be treated in

detail and the forces within the double layer can be

replaced with a slip surface where the slip velocity is

everywhere proportional to the local electric field (and

local zeta potential). This relation can be thought of as a

Helmholtz Smoluchowski equation generalized to the

case of non-uniform electric fields and zeta potential (see

for example Santiago 2001).

As in the Reynolds equations for lubrication theory, the

relevant terms are the near-wall velocities. Here, there is no

externally applied pressure differences and the internal

pressure gradient supplies a local, non-uniform Poiseuille

flow component that maintains a constant flow rate along

the channel length. We here assume the extent of the

interface region (d) is small compared to the length of the

channel (L), d << L. This implies that significant transverse

velocities are confined to a region close to the interface,

away from which streamlines are axial. The pressure-dri-

ven velocity component, Up, supports electroosmotic flow

in the higher conductivity region (Region 2) and opposes

electroosmotic flow in the lower conductivity segment

(Region 1). A conservation of mass givesI

Ao

Up;1

� �
dAþ Ueof;1A0 ¼

I

Ao

Up;2

� �
dAþ Ueof;2A0

¼ mEh i ¼ Vbulk ð7Þ

where the integral is over the cross-section of the channel

and the < > operator indicates an axial-length-averaged

quantity as in mEh i ¼ 1
L

RL
0

mEdx: This expression for bulk

fluid EOF subject to non-uniform electroosmotic mobility

in terms of a length-averaged liquid velocity is derived in

detail by Anderson and Idol (1985). Substituting from

Eq. 2 in Eq. 7, and combining with Eq. 5,

I

Ao

Up;2 � Up;1

� �
dA¼ ct1 � t2ð ÞA0E0

xD

ðcðL� xDÞ þ xDÞ

ð8Þ

where, m1 and m2 are the electroosmotic mobility in the low

and high conductivity regions respectively. Equation 8 is

similar to that developed by Burgi and Chien (1991) for a

finite, low-conductivity sample plug and in an otherwise

uniform background electrolyte. Assuming quasi-steady

flow, the average pressure-driven velocity in the low

conductivity region is:

�UP1 ¼
ct1 � t2ð ÞEoxD

ðcðL� xDÞ þ xDÞ
: ð9Þ

Using the above expression we can relate the local value of

pressure gradient to the average velocity for various

geometries. For example, for a rectangular channel with

width 2a and depth 2b

� dP

dx
¼ 3l �UP1

a2 1� 192a
bp5

P1
i¼1;3;5

tanhðipb=2aÞ
i5

h i : ð10Þ

Also, the centerline pressure-driven velocity can be related

to the average velocity for a rectangular channel as:

UC ¼
48

p3

P1
i¼1;3;5

�1ð Þ i�1ð Þ=2

i3
1� 1

coshðipb=2aÞ

h i

1� 192a
bp5

P1
i¼1;3;5

tanhðipb=2aÞ
i5

h i
0
@

1
A �UP1 ð11Þ

Lastly, we can obtain a relation between xD versus time.

The interface between conductivity segments sweeps the

channel at the velocity given by Eq. 7 so that dxD /dt =

Vbulk.Since the electric field is assumed uniform within a

segment but changing with time as the interface sweeps the

microchannel, we write

dxD

dt
¼ 1

L

ZxD

0

m2E2dxþ
ZL

xD

m1E1dx

2
4

3
5

¼ 1

L
m2E2xD þ m1E1 L� xDð Þ½ �

ð12Þ

Substituting from Eq. 5,

dxD

dt
¼ E0

xD þ c L� xDð Þð Þ m2xD þ cm1 L� xDð Þ½ �: ð13Þ

Equation 13 is integrated to yield a relation for the time for

the front to sweep the channel length:

t ¼ 1

E0

c� 1ð Þ
cm1� m2ð ÞxDþ

cL m2� m1ð Þ
cm1� m2ð Þ2

ln 1þ m2� cm1ð Þ
cLm1

xD

� �" #

ð14Þ

The variables in Eq. 14 are the electroosmotic mobilities,

m1 and m2; the ratio of conductivities, c; the length of the

high conductivity segment, xD; and the undisturbed/

characteristic electric field, E0. c, E0 and the length of

the channel, L are prescribed by the experimental

conditions. Note that dependence on the channel cross-
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sectional area has dropped out and the result is valid for

any long thin tube of arbitrary cross-sectional area shape

and purely axial conductivity gradients. Equation 14 is

non-dimensionalized with L/(m1 E0), L, and m1 for t, xD, and

m2, respectively, to yield

t� ¼ c� 1ð Þ
c� m�ð Þ aþ

c m� � 1ð Þ
c� m�ð Þ2

ln 1þ m� � cð Þ
c

a

� �" #
: ð15Þ

a may then be substituted in Eq. 9 to obtain the develop-

ment of internally generated pressure-driven flow velocity

components with time. This pressure-driven flow compo-

nent can be obtained directly from lPIV measurements as

it affects only the curvature (not the absolute off-set value)

of velocity profiles. Below we present a quantification of

these pressure-driven flow components and we present

comparisons with the simple 1D model.

4 Experiments

Experiments were conducted in a 40 mm long glass cap-

illary with a 100 · 100 lm square internal cross-section

(Wilmad Industries). A schematic of the experimental

setup is shown in Fig. 2. The capillary was imaged using

an upright epifluorescent microscope with a plan

apochromat (Nikon) 60· objective lens with a numerical

aperture of 1.4. The field of view was centered on the axial

center of the channel (x = 0.5L), with the object plane

50 lm from the bottom of the 100 lm deep microchannel.

Illumination was provided by a dual head Nd:YAG laser

(New Wave, Minilase System). The 532 nm laser beam

was directed into a custom filter assembly. The microscope

filter cube consisted of a 532 nm exciter filter, a dichroic

beam splitter with a cut-on wavelength of 545 nm, and a

555 nm long-pass barrier emission filter. The images were

recorded onto a cooled interline CCD camera (Roper Sci-

entific Micromax). The camera had a 1,300 · 1,040 pixel

array with square pixels 6.7 lm on a side. We used two by

two on-chip pixel binning during image acquisition. The

time between images for velocity correlations ranged from

5 to 20 ms; and the time period between success image

pairs was 1.0 s. Working fluids were seeded with carbox-

ylate-modified 1 lm fluorescent polystyrene particles

(Molecular Probes) to an initial volume density of 0.05%.

The particles had a peak excitation wavelength of 540 nm

and a peak emission wavelength of 560 nm.

The low conductivity electrolyte was 10 mM HEPES

buffer (pH = 7.2, r = 0.2 mS/cm). For the higher con-

ductivity electrolyte, we added KCl to the 10 mM HEPES

solution; the pH of the two electrolyte segments were the

same. Both buffers were filtered with a 0.2 lm filter prior

to loading the spheres.

The electrokinetic flow was driven by a high voltage

power supply (Hewlett-Packard) using platinum electrodes

inserted into end-channel wells (i.e., reservoirs) about

500 ll in volume. The channel and both the reservoirs

were initially filled with the low conductivity buffer. The

interface was created by removing the contents of one well

with a syringe and then pipetting in the second buffer of

higher conductivity.

5 Results and discussion

The flow field is monitored at an imaging location fixed in

space which observes first the flow in the low conductivity

electrolyte and then, after the conductivity interface

sweeps by, the flow in the high conductivity electrolyte. In

all of our plots, the interface sweeps in from left to right.

Particle displacement fields are obtained near the center of

the capillary before, during and after the interface sweeps

through the imaging region. Particle velocities reflect the

sum of local liquid velocity (electroosmotic, Ueof and

pressure driven, Up, components) and local particle elec-

trophoretic velocity Ueph) (Devasenathipathy et al. 2002)

Uparticle = Ueof + Ueph + Up.

The electroosmotic and electrophoretic components of

the total velocity field are a uniform (DC-type) offset to the

Fig. 2 Experimental setup for FASS experiments. A borosilicate

capillary (a) with a square cross-section (100 lm · 100 lm ID) and a

length of 40 mm is coupled to 500 ll reservoirs (b) on either end.

Illumination is provided by a dual-pulse Nd:YAG laser (c) with a

nominal energy per pulse of 1 mJ. Particle images are recorded onto a

high-resolution interline transfer CCD camera (d) using an epifluo-

rescence microscope (e). A high voltage power supply (f) provides a

static potential to one electrode and the other electrode is grounded

Exp Fluids (2007) 43:959–967 963
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total velocity profile and do not contribute to the curvature

of the profile (at least in the regions away from the inter-

face). Within the elongated/dispersed interface, the

measured flow fields exhibit a two-dimensional transition

region as the pressure gradient changes direction. The

electric field away from the interface can be assumed

uniform across the height of the channel and the electro-

osmotic and electrophoretic velocity components are

assumed to have no gradients perpendicular to the flow. In

these regions, the curvature in the flow field is due to the

generated, internal pressure gradient ðoUparticle

�
oy ¼

oUp

�
oy 6¼ 0Þ: Away from the interface, the curvature of

the velocity profile contains only pressure-driven flow

information.

Particle velocity fields obtained in a single experiment

using lPIV are shown in Fig. 3. Figure 3a shows the

velocity field in the leading low conductivity region where

an adverse pressure gradient drives a flow opposing elec-

troosmosis. Figure 3b shows the favorable pressure

gradient assisting electroosmotic flow in the trailing high

conductivity zone. Each measurement is for one image

pair. We used interrogation regions 128 pixels in the hor-

izontal direction and 32 pixels in the vertical direction with

50% overlap in both directions. Figure 4a clearly shows

the adverse and the subsequent favorable (Fig. 4b) pressure

gradients of the FASS flow field. The adverse pressure

gradient increases in magnitude as the interface moves

along the channel and the fraction of the channel length

occupied by the higher conductivity electrolyte increases.

The temporal evolution of the dimensional centerline

velocity versus time for a fixed c of 20 and three different

electric fields (E = 50, 100 and 150 V/cm) is plotted in

Fig. 4a. One hundred image pairs were interrogated to

yield each data set. The pressure-driven centerline velocity

at xD = 0.5L are 450, 1,080 and 1,550 lm/s for electric

field strengths of 50, 100 and 150 V/cm, respectively. The

measurements follow the expected trend of a growing

adverse pressure gradient in the low conductivity zone and

changing to a favorable pressure gradient as the interface

moves past the field of view. For fixed c, the velocity scales

Fig. 3 Representative velocity field measurements for FASS for a

stacking ratio of c = 20 and an applied nominal field of E = 50 V/cm

(applied from left to right). Vector fields at two time instances are

shown. a The adverse pressure gradient drives a flow opposed to

electroosmosis; b a favorable pressure-driven flow adds to electro-

osmosis in the trailing, higher conductivity zone (after the

conductivity interface has swept past)

Fig. 4 Centerline pressure driven velocity in microchannel for a c =

20 for electric field strengths of 50, 100, and 150 V/cm and b model

predictions plotted shown together with experimental data for non-

dimensionalized centerline velocity and non-dimensionalized time.

The abscissa for the model and the non-dimensionalized data has been

centered at zero when the interface sweeps past the field of view. The

velocity on the ordinate is non-dimensionalized by the magnitude of

the velocity discontinuity as predicted by the one-dimensional model

and the time on the abscissa is non-dimensionalized by the time that

the model predicts for the interface to sweep the channel length

964 Exp Fluids (2007) 43:959–967
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with the electric field. The dimensional centerline velocity

versus time for a fixed electric field and three different c is

plotted in Fig. 5a. The uncertainty associated with the

velocity measurements in the unstacked region (away from

the interface) is approximately 10%. This error was esti-

mated via a propagation of error analysis (Coleman and

Steele 1989), and includes errors due to Brownian motion,

errors in displacement measurement via cross-correlation,

particle-to-particle differences in electrophoretic mobility,

and possible velocity gradient error associated with the

±dzm/2 measurement depth (Meinhart et al. 2000; Olsen

and Adrian 2000).

We extract the pressure driven velocity component (and

associated estimate of local pressure gradient) from the

measured velocity fields (e.g. Fig. 3a, b) by fitting an

analytical function for the expected velocity vector field at

each time. This approach assumes that the pressure gradi-

ent is quasi-steady over the observation time as well as

uniform across the field of view. During the time interval

of 10 ms between the image pair for the velocity correla-

tions, the conductivity interface travels less than 0.5% of

the total channel length. This causes negligible change in

pressure gradients over the observation time. Also, the field

of view is 150 lm, while the interface between low and

high conductivity is *2 mm long, so the pressure gradient

can be assumed to be spatially uniform over the field of

view. We approximate the centerline velocity distribution

(axial velocity, u, vs. y) as a parabola. (This approximate

parabolic profile for the midplane, x = 0, velocity distri-

bution is approximately 2% different than the fully-

developed, pressure-driven flow profile for this square

cross section channel geometry White (1991)). The

regression coefficient for our fits ranged from 0.82 (in the

low velocity regions) to 0.97 (in the high velocity regions),

with a typical value of 0.9. The pressure gradients from

each velocity field are arithmetically averaged to obtain an

area-averaged pressure gradient estimate. We estimate that

the uncertainty in the mean of this distribution is approx-

imately 6 and 2% based on the Student’s t-distribution, for

the velocity profiles shown in Fig. 3a, b.

Figures 4b and 5b show the 1-D model predictions

compared with the non-dimensionalized data from Fig-

ures 4a and 5a. The two quantities of interest which are

used to non-dimensionalize the centerline pressure driven

velocity component, vp and time are Dv, the centerline

velocity jump as the interface sweeps past the field of view

and Dt, the time taken by the front to traverse the length of

the channel, respectively. These two quantities are func-

tions of four parameters: c, a, m1, and m2/m1. The value of c
is obtained from an apriori measurement of the conduc-

tivity of the sample buffers used in the experiment

(conductivity meter, Jenco). a is the distance that the

interface has traversed and is obtained as a function of time

from Eq. 15. The velocity difference/jump (defined as

maximum minus the minimum centerline velocity) can be

estimated from Eq. 11. The value of m1 is the electroos-

motic mobility for borosilicate capillaries. The ratio, m2/m1

was taken from Bharadwaj and Santiago (2005) As such,

the scaling presented here is performed with no fitting

parameters and is predicted solely from the model and

independent measurements of the relevant parameters. The

model captures the major trends of the dynamics and, to

some degree, the dependence on field and conductivity

ratio.

The 1-D model does not, of course, predict the finite

extent of the interface. Also not captured by the model is

the tailing off of the pressure driven velocity component as

the interface exits the channel. The exit of the (finite width)

interface from the long thin channel into the large volume

of the downstream reservoir is described by a more com-

plex three-dimensional flow field.

Fig. 5 Centerline pressure driven velocity in microchannel for a
electric field strengths of 100 V/cm and conductivity ratios, c of 5, 10

and 20. b Model predictions (together with experimental data) plotted

with non-dimensionalized centerline velocity and non-dimensional-

ized time. The abscissa for the model and the non-dimensionalized

data has been centered at zero when the interface sweeps past the field

of view
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There are several other subtleties not captured by our

simple model, and they are worth pointing out here as

they can potentially impact practical considerations of

microfluidic electrokinetic systems with heterogenous

electrolytes. First, we neglect the two- and three-dimen-

sional velocity field within the conductivity interface. This

results in some discrepancy between model and data for

data within the interface, as shown in Figs. 4 and 5. Sec-

ond, we did not address the finite temporal response of

EOF mobility to abrupt changes in local ion density.

Electroosmotic mobility transients of a channel subject to

abrupt changes in concentration are known to have both

short and long time scales (e.g., minutes to days) (Hunter

1981; Raviv et al. 2002). One insight offered by our data is

that at least some component of the change in mobility for

changes in concentration acts very quickly, within a few

seconds. Presumably, this is due at least to the adjustment

of the diffuse ion portions of the double layer to local ion

density. Third, consider that the particle density field is

originally homogeneous but quickly becomes heteroge-

nous. This is due to the fact that the charged particles are

themselves stacked in the flow field.1

The particles near the interface (especially immediately

to the left of the interface) therefore experience unsteady

local ion concentrations, and so transients in particle

mobilities may become important. Lastly, consider that

there is some uncertainty in the initial condition of the

interface as it was created by removing the low conduc-

tivity buffer from the upstream reservoir and manually

injecting the high conductivity buffer. This manual buffer

exchange is expected to result in a somewhat distorted

initial interface between the buffers.

In summary, the data demonstrates that the flow has

strong transients in the local velocity field and is strongly

affected by unsteady, non-uniform velocity fields created

by gradients in the electroosmotic slip velocity. These

gradients in slip velocity are attributable to (and the data is

consistent with) the effect of local ion density on electro-

osmotic mobility. Further, the simple 1D model presented

here is useful in predicting the general properties of the

flow including its time and velocity scales and the trends

across conductivity ratio and electric field magnitude. More

general treatment of the problem would probably require

solutions to two- or three-dimensional transport equations,

and may require further study of the transient response of

wall and particle electrokinetic mobilities.

6 Conclusions

This paper presents the first experimental investigation of

the FASS velocity flow field. We used charged polystyrene

spheres and lPIV measurements to quantify velocity fields.

Experiments were conducted in a straight microcapillary

geometry with a square cross-section 100 lm on a side.

lPIV measurements yield particle velocity fields in these

heterogeneous, unsteady electrokinetic flows. The temporal

development of the velocity field was captured as the single

electrolyte–electrolyte interface sweeps across the length of

the channel. A simple 1D model was proposed that captures

the trends of the temporal evolution of the internal pressure

gradient generation. The model results are compared with

experiments for several conductivity ratios (c = 5, 10, 20 and

50) and across several electric fields (E = 50, 100 and 150 V/

cm). The model well captures the qualitative features of the

observed dynamics as well as quantitative experimental

quantities such as the magnitude of generated internal

pressures (order 1 mm/s pressure component velocities are

generated), the velocity of the electrolyte interface, and the

shape of the short-time and transition period during which

the interfaces occupies the center regions of the channel.

The model shows only fair agreement with the dynamics of

the longer-term decay of the pressure gradient as the con-

ductivity interface approaches the channel exit. This

discrepancy may be due to the fact to the effects of the three-

dimensional flow field which describes the exit of the (finite,

increased width) interface region into the downstream res-

ervoir. Also important may be the finite temporal response

of EOF mobility to abrupt changes in local ion density—an

effect which merits further study.

The velocity profiles obtained with lPIV complement

theoretical efforts that aim to develop a fundamental

understanding of sample dispersion due to axial gradients

in electrolyte conductivity. These particle-based imaging

measurements provide temporally and spatially resolved

measurements of particle velocities in a complex heterog-

enous flow field. Velocity field measurements can therefore

potentially provide valuable data and insight that comple-

ment scalar dye-based imaging techniques. The results also

provide benchmark data for efforts to model heterogenous,

unsteady electrokinetic flows.
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