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The electroosmotic flow in laminated excimer laser-
ablated microchannels has been studied as a function of
the depth of the rectangular channels, and particular
emphasis has been given to the difference in the ú-poten-
tials between the lamination layer and the ablated sub-
strate. Experimental electroosmotic flow follows the ten-
dency predicted by a recently published model. The
ú-potentials of lamination and ablated surfaces were
determined for poly(ethylene terephthalate) and poly-
(carbonate) substrates by fitting the experimental data
with a numerical implementation of this model. In the
experimentally investigated range of channel cross sec-
tions, a linear fit to the data gives a good approximation
of the ú-potentials for both materials. Moreover, a flow
injection analysis of fluorescein dye has been performed
to show the severe loss in numbers of theoretical plates,
caused by Taylor dispersion, when such microchannels,
dedicated to microcapillary electrophoresis, are used.

Ultraviolet laser ablation has been shown to be a powerful tool
for machining structures in the micrometer range, using organic
polymer substrates.1-4 More recently, this technique has been
applied to the fabrication of microchannels,5,6 giving a promising
way to produce microdevices for performing microscale flow
injection analysis (µ-FIA),7-12 as an intermediate step toward the
concept of microscale total analysis systems (µ-TAS).6,13-16

Different channel dimensions and geometries can be easily
obtained by varying UV laser ablation parameters: substrate
translation speed (1-105 µm/s), laser fluence (30-2500 mJ/cm2),
pulse repetition rate (1-50 Hz), and the mask shape. A low-
temperature lamination technique allows the closing of the
channel, and the final structure exhibits electroosmotic properties
similar to those of microchannels produced in silicon or fused
silica substrates.5

Electroosmotic pumping, generated by means of an external
electrical field, has been demonstrated as a suitable way to drive
successfully nanovolumes, within microcapillary electrophoresis
(µ-CE) systems, as a valveless system.8,17-22 However, several
studies23-27 on fluid dynamics induced by electroosmotic flow
(EOF) in microfabricated devices have pointed out an unexpected
behavior, that the simple Smoluchowski model cannot predict.
Most of the microscale fabrication processes used to produce
microchannels result in channels having geometry and/or materi-
als composition differing considerably from those of the silica
capillaries used in a conventional electrophoretic apparatus.17,21,28
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In a recent report, Andreev et al.26 modeled the EOF in
microchannels with rectangular cross sections and different
ú-potentials on the walls and showed that the shape of the
electroosmotic flow velocity profile differs from the usual flat plug
flow profile. It has been shown that this flow particularity results
in a loss of resolution due to Taylor dispersion,29 if such composite
microchannels are used to perform electrokinetically driven
separations.

In the present paper we report experimental results for the
EOF in two kinds of composite microchannels made of poly-
(ethylene terephthalate)-polyethylene (PET-PE) and poly(car-
bonate)-polyethylene (PC-PE) substrates, obtained by UV laser
ablation and a lamination technique. The mathematical model of
ref 26 is numerically implemented in order to analyze the
experimental data. From these studies, the ú-potentials of the
materials composing the microstructure are determined. With
similar channel structures, simple microscale flow injections of
fluorescein dye are used to study the effect of Taylor dispersion
on the peak broadening.

EXPERIMENTAL SECTION
1. Prototyping Procedure. The microstructures were fabri-

cated using ArF excimer laser ablation at 193 nm and a low-
temperature lamination technique.5 We used two types of polymer
films as substrates: (i) PET-Melinex (grade S), ICI, UK (thickness
100 µm), and (ii) PC-Makrolon (grade D1), Goodfellow, UK
(thickness 125 µm). The substrates were placed on computer-
controlled X-Y translation stages (Physik Instrumente, Germany)
and scanned under the excimer laser beam (Lambda Physik LPX
205-i) during the ablation procedure.

The ablation setup was a standard mask projection setup,
where the image of a free-standing molybdenum mask with a
rectangular hole is projected on the substrate. For the production
of channels with different depths, the laser is operated with
constant parameters (pulse repetition rate, 50 Hz; fluence, 850
mJ/cm2), and the substrate is scanned with different speeds (100-
400 µm/s) under the beam. The 2-cm-long channels were 50 µm
wide in all cases, and the channel depth varied between 15 and
60 µm due to the different scan velocities. The structure dimen-
sions (widths and depths, Figure 1) were measured with an
inspection and 2-D metrology microscope coupled with a digital
camera (Nikon Coolpix).

Prior to sealing of the structure by using a lamination machine
(Morane Senator, Oxon, UK), the channels were first rinsed with
2-propanol (Fluka, Switzerland) and distilled water in order to
remove weakly adherent debris resulting from the ablation
process.30,31 After being rinsed, the samples were dried in a
nitrogen gas stream.

2. Electroosmotic Flow Measurements. The influence of
the inhomogeneous ú-potential distribution on the flow behavior
is observed by measuring the average EOF velocity in a set of
microchannels, differing only in depth. This permits the discrimi-
nation of the contributions of each material to the electroosmotic
flow.

The electroosmotic flow velocity in the channels, averaged over
the whole cross section, is measured using Huang’s method.32

We follow Roberts’s experimental procedure5 to monitor the
current evolution as a function of time using a high-voltage power
supply (CZE1000R Spellman) interfaced to a multifunction analog,
digital, and timing input/output board (PCI-1200, National Instru-
ments). The microchannels are mounted horizontally, and the
volume in the two reservoirs is kept constant to prevent pressure
effects. To avoid already observed aging influences, the micro-
channels for one set of experiments are fabricated on the same
day, and the EOF measurements are carried out with freshly
prepared buffer solutions. We used buffer concentrations of 15
and 12 mM acetate buffer, pH 4.66 (acetic acid 0.1 M, sodium
acetate 0.1 M, Merck). Further, we have chosen to work with a
low operating electric field, 200 V/cm, to allow accurate heat
dissipation. Hence, the transversal gradient in viscosity is mini-
mized, and thermal effects on the EOF can be neglected.33

3. Flow Injection Analysis. A flow injection analysis has been
performed to determine the separation efficiency of the photo-
ablated composite microchannels using an experimental approach
similar to the pioneering works achieved by Jacobson et al.20,34

and Effenhauser et al.35 A schematic representation of the
microchip used for injection analysis is presented in Figure 2a.
Briefly, the microchannels are filled with a buffer solution by
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Figure 1. (a) SEM micrograph of a cross section of an excimer
laser-ablated polymer microchannel. The capillary walls are composed
of PE from the lamination sheet (top side) and photoablated PET
(bottom and lateral sides). The different lengths measured to define
the section of the channel are g, d, and e. (b) Schematic diagram of
the cross section of the modeled channel. For all calculations, ú1 )
ú2 ) ú4 ) úa and ú3 ) úl.
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capillary flow. All reservoirs contain 150 µL of buffer solution
except reservoir 3, which is filled with the sample solution.
Fluorescein salt is purchased from Fluka (Buchs, Switzerland),
and the sample dilution (50 µM) is performed in alkaline medium,
pH 9.2 buffer (20 mM sodium tetraborate, Fluka), to increase the
fluorescence signal.36

Applying a voltage between reservoirs 3 (0.8 kV) and 4
(ground), and letting the electrodes in reservoirs 1 and 2 float,
causes the sample solution to be pumped in the injection part of
the device (floating procedure35) (Figure 2b). During the separa-
tion a pullback procedure34,37 is applied, preventing sample leakage
from the sidearm channels into the separation channel. The
voltage is applied between reservoirs 1 (2 kV), 3 (0.5 kV), 4 (0.5
kV), and 2 (ground), inducing flow of buffer solution from 1 to 3,
1 to 4, and 1 to 2 (Figure 2c).

The fluorescence detection and microscopic investigation are
performed using a confocal microscope (Axiovert 25, lamp HPO
100 W, Zeiss) with a highly sensitive CCD black-and-white camera
(CF 8/4, Kappa, Germany) interfaced to an 8-bit flash analog-to-
digital converter (ADC) monochrome IMAQ board (PCI-1408,
National Instruments). During the separation, the image data are
grabbed (24 frames/s) only in the detection window (Figure 2c)
and directly converted into an intensity histogram by digital
processing, using Imaq Vision for program Labview (National
Instruments). The program also allows the characterization of the
lengths linj of the injected volume and ldet of the detection window
(see Figure 2b,c), which are linj ) 275 µm and ldet ) 100 µm,
respectively.

THEORY

1. Mathematical Model. The mathematical considerations
are based on the model reported by Andreev et al.26 Here, we
present the assumptions made in this work and give the equations
which describe the electroosmotic flow in channels of rectangular
cross section, where every channel wall may exhibit a different
ú-potential.

The calculation is based on the assumptions listed below.
1. Capillary end effects are neglected; i.e., the transverse

capillary dimensions, a and b (see Figure 1b), are considered to
be much shorter than the channel length.

2. Thermal effects are not taken into consideration.
3. ú-potentials are considered to be homogeneous along the

longitudinal coordinate.
4. The buffer is considered to be a univalent electrolyte.
According to Rice and Whitehead,38 in assumption 4, the

Debye-Hückel approximation, (e.g., the linearization of the
Poisson-Boltzmann equation) can be used even for ú-potentials
up to 50 mV. With a methodology similar to that presented in a
former report,23 the Poisson-Boltzmann equation for electrical
potential æ and charge distribution Fe is inserted in the Navier-
Stokes equation, with the following boundary conditions:

where x and y are transverse coordinates and ú1, ú2, ú3, and ú4 the
ú-potentials of the channel walls, represented in Figure 1b.

The analytical solution presented by Andreev et al. for the
electroosmotic flow profile v(x,y) is then

where b0
2 ) εE/η, ε and η are respectively the permittivity and

the viscosity of bulk electrolyte, E is the electric field strength
along the capillary, and

(36) Yeung, E. S.; Khur, W. G. Anal. Chem. 1991, 63, 275A-.
(37) Ermakov, S. V.; Jacobson, S. C.; Ramsey, J. M. Anal. Chem. 2000, 72, 3512-

3517. (38) Rice, C. L.; Whitehead, R. J. Phys. Chem. 1965, 69, 4017-4024.

Figure 2. (a) Schematic representation of the microchip used for
the flow injection analysis with the following reservoirs: (1) buffer
reservoir, (2) waste reservoir, (3) sample reservoir, and (4) sample
waste reservoir. The separation length L has been set at six different
values for the different injection analysis, from 0.5 to 4 cm. (b)
Fluorescence image during double T-injection; the length linj is defined
not only by the structure dimensions but also by the diffusion
coefficient D combined with the injection time. Keeping for all
experiments the same injection time, the injection length, linj, is
constant and its value is about 275 µm. (c) Fluorescence detection
of the plug arriving at the detection window, which is fixed by the
digital processing described in the Experimental Section. The length
of the detection window is ldet )100 µm.

æ(0,y) ) ú2 æ(x,0) ) ú4

æ(a,y) ) ú1 æ(x,b) ) ú3

(1)
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where κ-1 is the Debye length.
2. Application to Ablated Channels. Equation 2 applies to

rectangular channels where each side of the channel is allowed
to have a different ú-potential. However, the ablated channels are
composed of only two different materials (Figure 1b): PE top
cover from the PE-PET lamination sheet closing the channel and
three photoablated PET or PC walls, from the PET or PC
substrate. The ú-potential of the three ablated surfaces is deter-
mined by well-adherent debris,39 which is the same for the channel
floor and the channel walls. Thus, the ablated surfaces have
approximately the same ú-potential, úa. In eq 2 we use then ú1 )
ú2 ) ú4 ) úa, and ú3 ) úl is the value of the ú-potential of the
lamination.

The ablated channels have a trapezoidal cross section (Figure
1b) where the angle of the sidewalls is about 70°. For all produced
channels, the upper width e, the lower width g, and the channel
depth d have been determined. Hence, the fraction e/f of the
lamination with respect to the total section perimeter f is given
by

where the different lengths are defined in Figure 1b. The
rectangular channel that is used in the calculation (dashed line)
then has the width a ) e and the depth b ) 1/2(f - 2a), in order
to give the same value of e/f. Consequently, the channel in the
calculations is slightly shallower than the experimental one
(Figure 1b).

3. Numerical Implementation. As eq 2 contains infinite
series that cannot be evaluated symbolically, the implementation
of eq 2 is numerical. This means simply that the sums are not
evaluated to infinity but up to k ) kup. The experimental value of
the electroosmotic measurements is the average stream velocity
of the liquid in the channel vav. To obtain this value from eq 2,
one needs to integrate the velocity profile over the whole channel
cross section:

Because of the numerical evaluation of eq 2, this integral is
necessarily also numerical. Hence,

where the parameters Nx and Ny are the number of cells for the
numerical integration. The xi and yj are spaced equidistant from 0
to a and b, respectively.

Variation of kup results in variations in the average velocity vav

only if kup < 50. Usually we used a value of kup ) 200. The
variations in vav due to variations of the grid size Nx × Ny become
negligible for a grid size of more than 300 × 300 points.

Even when using a 10-byte data type (maximum 1.1 × 104932)
for the implementation of eqs 2 and 6, overflow occurs in the sinh
term in eq 2 when a realistic value for the Debye length is used
(κ-1 ≈ 3 nm). Approximations of the fractions, indicated by the
numbers 1-8 in eq 2, have to be used in order to avoid this. The
fractions 1, 2, 5, and 6 in eq 2 are of the form sinh(c1x)/sinh(c1c2)
(c1 and c2 are constants) and can be approximated by
exp(c1(x - c2)) for c1 . c2, x. The fractions 3, 4, 7, and 8 in eq 2
are of the form sinh(c1(c2 - x)/sinh(c1c2) and can be approximated
by exp(c1x) if c1 . c2, x. If underflow occurs in the approximation
terms, the fraction is set to 0. In this form, vav(e/f,úa,úl) is used as
fit function to the experimental data in order to determine the
ú-potentials of the lamination and the ablated surface.

ELECTROOSMOTIC FLOW
In Figure 3, the measured electroosmotic flow velocities, veo,

in two different microstructures are reported as a function of the
ratio e/f. Each experimental point (round and square markers in
Figure 3) represents the average value of 14 consecutive EOF
measurements described in the Experimental Section. The error
bars in Figure 3 are the relative standard deviation (RSD) around
veo. For all measurements, the EOF in the microchannels for PET
as substrate is higher than that for PC as substrate, as previously
illustrated by Roberts et al., at pH 7.2.5 The variations of EOF as
functions of microchannel dimensions have not been demon-
strated yet.

In a conventional capillary, which is made from only one
material, the electroosmotic flow velocity is independent of the
capillary dimensions as long as the diameter is considerably larger
than the double-layer thickness.40 In this case, the electroosmotic
flow velocity veo is described by the Schmoluchowsky equation:

(39) Wagner, F.; Hoffmann, P. Proc. SPIE-Int. Soc. Opt. Eng. 2000, 4088, 322-
325.

pk ≡ π(2k + 1)
b

qk ≡ xpk
2 + κ

2

mk ≡ π(2k + 1)
a

nk ≡ xmk
2 + κ

2

(3)

e/f ) e/(e + g + 2 x(e - g
2 )2

+ d2 ) (4)

vav ) 1
ab∫x)0

a ∫y)0

b
v(x,y) dy dx (5)

vav(e/f,úa,úl) )
1

NxNy
∑
x)xi
i)1

Nx

∑
y)yj
j)1

Ny

v(xi,yj) (6)

Figure 3. Experimental values of the average electroosmotic flow
velocity at pH 4.6 in PET-PE and PC-PE microchannels as a
function of the ratio e/f (lamination distance/total cross section
perimeter). Full and dashed lines represent respectively linear and
eqs 2 and 6 fits; respective errors of this fits are given in Table 1.
The inset shows the theoretical curve, for the PE-PET and PE-PC
microchannels, calculated with the implementation of the mathemati-
cal model, over nearly the whole range of possible e/f values.
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where ú represents the ú-potential of the capillary wall and the
other parameters are as in eq 2.

However, in laminated channels, the experimental data clearly
show a dependence on the ratio e/f (see Figure 3). Within the
investigated range for e/f, the electroosmotic velocity decreases
for PET-PE microchannels from 1 mm/s with increasing e/f to
0.82 mm/s, while the tendency for PC-PE microchannel is less
pronounced and opposite in sign. Here, the EOF increases with
increasing e/f from 0.4 to 0.45 mm/s. From these results, the
subsequent relation (eq 8) can classify the ú-potentials, because
of the relative contribution of each material to the electroosmosis.

The linear fits, presented in Figure 3 (full line), show a good
agreement with measured EOF for both microchannels types. A
first approach, to obtain the ú-potentials of the two wall materials
from the measured average EOF velocities vav, is thus a linear
combination of the Smoluchowski equations (eq 9) of both wall
materials:

Combining the fitting parameters, the slope m, and the origin
ordinate n, in eq 9, gives the values of the ú-potentials presented
in Table 1. Using eq 9 for the determination of the ú-potentials
represents, however, an extrapolation of the linear relationship,
which is not allowed. For example, the determination of the origin
ordinate n corresponds to the extrapolation of eq 9 to values of
e/f = 0, i.e., very deep channels. Nevertheless, it is clear that the
electroosmotic flow velocity in very deep channels is constant,
because the influence of the lamination is negligible. This
extrapolation problem shows up clearly when comparing the
ú-potentials of the lamination, úPE, obtained from the two different
channel types (PET-PE and PC-PE). In both channel types the
same lamination was used, and thus the two values of úPE should
be identical (within the error). As a result of the extrapolation,
however, the values differ by more than 60% (Table 1). Therefore,
it can be deduced that the linear model is not good enough to

determine the ú-potentials. Consequently, it is important to note
that the validity of eq 9, i.e., the linearity of vav(e/f), is restricted
to a certain range of e/f values. In the inset graph, presented in
Figure 3, the plots of eq 6 show clearly that the tendency of the
electroosmotic flow in a larger domain of e/f (0 < e/f < 0.5)
deviates from linearity.

To obtain more accurate values on the ú-potentials, eq 6 is
implemented as a fitting function. The ú-potentials úa and úl are
used as fitting parameters, and the other numerical parameters
are fixed (kup ) 200, NxNy ) 200 × 300). The resulting curves are
presented as function of the ratio e/f in Figure 3 (dashed lines),
and the resulting ú-potentials (fit parameters) are also presented
in Table 1. The results of this nonlinear fitting method agree
completely with relation (8), which was not the case for the
extrapolated linear fit. Further, the two values for úPE, which were
once more obtained by fitting independently the PET-PE and
the PC-PE channel data, are much closer together than for the
extrapolated linear fit (now 27% deviation instead of 60% before).
The nonlinear fit thus allows a better estimation of the ú-potentials.

However, even with the nonlinear fitting method, the two
values for úPE are not identical within their errors. The remaining
difference can be attributed partly to the experimental error (that
is, approximately 10%) and partly to the assumptions presented
in the Theory section. Particularly, the Debye-Hückel approxima-
tion is valid for ú-potential values up to 50 mV, which is not the
case for the ú-potential value of photoablated PET (see Table 1).
Moreover, the rectangular section in the mathematical model does
not describe properly the trapezoidal section of the experimental
channels (Figure 1b). These effects will both influence the value
of úPE. The standard deviations of the fitting parameters are given
in Table 1, and the precision of the ú-potential determination can
be enhanced in the future by using more data points. A quantita-
tive statistical comparison of the two fitting methods would only
be possible after fitting with each method simultaneously the data
for both channel types using three fit parameters (úPET, úPC, and
úPE). Evaluating the quantitative influence of the rectangular
approximation of the trapezoidal microchannel cross section and
the validity of the Debye-Hückel approximation would require a
comparison of the presented results with a numerical solution of
the fundamental equations (Poisson-Boltzmann equation, Navier-
Stokes equation) within the boundary conditions of a trapezoidal
microchannel. However, this exceeds the aim of this article.

Despite the remaining uncertainties, the nonlinear fit gives
exploitable ú-potential values, which allow for the visualization of
the electroosmotic flow velocity profile in the studied microcom-
posite channels. In Figure 4, two-dimensional electroosmotic flow
velocity profiles v(x,y) are plotted using the numerical implementa-
tion of eq 2 and the ú-potential values from Table 1 (right side).
Strong deviations from the flat plug profile (Figure 4a) are
observed in Figure 4b,c, as has been already demonstrated with
cross sections of v(x,y) presented by Andreev et al.26

PEAK BROADENING
A disparity in the ú-potentials between materials composing a

microchannel has been predicted to cause a severe loss in the
resolution Rs of the capillary electrophoresis system, due to Taylor
dispersion.26 In Figure 5a, four fluorescence detection peaks (dots)
of a fluorescein salt are shown. They have been recorded(40) Tsuda, T.; Nomura, K.; Nakagawa, G. J. Chromatogr. 1982, 248, 241-247.

Table 1. ú-Potentials (mV) at pH 4.6 Obtained from the
Fit of Experimental Data with (i) a Linear Combination
of the Smoluchowski Equation and (ii) a Numerical
Implementation of Eqs 2 and 6a

linear fits fits from eqs 2 and 6

úPET -87 ( 2 -84 ( 3
úPC -22 ( 4 -24 ( 2

from PET-PE from PC-PE from PET-PE from PC-PE

úPE -19 ( 3 -48( 2 -32( 4 -44( 3

a The errors are the standard deviations of the fitting parameters.

veo ) - εúE
η

(7)

|úPET| > |úPE| > |úPC| (8)

vav ≈ Eε

η
[(e/f)úl + (1 - (e/f))úa], for 0.22 < e/f < 0.44

(9)
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subsequently at the same detection place and illustrate the
excellent reproducibility of this measurement. Fitting the experi-
mental results with an asymmetric peak function (eq 10) (dashed
line) gives a correlation value of R2 ) 0.9991, rather than the gauss
function fit (full line) that shows clearly a lower correlation value
of R2 ) 0.98.

where pi represents the fit parameters.

Γ(t) is derived from a Poisson distribution, which is well
established in chemical engineering for describing asymmetrical
distributions.41 The asymmetry of the peak can be understood
qualitatively when looking at Figure 4b, where it can be seen that
a small part of the liquid will be delayed with respect to the
average because of the influence of the lamination. This results
in the slow tail visible in Figure 5a at higher detection times. All
this corroborates the predictions of Andreev et al. concerning the
Taylor dispersion effect in composite microchannels.26

In Figure 5b, the number of theoretical plates, N, is presented
as a function of the separation length, L. N is calculated with the
following relations:

where tm represents the first momentum of the normalized peak
distribution f(t) and σm the relative standard deviation of f(t)
around tm. The slope of the linear fit gives a value of NL ) 2320
theoretical plates per centimeter or Nt ) 120 theoretical plates
per second for fluorescein (with Nt ) N/tR, where tR ) tm, and is
the retention time of the analyte). Flow injection analysis on
fluorescein performed by Jacobson et al.20 showed that a glass
microchip gives about 1600 theoretical plates per second when a
separation electric field of 500 V/cm is used. One order of
magnitude separates the separation efficiencies of the two chips,

(41) Levenspiel, O. Chemical Reaction Engineering, 2nd ed.; J. Wiley: New York,
1972.

Figure 4. Calculated 2D electroosmotic flow velocity profiles v(x,y),
(a) with homogeneous ú-potential (úa), (b) featuring PET-PE micro-
channels, and (c) featuring PC-PE microchannels. The ú-potential
values were taken from Table 1 (right side). The right side in front is
the side with the lamination. The three other sides are ablated.

Γ(t) )

p1 + p2 exp[-((t - p3)/p4)
((t - p3)/p4) + (p5 - 1)

p5 - 1 ]p5-1

(10)

Figure 5. Flow injection analysis at pH 9 for fluorescein in a PET-
PE microchip (channels section, 50 µm × 44 µm). (a) Experimental
detection peaks with Gaussian and asymmetric function peak fits;
see text for more details. (b) Variation of the number of theoretical
plates as a function of the detection distance L from the injection point.

N ) (tm/σm)2

tm ) ∑f(t)t (11)

σm
2 ) ∑f(t)(t - tm)2
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which cannot be explained only by the difference in absolute
electroosmotic flow between glass and plastic microchannels
(lower in plastic channels5).

In CE experiments, if effects such as Joule heating or sample-
wall interactions are not considered, three principally unavoidable
sources of band broadening exist. Namely, dispersion effects
during the separation and the effects of both injection and
detection govern the upper limit of the separation efficiency. If
the separation efficiency is expressed in terms of the theoretical
plate height H (H ) L/N), the resolution of the device is
characterized by Htot, given by

where Hinj, Hdet, and Hdisp are the contributions to the plate height
from the injection plug, detection path length, and the dispersion
effects, respectively. The contributions from the injection plug
length and the detection window length are time independent and
can be calculated by using eq 13 with the characteristic lengths
defined in Figure 2.

The lengths of the injection plug, linj, and the detector path, ldet,
are constant for all experiments.

In composite microchannels, the dispersion contribution to the
peak broadening can be separated into two terms:26

where Hdiff is the plate height from axial diffusion and HTaylor is
the plate height from Taylor dispersion. The axial diffusion
contribution can be calculated by using eq 14:

where D is the diffusion coefficient of the analyte in the buffer
and vtot is the velocity of the analyte (vtot ) veo + vep), vep being
the electrophoretic velocity of the analyte.

For composite microchannels, the height equivalent to the
theoretical plate HTaylor can be calculated using the same theoreti-
cal approach as in studies describing peak broadening for a
generalized flow profile in field-flow fractionation (FFF).42 The
calculation is based on the approximation of the 2D velocity profile
v(x,y), shown in Figure 4, by the one-dimensional velocity profile
v(y) ) v(a/2,y).26 For channels that are not much wider than they
are deep, as it is the case for our channels, this calculation gives
a lower estimate for the influence of the Taylor dispersion, and
thus the real HTaylor for our channel will be higher than the
calculated one. The formulas for the calculation of the 1D
approximation of H are according to Andreev et al.26

where

is the average of the velocity profile veo(a/2,y), and ø is defined
by eq 18:

with

The different integrals (16), (17), and (18) are calculated by using
the procedure described in the Theory section.

In Figure 6, the different theoretical plate heights Hi are plotted
on a logarithmic scale as a function of the ratio úr ) úl/úa. The
channel dimensions, a and b, as well as the ú-potential of the
ablated surface, úa, are kept constant, while the ú-potential of the
lamination wall, úl, is varied in the range from 0 to úa. The
dispersion due to the axial diffusion, Hdiff, increases with decreas-
ing ú-ratio, úr, because when the electroosmotic velocity is reduced(42) Martin, M.; Giddings, C. J. J. Phys. Chem. 1981, 85, 727-733.

Htot ) Hinj + Hdet + Hdisp (12)

Hinj )
linj
2

12L

Hdet )
ldet
2

12L

(13)

Hdisp ) Hdiff + HTaylor (14)

Hdiff ) 2D
vtot

(15)

Figure 6. Dependence of height equivalent to theoretical plate H
on the absolute value of the ratio of the ú-potentials of lamination
and ablated walls at pH 9 for channels of same cross section. The
different contributions are plotted independently on a logarithmic
scale: (-‚‚-) Hinj, (-‚‚‚-) Hdet, (- - -) Hdiff, (‚‚‚) HTaylor, and (s) Htot.
Parameters: channel section, 50 µm × 44 µm; for an electric field of
E ) 500 V cm-1, the electroosmotic velocity is veo ) 22 × 10-2 cm
s-1; for fluorescein the electrophoretic velocity is vep ) -16.8 × 10-2

cm s-1 and the diffusion coefficient D ) 3.4 × 10-6 cm2 s-1. The
different Hi (markers) represent respectively the theoretical plate, H0,
calculated from the experimental value obtained with the PET-PE
microchip shown in Figure 5a (inverted triangle marker); the theoretical
plate, H1, obtained by Jacobson et al.20 (square marker); the simulated
value, H2, for the PC-PE microchip using the mathematical model
given in eqs 15 to 19 (round marker); and the theoretical plate, H3,
of the microchip composed of ablated PC and a lamination polymer,
which have the same ú-potential as PE but are opposite in sign
(triangle marker).

HTaylor ) ø
b2vav

1d

D
(16)

vav
1d ) 1

b∫0

b
v(y) dy (17)

ø ) 1/b
4vtotvav

1d∫0

b
B2(y) dy (18)

B(y) ) 1
b∫0

y
[vav

1d - v(y′)] dy′ (19)
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by lower values of úl, the retention time increases, leading to a
longer diffusion time. The Taylor dispersion, HTaylor, increases as
well with decreasing úr, and it is minimal when the composite
microchannel approaches a homogeneous channel (úr ) 1). For
ú-ratios of úr g 0.92, the peak broadening is dominated by axial
diffusion and the constant contributions of the injection and
detection parts (eq 12). For ú-ratios of úr < 0.92, Taylor dispersion
overcomes the axial diffusion dispersion, and for úr ) 0.7, the
separation efficiency of the column is completely dominated by
the Taylor dispersion, i.e., Htot ) HTaylor. When the Taylor
dispersion is maximal, úr ) 0, the Taylor theoretical height, HTaylor,
is 2 orders of magnitude higher than in the case where only
diffusion, injection, and detection broadening are considered. If
we neglect the difference in pH and compare these results with
those from experiments carried out between measurement and
calculation at úr ) 0.38, which corresponds to the ú-ratio of PET-
PE microchannels based on our EOF measurements (see Table
1), the Taylor dispersion is 1 order of magnitude higher than the
other contributions.

Moreover, by reporting the theoretical plate height of fluores-
cein H0 ) 44 µm at pH 9 (inverted triangle marker in Figure 6),
measured from Figure 5a, in the graph of Figure 6, we obtain a
ú-ratio of úr ≈ 0.40, which is in very good agreement (less than
5% of difference) with the ú-ratio estimated by electroosmotic
measurements at pH 4.6 and the resulting fits shown in Table 1
(right part for PE-PET microchannels). This proves that the
ú-ratios are equal at pH 4.6 and pH 9 for PE-PET channels. Thus,
the separation efficiency in our PE-PET microchannels is
governed mainly by Taylor dispersion. Comparatively, the theo-
retical plate reported by Jacobson et al.,20 H1 ) 2.85 µm (square
marker in Figure 6), is plotted on the theoretical curve (Htot) of
Figure 6. As expected, the PET-PE microchip gives a theoretical
plate, H0, 1 order of magnitude higher than H1, confirming that
the efficiency in a composite microchip with a low ú-ratio is
restricted by the Taylor dispersion. However, the value H1

corresponds in the theoretical curve of the Figure 6 to a ú-ratio
different from unity. This may explain also the trailing edge of
the peak shape observed by Jacobson et al.20

In the case of the PC-PE microchip, the theoretical plate, H2

(round marker in Figure 6), has been estimated by using the
ú-potential values listed in Table 1 (right part) and the mathemati-
cal model described by eqs 15-19. For an equivalent ú-ratio, the
value of H2 is smaller than the theoretical value (full line in Figure
6) estimated for PET-PE. This results from the lower electro-

osmotic velocity in PC-PE microchannels than in PET-PE (see
Figure 3). In fact, the Taylor dispersion expressed by eq 16 is
proportional to the velocity. Therefore, the ú-ratio is not the only
parameter controlling the Taylor dispersion; the electroosmotic
velocity and the relative sign of the ú-potential of the materials
forming the composite microchip are also important parameters.
Using the same procedure to calculate H2, we simulate the
dispersion expressed by a microchip, with the same ú-ratio as for
PC-PE but with a ú-potential of the PC different in sign from
that of PE. The value H3 is reported in Figure 6 (triangle marker),
underlying the effect of dispersion expressed by such a kind of
system. Hence, precise knowledge of the ú-potentials of the
materials composing the capillary walls, as presented in this
contribution, is of major importance for understanding µ-CE
experiments. It would be interesting to study how coating
methods43,44 can reduce the disparity between the ú-potentials
when using the µ-CE system.

CONCLUSION
This work demonstrates that the electroosmotic flow in

composite microchannels, with nonequal ú-potentials, depends on
the relative channel dimensions. Combining the theoretical
modeling, eqs 2 and 6, with experimental data allows the
determination of the individual ú-potentials of each material.
Further, a simple linear combination of the Smoluchowski equa-
tion predicts the EOF in such channels, if the ratio e/f ranges
from 0.22 to 0.44. Finally, a flow injection analysis reveals that
the nonuniformity of the electroosmotic flow due to nonequal
ú-potentials leads to a strong Taylor dispersion and decreases the
efficiency of capillary electrophoresis in composite PET-PE
microchannels. If the ú-ratio reaches below a certain value (úr <
0.7 for the given channel section), the peak broadening is
dominated by Taylor dispersion, and the theoretical plate height,
H, can increase up to 2 orders of magnitude. To avoid this poor
separation efficiency, postchemical or postphysical treatments
homogenizing the ú-potentials in the composite microchannels
have to be considered for applications in microseparations capillary
zone electrophoresis.
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