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Direct measurement of slip length in electrolyte solutions
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Electrokinetic effects and electrostatic repulsion between tracer particles and glass surface have both
been proposed as possible sources that would lead to false slip results obtained from
velocimetry-based measurements. Using a three-dimensional total internal reflection velocimetry
technique, we address such a concern by comparing the measured slip lengths between nonionic
solutions and electrolyte solutions whose ionic concentrations have been predicted to reduce the
electricity-induced slip effect to a submolecular level. It is observed that the presence of electrolytes
has no effect on the measured slip lengths, suggesting that the observed slip velocities are most
likely not due to electrostatic and electrokinetic effects, but are consequences of true boundary
slip. © 2007 American Institute of Physics. [DOI: 10.1063/1.2539829]

The emergence of microfluidics over the past decade has
brought about increased research interests in liquid boundary
slip, which for many years has been regarded as negligible.
Advancements in flow measurement techniques have re-
sulted in many recent experiments reporting aqueous slip
length with a wide range of values and various degrees of
dependency on applied shear rate, surface hydrophobicity,
and surface smoothness.'™ A total internal reflection veloci-
metry (TIRV) technique was recently reported to be an ef-
fective method in measuring liquid velocities in the region of
less than 300 nm from solid surfaces.' By conducting a
three-dimensional TIRV (3D-TIRV) experiment, Huang et al.
reported that slip length can be obtained within a 20-nm
uncertainty.“ They reported a small but non-negligible slip
length for de-ionized aqueous solutions in shear flows over
both hydrophilic and hydrophobic surfaces. However, some
questions remained as to whether electrostatic and/or electro-
kinetic forces acting on the tracer particles could lead to false
slip observation.'”"® In this Brief Communication, slip
length measurement of ionic aqueous solutions using TIRV is
presented and compared to the previous results of Huang et
al.' as an attempt to answer these open questions.

The TIRV technique uses total internal reflection of an
incident laser beam to generate a highly localized illumina-
tion of the near-boundary liquid phase and relies on tracking
motions of individual tracer particles to determine fluid ve-
locity vectors in the planes parallel to a solid surface (Fig. 1).
The exponentially decaying evanescent field leads to deter-
mination of tracer particles’ positions in the direction normal
to the solid surface based on their fluorescent intensities.
Subsequently, slip velocities and slip length can be inferred
from the measured apparent velocity vectors by applying a
statistical model for optical and hydrodynamic behaviors of
small particles near a solid/liquid interface. A detailed de-
scription of the 3D-TIRYV, including a discussion of various
subtleties, was presented by Huang et al."" A brief summary
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is presented here to facilitate the reader’s understanding and
resultant discussion.

When a fluorescent particle of radius « is illuminated by
an evanescent field of incident wavelength Ay (@ <\), its
emission intensity, /¢, exhibits the same exponentially decay-
ing characteristic as the evanescent field energy does,
namely,

@)= I, (1)

where & is the distance between the particle center and the
solid phase, I, is the emission intensity of the particle when
it is in contact with the solid phase (h=a), and p is the
evanescent wave penetration depth. The penetration depth,
which characterizes the length scale of the evanescent field,
can be calculated from
N oo, 2y-172
p=—"_(nysin” 6—n3)""", (2)
4
where n; and n, are the indices of refraction of the solid
boundary and liquid, respectively. However, a variety of fac-
tors, including statistical variations in illumination intensity,
quantum efficiency of the imaging system and, most impor-
tantly, nonuniformity of the tracer particle sizes, can lead to
variations in the observed fluorescent intensities of an en-
semble of nominally identical particles. Thus, a statistical
analysis is carried out by characterizing these variations
through a single parameter r, or effective emission radius,
with which a joint probability density function (PDF), P
(h,1°), of the particle distance to the solid surface and emit-
ted fluorescent intensity can be obtained.

If near-wall velocities of a pure fluid are to be measured
by tracking motions of tracer particles, it is important to
recognize that shear and near-surface hydrodynamic effects
can cause a tracer particle to rotate and translate at a velocity,
U, lower than the velocity of the local fluid element in the
same shear plane.m_16 Factors that determine the particle
translation velocity include particle radius, a, particle dis-
tance to the solid surface, &, and the local fluid shear rate, S
(h). Therefore corrections need to be made when one con-
verts observed particle velocities into corresponding fluid ve-
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FIG. 1. Objective-based total internal reflection velocimetry (TIRV) system.

locities. It should be noted that in the presented analysis, the
corrected particle translation velocity does not account for
the possibility of slip between the fluid and the tracer par-
ticle, and thus any calculation based on U represents the
no-slip case, although the correction is small.

Because tracer particles are used to probe near-surface
shear flow, assurance is needed that the particle ensemble
uniformly samples all shear layers. It has been suggested that
shear-induced lift can be a source of particle migration away
from the solid wall.'” However, based on the theory pre-
sented by Cherukat and McLaughlin,18 the shear-induced lift
under the presented experimental conditions is
insignificant. 1

The ensemble-averaged velocity, U, of a large number of
uniformly distributed particles emitting in an intensity range
of a<I°<p, and located in an imaging range of h;<h
< h,, can be calculated by

hy
U= ! f U(h,a,S(h))P(h,a <1, < B)dh. (3)
hy = hy hy

Because Eq. (3) is based on a no-slip boundary condition, if
there exists a slip velocity, Uy, at the liquid/solid substrate
interface, the same particle ensemble will exhibit an apparent
velocity of

U

app — Uslip + U: 5’).’w + 17» (4)

where Ug;;, is characterized as the product of the slip length,

o, and the wall shear rate, 7y,,. It should be noted that (_]app
can be experimentally measured by finding an ensemble-
averaged velocity of “trackable” tracer particles while y,, is

computed from flow rate and channel geometry. With U cal-
culated by using Eq. (3), one slip length can be obtained for
each wall shear rate.

Monodispersed fluorescent polystyrene microspheres
(Duke Scientific) with diameters of 100 (x10%) and 200 nm
(£5%) suspended in de-ionized water (DI-water) or in so-
dium chloride (NaCl) aqueous solutions at 0.005-0.04% vol-
ume fraction were used as tracer particles in this experiment.
These microspheres have a peak absorption wavelength of
542 nm and emit at 612 nm. Prior to each experiment, the
fluid was degassed by placing the solution in vacuum for at
least 30 min. This procedure has been reported to signifi-
cantly eliminate nanobubble formation,20 which could be an
alternative source of apparent slip.lz’zl’22
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FIG. 2. Measured slip lengths of aqueous solutions. The error bar on each
data point represents a 95% confidence interval of each ensemble calcula-
tion. The uncertainty of each slip length measurement (not drawn for plot
clarity) is less than 20 nm, estimated based on penetration depth calibration
and particle radius variation (Ref. 11). Data of “200-nm, DI-water, Hydro-
philic” and “200-nm, DI-water, Hydrophobic” have been previously re-
ported by Huang et al.

Test channels were fabricated using a polydimethylsilox-
ane (PDMS) (Dow Corning Sylgard 184) molding
technique23 and bonded onto polished glass wafers. The di-
mensions of the test channels were 50+1 um deep,
250+1 pwm wide, and 15 mm long. Hydrophilic and hydro-
phobic microchannels were created by oxygen plasma treat-
ment of the PDMS mold and by bonding untreated PDMS
channels onto octadecyltrichorosilane(OTS)-coated glass
wafers, respectively. The hydrophilic and hydrophobic glass
surfaces had an rms surface roughness of 0.47 and 0.35 nm,
respectively.

A continuous-wave 514-nm argon-ion laser beam (Co-
herent) was directed through a Nikon PL Apo NA 1.45 100X
TIRF oil immersion objective at an angle that created total
internal reflection at a glass-water interface, thus illuminat-
ing the near-surface region of water with an evanescent field
(Fig. 1). Fluorescent images of near-surface particles were
captured by a Q-imaging intensified Retiga charge-coupled
device camera (ICCD). Approximately 1000 images were
captured at each flow rate. The flows were driven by a Har-
vard Apparatus 22 syringe pump, fitted with a gas accumu-
lator, which eliminates pulsations, maintaining steady pump-
ing. A detailed description and schematics of the
experimental setup have been presented in Ref. 11.

The analysis of particle image pairs was performed using
a custom particle-tracking algorithm. In summary, velocim-
etry analysis started with finding the positions and peak in-
tensities of all particles via threshold identification and
Gaussian fitting of the intensities of the pixels surrounding
the peak. Subsequently each particle’s displacement was ob-
tained with a limited-range nearest-neighbor matching. Fi-
nally, particles within a desired intensity range were selected
for each flow rate and their mean streamwise velocity was
defined as the apparent velocity of the ensemble and com-
pared to theoretical no-slip values. Slip lengths were then
obtained based on Eq. (4) (Ref. 11).

Figure 2 shows the measured slip lengths of aqueous
solutions under various experimental parameters. The first
observation to be made is that all measurements report slip
lengths of approximately 100 nm or less. These results fur-
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ther confirm previously reported measurements®*"!" that

there is minimal slip over smooth solid surfaces. Slip on a
hydrophobic surface appears to be slightly higher than on a
hydrophilic surface. A quantitative comparison of all mea-
surements shows that the slip length attributed to surface
hydrophobicity averages to 22 nm at the tested shear rates.
The additional slip caused by surface hydrophobicity is in
agreement with many experimental results,”> but is in
sharp disagreement with some others.*’

Electrokinetic effects'® and electrostatic repulsion be-
tween tracer particles and glass surface'” have both been
proposed as sources that might cause an apparent slip and
could affect the accuracy of slip velocity measurements.
Their significance, however, is expected to decrease with in-
creasing ionic strength of test fluids. Latuga13 suggested that
for an aqueous solution with 1 mM NaCl concentration, the
apparent slip length would become submolecular. As shown
in Fig. 2, variations in aqueous ionic concentration do not
change measured slip lengths significantly. This observation
suggests that the measured slip lengths are most likely not
due to ionic effects, but are consequences of true boundary
slip.

Another important observation is that the slip lengths do
not vary significantly over the tested range of shear rates.
This observation agrees with experimental studies conducted
under similar ranges of moderate shear rates.””* Still, this
result does not suggest that slip length is independent of
shear rates, as the conducted measurements span only one
order of magnitude of shear rates. Zhu and Granick,4 Neto et
al.,” and Choi er al.’ all tested over larger ranges of shear
rates (>2 orders of magnitude) and reported shear-dependent
slip lengths. It is physically plausible that the shear depen-
dence of slip length is nonlinear and the shear effect is sig-
nificant only at higher shear rates. To assess this, a TIRV
system equipped with a very sensitive high-speed camera
would be needed for measurements at high shear rates.

This work was supported by Sandia National Laborato-
ries and the NSF. We are grateful to Jeff Guasto for many
helpful discussions.

'E. Schnell, “Slippage of water over nonwettable surfaces,” J. Appl. Phys.
27, 1149 (1956).

’N. V. Churaev, V. D. Sobolev, and A. N. Somov, “Slippage of liquids over
lyophobic solid surfaces,” J. Colloid Interface Sci. 97, 574 (1984).

C.-H. Choi, J. A. Westin, and K. S. Breuer, “Apparent slip flows in hy-
drophilic and hydrophobic microchannels,” Phys. Fluids 15, 2897 (2003).

Phys. Fluids 19, 028104 (2007)

*Y. X. Zhu and S. Granick, “Limits of the hydrodynamic no-slip boundary
condition,” Phys. Rev. Lett. 88, 106102 (2002).

Sc. Cottin-Bizonne, B. Cross, A. Steinberger, and E. Charlaiz, “Boundary
slip on smooth hydrophobic surfaces: Intrinsic effects and possible arti-
facts,” Phys. Rev. Lett. 94, 056102 (2005).

°D. C. Tretheway and C. D. Meinhart, “Apparent fluid slip at hydrophobic
microchannel walls,” Phys. Fluids 14, L9 (2002).

P, Joseph and P. Tabeling, “Direct measurement of the apparent slip
length,” Phys. Rev. E 71, 035303(R) (2005).

K. Watanabe, Yanuar, and H. Mizunuma, “Slip of Newtonian fluids at
solid boundary,” JSME Int. J., Ser. B 41, 525 (1998).

°D. Lumma, A. Best, A. Gansen, F. Feuillebois, J. O. Radler, and O. 1.
Vinogradova, “Flow profile near a wall measured by double-focus fluores-
cence cross-correlation,” Phys. Rev. E 67, 056313 (2003).

10g, Jin, P. Huang, J. Park, J. Y. Yoo, and K. S. Breuer, “Near-surface
velocimetry using evanescent wave illumination,” Exp. Fluids 37, 825
(2004).

p, Huang, J. S. Guasto, and K. S. Breuer, “Direct measurement of slip
velocities using three-dimensional total internal reflection velocimetry,” J.
Fluid Mech. 566, 447 (2006).

’E, Lauga, M. P. Brenner, and H. A. Stone, “Microfluidics: The no-slip
boundary condition,” in Handbook of Experimental Fluid Dynamics, ed-
ited by J. Foss, C. Tropea, and A. Yarin (Springer, New York, 2006),
Chap. 15.

BE, Lauga, “Apparent slip due to the motion of suspended particles in flows
of electrolyte solutions,” Langmuir 20, 8924 (2004).

M. Chaoui and F. Feuillebois, “Creeping flow around a sphere in a shear
flow close to a wall,” Q. J. Mech. Appl. Math. 56, 381 (2003).

BA T Goldman, R. G. Cox, and H. Brenner, “Slow viscous motion of a
sphere parallel to a plane wall—II: Couette flow,” Chem. Eng. Sci. 22,
653 (1967).

104, Pierres, A.-M. Benoliel, C. Zhu, and P. Bongrand, “Diffusion of micro-
spheres in shear flow near a wall: Use to measure binding rates between
attached molecules,” Biophys. J. 81, 25 (2001).

M. R. King and D. T. Leighton, Jr., “Measurement of the inertial lift on a
moving sphere in contact with a plane wall in a shear flow,” Phys. Fluids
9, 1248 (1997).

'8P, Cherukat and J. B. McLaughlin, “The inertial lift on a rigid sphere in a
linear shear flow field near a flat wall,” J. Fluid Mech. 263, 1 (1994).
P, Huang, “Near-surface slip flow and hindered colloidal diffusion at the

nano-scale,” Ph.D. thesis, Brown University, 2006.

X. H. Zhang, X. D. Zhang, S. T. Lou, Z. X. Zhang, J. L. Sun, and J. Hu,
“Degassing and temperature effects on the formation of nanobubbles at the
mica/water interface,” Langmuir 20, 3813 (2004).

*!'S. Granick, Y. Zhu, and H. Lee, “Slippery questions about complex fluids
flowing past solids,” Nat. Mater. 2, 221 (2003).

2E, Lauga and M. P. Brenner, “Dynamic mechanisms for apparent slip on
hydrophobic surfaces,” Phys. Rev. E 70, 026311 (2004).

Zp. C. Duffy, J. C. McDonald, O. J. A. Schueller, and G. M. Whitesides,
“Rapid prototyping of microfluidic systems in poly(dimethylsiloxane),”
Anal. Chem. 70, 4974 (1998).

2R, Pit, H. Hervet, and L. Leger, “Direct experimental evidence of slip in
hexadecane: Solid interface,” Phys. Rev. Lett. 85, 980 (2000).

B, Neto, V. S. J. Craig, and D. R. M. Williams, “Evidence of shear-
dependent boundary slip in Newtonian liquids,” Eur. Phys. J. E 12, S71
(2003).

Downloaded 29 Feb 2008 to 130.64.84.224. Redistribution subject to AIP license or copyright; see http://pof.aip.org/pof/copyright.jsp



