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ABSTRACT Slip flow of water through silica colloidal crystals was investigated experimentally for eight

different particle diameters, which have hydraulic channel radii ranging from 15 to 800 nm. The particle surfaces

were silylated to be low in energy, with a water contact angle of 83°, as determined for a silylated flat surface.

Flow rates through centimeter lengths of colloidal crystal were measured using a commercial liquid

chromatograph for accurate comparisons of water and toluene flow rates using pressure gradients as high

as 10'° Pa/m. Toluene exhibited no-slip Hagen—Poiseuille flow for all hydraulic channel radii. For water, the slip

colloidal
crystal

high pressure fitting

flow enhancement as a function of hydraulic channel radius was described well by the expected slip flow correction for Hagen—Poiseuille flow, and the

data revealed a constant slip length of 63 & 3 nm. A flow enhancement of 20 £ 2 was observed for the smallest hydraulic channel radius of 15 nm. The

amount of slip flow was found to be independent of shear rate over a range of fluid velocities from 0.7 to 5.8 mm/s. The results support the applicability of

the slip flow correction for channel radii as small as 15 nm. The work demonstrates that packed beds of submicrometer particles enable slip flow to be

employed for high-volume flow rates.
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lip flow is an important phenomenon
in nanofluidics, whereby flow enhance-
ment is caused by weak interactions
between the fluid and the wall. The interest
in slip flow has intensified after reports of
>10° flow enhancements of water in carbon
nanotubes.? Potential applications of such
unexpectedly high flow rates for water are
lower energy costs in the desalination of
seawater™ and high efficiency chromatogra-
phy of pharmaceuticals produced through
biotechnology.” The flattening of the parabolic
flow profile by slip flow promises an especially
large impact on chromatography because
the flow profile is the fundamental limita-
tion to the reduction of zone broadening.®
Slip flow is described by an enhancement
in flow rate, E, which is the ratio of the flow
rate with slip, Qqip,, to the flow rate expected
in the limit of no slip, Qno.siip-” The amount
of flow enhancement for a cylinder of radius
r is determined by the slip length, L, as
described by eq 1:

po Qe g8k M
Qno-slip r

The aforementioned carbon nanotube re-

sults disagree with one another with regard

to the role of the channel radius of eq 1:

the wider multiwalled nanotube, 7 nm i.d.

gave an order of magnitude higher flow
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enhancement than did the double-walled
nanotube of <2 nm i.d.! The larger carbon
nanotubes exhibited slip lengths on the
micrometer scale. Molecular dynamics si-
mulations indicate that carbon nanotubes
of diameters above 5 nm should exhibit a
slip length on the order of 30 nm, and below
5 nm the effect of the depletion layer at the
surface becomes significant, reducing the
average viscosity and greatly increasing slip
length.2° Experimental measurements of
slip lengths for water through other types
of carbonaceous channels of wider di-
ameter are almost all well below 1 um for
larger channel radii, and slip lengths are not
consistent with one another. For example,
negligible slip was observed for graphitic
nanopipes of 300 nm id,'® but slip was
observed for nanopipes of amorphous
carbon of 44 nm i.d., with a slip length of
35 + 3 nm for water and 41 £ 2 for
decane."’ For channel diameters greater
than 1 um, many measurements of slip
lengths have been made, with wide dis-
agreement. For example, slip lengths were
in agreement to be 30 nm for two different
flow studies of microscale channels'*'® and
also for a micrometer diameter capillary.'*
Slip lengths were 50 nm in one case'® and
1 m in another case,'® each from velocimetry
measurements of flow in microchannels.
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The slip length was too noisy to report for another
velocimetry experiment, except to show that it is not
detectably longer than 100 nm.'” A longer slip length,
175 &+ 50 nm, was measured by fluorescence recovery
after photobleaching of a tracer dye in the evanescent
field for hexadecane flowing past sapphire.’® The
hexadecane/sapphire system is also low wetting, as
its interfacial energy would be similar to that of water/
hydrocarbon interfaces. The experimental results are in
remarkable disagreement.

Molecular dynamics simulations point out an addi-
tional factor contributing to the slip length, which is
contact angle.'® Presumably, slip length would reach
zero in the limit of zero contact angle in the continuum
limit. Contact angles are largely unreported in the
experimental studies. The contact angle has been
related to the interaction energy between water and
the nanotube surface,?® and this has been used to
derive a relation to account for contact angle in slip
flow.?" A review of flow in carbon nanotubes shows
from TEM images of water trapped in closed carbon
nanotubes that contact angles vary over 90°.% Since
contact angles were not measured for the same nano-
tubes that were used for slip flow measurements, it is
difficult to retrospectively explain slip lengths. While
oxidation is obviously a factor increasing hydrophili-
city, the wall thickness of the nanotube might also be a
factor affecting contact angle: experiments show that a
single monolayer of graphene is transparent with
respect to wetting, and at least six layers of graphene
to shield the water from the substance on the other
side of graphene.”® The lack of knowledge of these
important parameters is likely a main reason for the
disagreement, and the difficulty of measuring flow
through nanopores without artifacts is possibly a con-
tributing reason.

Experimental study is needed for channels that are
more thoroughly characterized: the channel radius is
on the order of the slip length to obtain sufficient slip
flow, the length of the medium is sufficiently long that
spurious electric fields cannot contribute to flow, the
surfaces have known, high contact angle, there is
assurance that gas bubbles are absent, and there are
control measurements with a wetting liquid for the
same channels. The purpose of this work is to imple-
ment these controls to test the applicability of eq 1 for
nanoscale pores. This is possible by using silica colloi-
dal crystals, which have been shown to pack uniformly
into capillaries, to give nanoscale channel dimensions,
to be chemically modified to have a high contact angle
for water, to allow pressures exceeding 1 GPa/m, and
to give significant slip flow.” The surface is chemically
modified through mixed self-assembly of butyl and
methyl trichlorosilanes.?* The system used in this work
is summarized in Figure 1, which shows (A) a packed
capillary in a high-pressure flow connector for a 2 cm
long length of colloidal crystal, (B) a droplet of water on
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Figure 1. Summary of the type of system studied in this
work. (A) High-pressure fittings are used to measure flow
through capillaries packed with colloidal silica. The blue
color is visible from the Bragg diffraction of 470 nm particles
in this example. (B) The surface of the colloidal silica has a
monolayer of hydrophobic silane, which is shown to give a
contact angle of 83° on a flat fused silica slide bearing the
same silane. (C) An SEM image of a capillary packed with
470 nm particles, in this example showing significant face-
centered-cubic crystalline order.

aflat fused silica surface treated with the same silane to
show the contact angle of 83°, and (C) an SEM image
showing high crystallinity of the packing to give nano-
scale channels. While a surface with a contact angle
of 83° for water is often referred to as hydrophobic, we
refer to this as a low-energy surface or a low-wetting
surface for water. This is consistent with the terminol-
ogy of de Gennes et al, who use hydrophobic and
hydrophilic for contact angles above and below 90°,
respectively, for water.?® In this work the particle size is
varied, allowing many different channel radii to be
studied.

For packed spheres, the effective channel radius is
described by the hydraulic radius, which is the radius of
the equivalent cylinder with the same flow resistance.
The hydraulic radius, riyq, is calculated from the particle
diameter, dj,, using ¢ as the liquid volume fraction of
the medium.®

(%)

vd =370 )
The hydraulic radius is used in eq 1 to calculate slip
length from the observed flow rate. The value of ¢ is
determined independently from flow measurements
by using the ratio of the hindered diffusion coefficient,
D*, to the diffusion coefficient in open solution, D,
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measured by fluorescence recovery after photobleach-
ing (FRAP).

D' =eD 3)
Equation 3 arises from the proportionality between
electrophoretic mobility and the free volume fraction
and, in turn, the proportionality between electrophore-
tic mobility and the diffusion coefficient through their
common friction coefficient.?”?

In the no-slip limit, the Kozeny—Carman equation
has been shown to describe Hagen—Poiseuille flow
through packed spheres very well.?® The Kozeny—
Carman equation describes the empty tower velocity,
v, which is the velocity outside of the packed bed, as a
function of pressure, P, and bed length, L, in the limit of
no slip.

P 180vy (1 —¢)?

[~ 47 & @

In this equation 7 is the fluid viscosity and dj, is the
particle diameter. The volume flow rate, Q, is simply the
empty tower velocity times the cross-sectional area of
the capillary, with its radius, R.

Q = vaR? (5)

In this work, the predicted value for Q, from indepen-
dently determining all other variables of eqs 4 and 5, is
compared to the experimentally measured value of Q
for wetting and nonwetting liquids to characterize flow
enhancement for a series of channel radii ranging from
15 to 800 nm.

RESULTS AND DISCUSSION

Table 1 lists the value of porosity, ¢, for each particle
diameter, as determined by the ratio of the diffusion
coefficient for fluorescein inside and outside of the
colloidal crystal under nonadsorbing conditions. These
porosities increase from ¢ = 0.26, for the smallest
particles, which approaches perfect face-centered-
cubic crystallinity (¢ = 0.256), to nearly ¢ = 040 for the
largest particles, which represents random packing.

The volume flow rates, Q, for two fluids, water and
toluene, are compared, representing a poorly wetting
liquid (Ocontact = 83°) and a wetting liquid (O contact = 0°),
respectively. The bulk viscosities of the two liquids at
25 °C were adjusted for pressure using the data of
Thompson et al. for water*® and Dymond et al. for
toluene.®’ The water was thermostated by the chro-
matograph to maintain constant temperature. The
toluene was not thermostated, but its temperature
dependence is weak, ~1% per °C at room temperature.
Figure 2 shows flow rate data for three different
particle sizes, and the remainder of the flow rate data
are detailed in the Supporting Information. The flow
rates are normalized for viscosity, which allows water
and toluene to be compared, and also normalized for
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TABLE 1. Summary of Measured Parameters for Each
Particle Diameter, d,: Porosity (c), Hydraulic Radius, rpyq,
the Calculated Slope for No-Slip Hagen—Poiseuille Flow
(m(HP)), and Measured Slopes for Flow Rate vs Pressure
for Toluene and Water (m(toluene)) and m(water))?

d, & Iya m(HP) m(toluene) m(water) E
125 026 15 0.0068 0.0068 + 0.0004 0.14 + 0.01 20+£2
220 026 26 0.022 0.024 40002 027 0007 11 +1
330 027 41 0.06 0.061 + 0.004  0.41 £ 0.01 6.7 + 0.5
470 028 59 0.128 0.13 £ 0.01 0.67 £ 0.03 51£05
660 029 90 031 0.33 £ 0.02 133+£0.2 40407
880 03 126 0.628 0.67 £ 0.02 24+02 3.6 +03
1300 033 213 1992 2.01 4 0.09 415 4+ 0.07 21£01
3600 0.4 800 348 £ 0.6 356 £0.2 1.02 £ 0.02

“ All lengths are in units of nm. The slopes are in units of nL - cP - cm/bar, where cP is
the viscosity in centipoise.

column length, since each capillary had a slightly
different length. All lengths were on the order of
2 cm. Figure 2a presents the data for the largest particle
diameter, 3.6 um, showing that the slopes for water
and toluene are indistinguishable. The flow enhance-
ment is 1.02 & 0.02, where the high precision is due to
the use of a commercial HPLC instrument, which is
designed for use with particle diameters on the order
of a few micrometers. Since the hydraulic radius is
800 nm, negligible slip flow is expected. Figure 2b
shows flow rate data for an intermediate sized particle,
1.3 um, which has a hydraulic radius of 210 nm.
A significant amount of slip flow is now evident, with
water having twice the normalized flow rate of toluene.
The dashed line is the calculated line from the Kozeny—
Carman relation using egs 4 and 5, and it virtually
overlaps the toluene data. This indicates that toluene
has negligible slip flow. The ratio of slopes for water
and toluene shows that the flow enhancement is
24 £ 0.2, where the error is the standard deviation
calculated from the propagated errors of the slopes
from the linear regressions of the flow rate data for the
two liquids. Figure 2c presents the normalized flow rate
data for the smallest particles, which are 125 nm in
diameter, with a hydraulic radius of 15 nm. The slopes
are now drastically different for water and toluene.
Figure 2d shows the toluene data for the 125 nm
particles on an expanded scale, along with the line
predicted from the parameters that go into the Kozeny—
Carman equation. The toluene data follow the Kozeny—
Carman line within experimental error. This indicates that
toluene has negligible slip flow even for the hydraulic
radius of 15 nm. Since the viscosity of toluene is about
half that of water, the actual flow rate of water is about
10 times that of toluene. From the ratio of slopes, the
flow enhancement is 20 & 2 for a 15 nm hydraulic radius.

The plots of pressure vs flow rate for the remaining
particles are provided in the Supporting Information.
These data are summarized in Table 1, along with the
flow rate data of Figure 2. The errors in the flow rates
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Figure 2. Pressure vs flow for 2 cm long capillaries packed with particles of varying diameter, where flow rate is normalized for
viscosity and column length. (A) 3.6 um diameter particles, (B) 1.3 um diameter particles, (C) 125 nm particles, and (D) 125 nm
particles displayed on expanded scale. Dashed line is calculated for Hagen—Poiseuille flow with no slip for each case where
the porosity was determined independently. Solid lines are from least-squares fitting of the data. Flow rates are shown in
common chromatographic units on the left axis and in MKS units on the right axis.

are the standard deviations of the slopes obtained
from the linear regressions of pressure vs flow rate. The
relative errors are propagated to obtain the errors for
the flow enhancements listed in the table. For each
particle size, the plots are linear and the toluene flow
rate tracks the Kozeny—Carman behavior, whereas the
water flow rate deviates by an amount that mono-
tonically increases with decreasing particle diameter. One
would expect no-slip flow for toluene, since its contact
angle is 0° for this surface, and the agreement between
the toluene and the slopes for the Kozeny—Carman
equation is a check on the experimental accuracy.

Figure 3 shows a plot of flow enhancement vs
hydraulic radius. The inset shows the plot on an
expanded scale to include the 800 nm hydraulic radius,
which exhibits negligible slip flow for water. The solid
curve is a plot of eq 1, as determined by nonlinear
regression, which fits well and reveals a slip length of
63 =+ 3 nm. This slip length is within the wide range of
the many earlier reports for water flow through carbona-
ceous channels. These are the first data, to our knowledge,
for channels with low-energy surfaces and low contact
angle, where the channel's radius is varied and multiple
points are included below the slip length. In this case there
are four data points for hydraulic radii below the slip
length of 63 nm. The data are again low in noise due to the
precision of the chromatographic instrument, providing a
precise determination of the slip length.

Slip length has been reported to increase with shear
rate for a flow measurement of water in a microchannel
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Figure 3. Flow rate enhancements for water compared to
toluene are plotted vs hydraulic radius of the colloidal
crystal. The error bars are standard deviations determined
from the slopes for both water and toluene flow rates vs
pressure. The curve is a nonlinear least-squares fit to eq 1,
revealing Ly = 63 = 3 nm. The dotted line indicates a flow
enhancement of unity. The inset is the same plot on a
different scale to include the data point for the hydraulic
radius of 800 nm.

having a hydrocarbon surface.'? Theory indicates that
Newtonian fluids will exhibit non-Newtonian behavior
at a sufficiently high shear rate that the fluid velocity
exceeds the ability to equilibrate with the Lennard-
Jones potential, leading to large increases in slip
length.3? The flow rates reported here easily accom-
modate the picosecond-scale Lennard-Jones equilibra-
tion. Theory also indicates that surface roughness is a
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Figure 4. Plot of flow enhancement vs plug length for 125 nm
particles, showing that flow enhancement is independent of
shear rate for this range of experimental conditions.

factor contributing to a dependence of slip length on
shear rate.> This is because an indentation filled with
fluid would behave as a sticky surface in the limit of
high shear rate. The possibility of a dependence of slip
length on shear rate was investigated for the 15 nm
hydraulic radius since surface roughness would affect
its behavior the most. Fluid velocity was varied by
reducing the length of the colloidal crystal, starting
with the 2 cm length used for the flow enhancement
study, and successively reducing the length down to
0.25 cm, which gives a 5-fold variation in fluid velocity.
The results are shown in Figure 4, and these reveal no
detectable shear rate dependence. To interpret whether
this is reasonable, the contribution from surface rough-
ness can be estimated. The colloidal silica used in this
work was annealed the same way as commercial silica,>*
and annealed commercial silica is smooth on the sub-
nanometer scale, with rare roughness features on the
order of 2 nm in height and 20 nm in width3* The
minimum time required for flow past a 20 nm feature at
the maximum flow rate of 6 mm/s is 3 us, whereas the
time for exchange of water by self-diffusion® through
the 2 nm heightis 1 ns. Itis concluded that it is reasonable
for the slip length to have no shear rate dependence.
Slip flow is particularly interesting for chromatogra-
phy, where zone variance scales with particle diameter.
Commercial columns all use particles that exceed 1 um
in diameter, giving minimal slip flow, and smaller
particles have been thought to be impractical since
flow resistance scales with the inverse square of parti-
cle diameter. With slip flow, the flow resistance should
no longer be quadratic in particle diameter. Figure 5
shows a plot of volume flow rate inside the medium as

MATERIALS AND METHODS

Silica colloids between 125 and 3600 nm were obtained from
two sources (Nanogiant, Temple, AZ, and Fiber Optics, New
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Figure 5. Dependence of flow rate on particle diameter
with water as the fluid for a 1 cm plug length and a pressure
of 1000 bar, showing a linear dependence for submicrom-
eter particles. The solid line is a visual aid to see the points,
and the solid curve is a parabola. Inset: Same plot, but now
on the micrometer scale, showing a quadratic dependence
on particle diameter in the no-slip limit.

a function of particle size. The dependence on particle
size is shown to be linear for particle diameters from
125 to 880 nm. The inset shows the quadratic depen-
dence for particles above 1 um in diameter. The flow
rate is not normalized in this plot, thus showing how
high the volume flow rate can be for packed 75 umi.d.
capillaries with a 1 cm bed length and a pressure of 1000
bar. The flow rate for the 125 nm particles is 87 nL/min,
which is sufficient for electrospray mass spectrometry.
The fluid velocity inside the medium is calculated to be
1.5 mm/s for the 75 umi.d. capillary of 1 cmin length, which
is reasonable for ultrahigh-performance liquid chromatog-
raphy. These 125 nm particles are an order of magnitude
smaller than those used in commercial chromatography,
and to our knowledge, these are the first flow rate
measurements for such small particle diameters.

CONCLUSIONS

A wetting liquid, toluene, exhibits Hagen—Poiseuille
behavior in the no-slip limit for hydrocarbon-modified
silica colloidal crystals with particles ranging in di-
ameter from 125 nm to 4 um. A nearly nonwetting
liquid, water, exhibits slip flow through the same
colloidal crystals for submicrometer particles. The data
fit well to a slip length of 63 £ 3 nm. The slip length is
independent of hydraulic radius and independent of
shear rate, as expected for the spatial dimensions used
in this work, in which the liquid is expected to exhibit
continuum behavior. The results demonstrate the use
of packed beds as a means of employing slip flow to
gain high-volume flow rates.

Bedford, MA, USA) and were annealed by heating to 1050 °C for
3 h.The surfaces were fully rehydroxylated by refluxing the silica
particles in 50:50 (v/v) HNOs/H,O for 3 h. A fused silica capillary
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with a 75 um i.d. was obtained from Polymicro (Phoenix, AZ,
USA). The capillary was conditioned by pumping 0.1 M NaOH,
18 MQ water, and ethanol with a syringe pump each for 30 min
at 25 uL/min.

Colloidal crystals were packed into fused silica using methods
described previously.” The surfaces were chemically modified
by self-assembly of methyl and n-butyl trichlorosilanes (Gelest,
Morrisville, PA, USA).2* Columns were dried at 120 °C and stored
in a desiccator prior to use.

Pressure—flow rate curves were generated with a Thermo
Accela UHPLC (Thermo-Fisher Scientific, Waltham, MA, USA)
with flow splitting provided by a microfluidic Tee (Vici Valco,
Houston, TX, USA). The eluent was collected in a glass capillary
sleeve with a 400 um i.d. (Drummond Scientific Co., Broomall,
PA, USA). The volume of eluent was determined by measuring
the length of liquid that eluted into the sleeve with a Nikon SMZ
1500 Zoom microscope (Nikon, Tokyo, Japan). Both water and
toluene measurements were taken with the HPLC grade sol-
vents (Sigma Aldrich, St. Louis, MO, USA). Curve fitting was car-
ried out with Origin software (Microcal, Northhampton, MA, USA).

Direct porosity measurements were taken with FRAP experi-
ments. Briefly, columns were filled with sodium fluorescein
(Sigma Aldrich) in 90:10 acetonitrile/water mixtures by wicking.
The columns were immersed in oil and placed between glass
coverslips on a Nikon Eclipse E2000 U inverted microscope. The
dye was photobleached by a brief exposure to an argon ion
laser (Melles Griot, Albuquerque, NM, USA), and the fluores-
cence recovery was monitored using a halogen light source
(Nikon). A Cascade Il CCD camera (Photometrics, Tuscon, AZ, USA)
recorded all of the data. The recovery curves were compared to
recovery curves generated in an open capillary, and the ratio of the
recovery times was used as the porosity of the column.
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