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The long-range repulsion of colloids from various interfaces has been observed in a wide range of studies from different research
disciplines. This so-called exclusion zone (EZ) formation occurs near surfaces such as hydrogels, polymers, or biological tissues.
It was recently shown that the underlying physical mechanism leading to this long-range repulsion is a combination of ion-
exchange at the interface, diffusion of ions, and diffusiophoresis of colloids in the resulting ion concentration gradients. In this
paper, we show that the same ion concentration gradients that lead to exclusion zone formation also imply that diffusioosmosis
near the walls of the sample cell must occur. This should lead to convective flow patterns that are directly associated with
exclusion zone formation. We use multi-particle tracking to study the dynamics of particles during exclusion zone formation in
detail, confirming that indeed two pronounced vortex-like convection rolls occur near the cell walls. These dramatic flow patterns
persist for more than 4 hours, with the typical velocity decreasing as a function of time. We find that the flow velocity depends
strongly on the surface properties of the sample cell walls, consistent with diffusioosmosis being the main physical mechanism

that governs these convective flows.

1 Introduction

Exclusion zone formation (EZ formation) is a surprising ef-
fect where colloidal particles in a aqueous suspension are re-
pelled from certain types of surfaces, leaving a particle-free
zone near the surface. One of the remarkable properties of this
EZ formation is the fact that it acts over distances much larger
than the Debye length, which in water is limited to distances
of around one micrometer. This length scale sets the range
of electrostatic interactions - the longest-range direct interac-
tions known to act on colloidal particles in a suspension. '~
This surprising EZ formation has been observed for various
combinations of different surfaces and colloidal particles*?,
always leading to the formation of a particle-free region near
these surfaces. Depending on the field of study, the behavior
has been referred to as aureole formation8, formation of un-
stirred layers®, or exclusion zone formation*>7.

While various mechanisms have been proposed as the cause of
this EZ formation®19-13, the physical origin has remained un-
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clear. However, our recent experiments strongly suggest that
exclusion zone formation is caused by a combination of ion-
exchange at the surface, diffusion of ions, and diffusiophoresis
of particles in the resulting ionic gradients®. In this physical
picture, ion-exchange takes place at the active interface, where
cations present in the solution are exchanged for H' -ions of
higher mobility, which leads to the build-up of a gradient in
the ion concentration in the suspension. This ion-gradient in
turn causes the colloidal particles in the suspension to move
away from the active surface via so-called diffusiophoresis,
the migration of particles in a liquid, driven by a gradient in
ion concentration.

In this paper, we present a new physical characteristic asso-
ciated with exclusion zone formation, which - to our knowl-
edge - has not previously been reported. Using Nafion, for
which EZ formation has been extensively studied, in contact
with suspensions of polystyrene colloids, we observe sub-
stantial convective flows that accompany EZ formation. We
characterize these flows in detail using microscopy and multi-
particle tracking techniques. As shown in our previous study®,
diffusiophoresis occurs in the system due to a concentration
gradient that is caused by an ion-exchange between the Nafion
and the aqueous solution. Besides driving the EZ formation
itself, we hypothesize that the same concentration gradients
also cause the observed convective flows in our system. In
our earlier study, we were able to suppress convective flows
via buoyancy forces, by placing the sample cells in a verti-
cal orientation with the active surface at the top; this strategy
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efficiently suppressed convective flows within and near the ex-
clusion zone region, irrespective of the physical origin of these
flows. In contrast, for a horizontal sample cell orientation, as
studied here, we always observe significant convective flows.
Nevertheless, while gravity itself clearly also can drive con-
vective flows, as evidenced by violent Rayleigh-Taylor like
instabilities observed in vertical cells with Nafion at the bot-
tom, we do not expect gravity to play a large role when the
cells are oriented in a horizontal position. Instead, we hypoth-
esize here that the main physical mechanism responsible for
these flows is the so-called diffusioosmosis effectM’lG, which
drives a flow of fluid along a charged surface, induced by a salt
concentration gradient. The same salt concentration gradients
that drive EZ formation should thus lead to a flow of the back-
ground fluid along the glass side walls of the sample chamber,
resulting in convective flows in the system.

Indeed, we find that the systematic dependence of the flow ve-
locity on the surface potential of the cell walls is consistent
with our hypothesis of diffusioosmosis as a driving force for
these flows. A full description of EZ formation thus has to
take into account the diffusioosmotic effects we have studied
here, as the convective flows occurring due to diffusioosmosis
also influence EZ formation. Accounting for the complex in-
terplay of diffusiophoretic and diffusioosmotic driving forces
will be beneficial for the broad range of research fields where
the phenomenon of EZ formation is important. Understand-
ing and predicting these flows is of essential importance in
new technologies that make direct use of exclusion zone for-
mation, for instance for separation technologies or for water
purification.

2 Experimental

To quantify the flow patterns associated with the formation of
exclusion zones we have conducted multi-particle tracking ex-
periments using time-resolved optical microscopy, combined
with digital image analysis.!” This allows us to precisely de-
termine the flow velocity profile within our samples. The sam-
ples used in the experiments consist of an ion-exchange poly-
mer thin film immersed in an aqueous suspension of micro-
particles. As the polymer film we have used a Nafion mem-
brane (Nafion¥ 117, Sigma-Aldrich, USA), which is an ion-
exchange polymer comprising a Teflon backbone with perflu-
oride side chains containing a sulfonic acid group. The Nafion
film has a thickness of 170 gm and 200 ym, in a dry and wet
state, respectively. The Nafion film was rinsed in deionized
water for 30 minutes before being placed in the sample cells.
In all experiments the concentration of micro-beads in the sus-
pension was maintained at 0.04 wt%. Also, in the preparation
of all samples we have used deionized water (Milli-Q water,
o > 18MQ-cm at 25 C). There were no additional salts or
other substances added to the suspension. However, the sup-
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Fig. 1 Schematic illustration of the sample cells used in the
experiments. (A) Left: Cross-section view of sample cell type A
where the sample is placed between a microscope slide and a
coverslip separated by a 240 pim spacer. The Nafion film is attached
to the sticky spacer. Right: Top-down view of sample cell type A.
The cell is a 9 mm-diameter well, bounded by the spacer. (B)
Cross-section view of sample cell type B, which consists of a
capillary tube (L =50 mm x W =4 mm x H = 0.4 mm) glued to a
microscope slide. The Nafion membrane is fitted to one side of the
tube and the suspension is filled in from the other side, prior to
sealing with 5-minute epoxy.

plied polystyrene particles used in our experiments are sup-
plied in an aqueous buffer solution which contains around 1%
of surfactant and inorganic salts, including 0.2 wt% sodium
bicarbonate and potassium sulfate. Thus, after dilution with
deionized water the salt concentration in the final suspension
is ~ 3- 107> moles/liter. '?

In the experiments two configurations of sample chambers/
cells were used. Fig.1(A) depicts a top and a cross section
view of sample cell type A. The chamber was formed by sand-
wiching a 240 um spacer between a microscope slide and a
coverslip; it has a diameter of 9 mm. Sample cell type B,
schematically shown in Fig.1(B), consists of a glass capillary
tube (Vitrocom) with a length of 50 mm, width of 4 mm, and
height of 0.4 mm. This tube was fitted at one end with Nafion
by stamping the tube for 20 seconds on a Nafion sheet, which
was pre-heated on a microscope cover slide to 265 °C. This
process ensures that the Nafion material fills the capillary uni-
formly, thereby completely sealing it. In addition, around the
connection area between the Nafion and the glass, the cells
were sealed using a UV curable epoxy glue (Norland NOA63)
to prevent evaporation. Finally, after placing the colloidal sus-
pension into the cell, the other end of the cell was sealed with
a 5-minute epoxy glue (5 minute epoxy, Bison).

The aqueous particle suspensions contain polystyrene micro-
beads with a diameter of 1 ym (Polyscience Inc., USA). The
particles are negatively charged in aqueous suspension; we
determine the zeta potential of the particles as { ~ —55mV
using electrophoretic light scattering (Zetasizer, Malvern In-
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struments LTD, UK. pH 7, ImM NacCl solution).

Immediately prior to each measurement, the sample cells
were filled with this aqueous particle suspension. To avoid
bubble formation during filling, we tilted the capillary such
that its largest dimension was oriented vertically. With a mod-
ified Pasteur pipette that was pulled in a flame in order to cre-
ate a long microneedle, the sample was injected slowly into
the cell near the Nafion surface, thus moving the fluid from
near the surface up towards the end of the capillary and cir-
cumventing the entrapment of bubbles.

Multi-particle tracking measurements were performed us-

ing an inverted microscope (Axiovert 200M, Zeiss, Jena, Ger-
many). Videos of flowing micro-beads were acquired using an
attached CCD camera (The Imaging Source, Charlotte, NC,
USA) with a maximum frame rate of 60 frames/second and
a resolution of 640 x 480 pixels. In recording the videos we
have used a 40x microscope objective (Zeiss, NA=0.5). The
recorded videos were analyzed using a particle tracking proto-
col described by Crocker et al.!”, where images are processed
using a bandpass filter and potential particle positions are de-
termined as local maxima in each image; features not corre-
sponding to tracer particles are discarded using criteria such
as the size, intensity, or aspect ratio of the detected feature.
The resulting particle positions obtained in different frames
were then connected to reconstruct the trajectories of the indi-
vidual particles. The resulting trajectories could then be used
to calculate the mean drift velocity of the particles.
Error analysis for measured drift velocities: To minimize
the measurement errors in determining drift velocities from
this particle tracking procedure, we checked for pixel biasing
on our measurements and ensured that we can reach a sub-
pixel resolution in the measurements, as described by Crocker
etal. 7.

In accordance with this we estimate the error of an individ-
ual position measurement as +- 13 nm, as in our setup one
pixel on the camera corresponds to a length scale of ~ 120
nm and one particle thus corresponds to around 9 pixels. We
therefore expect to reach an accuracy of 120 nm/9 ~ 13 nm.
In addition, there is an inherent error in measuring drift ve-
locities as a result of the random Brownian motion of the par-
ticles: Estimating the diffusion coefficient of our polystyrene
particles from the Stokes-Einstein equation, we obtain D ~
4-10"%cm?/s. Between two frames, the colloidal particles
are thus expected to move by Brownian motion by a typical
distance of \/(D - At),with Az the time interval between two
frames. This yields a value of ~ § - 107% ¢cm = 8 nm, which
is comparable to the position accuracy of the particle tracking
method. In each frame we typically have at least N ~100 par-
ticles present that can be successfully tracked. Averaging over
all these particles leads to a v/N-fold reduction in the error for
recording the drift velocity, yielding a total error for the cen-
ter of mass position between two frames on the order of ~ 2

nm. These errors are further reduced by averaging over a large
number of position measurements, taken at different points in
time. We recorded for at least 60 seconds at 60 frames/second,
yielding 3600 measuring points. In conclusion, the errors on
the drift velocities are very small, even when neglecting the
averaging over a large number of position measurements, we
estimate an error for the measured drift velocities on the order

of Av = 12/26“8 ~0.1 um/s.

3 Theoretical background

We hypothesize that the so-called diffusioosmosis effect plays
a key role in driving the complex flow patterns that are ob-
served in exclusion zone formation experiments. We will
therefore in the following give some theoretical background
on this phenomenon. Diffusioosmosis takes place when a so-
lution exhibiting a solute concentration gradient is in contact
with a charged surface'*. The effect generates flows paral-
lel to the charged surface through two physical mechanisms:
The first mechanism, referred to as chemio-osmosis, occurs
as a result of the solute concentration gradient creating an os-
motic pressure gradient in the double layer along the charged
surface. This unbalanced osmotic pressure in turn drives
fluid flow parallel to the surface. The second mechanism is
an electro-osmosis effect, driven by a concentration gradient:
The concentration gradient establishes an electric field to bal-
ance the diffusion current and prevents the oppositely charged
ions of the electrolyte from drifting apart. This electric field
drives the counter-ions in the diffuse layer next to the surface
and consequently causes fluid flow. The diffusioosmotic flow
velocity at distances beyond the Debye length, which is the
regime relevant to our measurements, can be approximated

as 14
Ze
¢ )]
4kg T
where % is the bulk fluid flow velocity normalized by a
typical diffusioosmotic velocity,

U Z
e zﬁkif +4Incosh (

. (2ksT VC.
U = (2 ) IVCul = T = ViogC)), @)

=

with Z the valence of the ions of the electrolyte, e the proton
charge, { the zeta potential, § the difference between diffusiv-
ities of the counter- and co-ions normalized by their sum, kg
the Boltzmann constant, 7 the absolute temperature, K the in-
verse Debye screening length, 7 the fluid viscosity, and Ce
the solute concentration in the bulk solution. The first term in
Eq.1 accounts for the electro-osmotic effect, while the second
term gives the chemio-osmotic component. Eq.1 thus predicts
a monotonic increase of the fluid flow velocity with increas-
ing zeta potential. It is important to note that Eq.1 describes an
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idealized situation where the surface is infinitely extended and
where the ion concentration gradient remains constant along
this surface. However, in our case, the gradient of salt con-
centration varies significantly along the wall surface, being
strongest at the Nafion surface. As the different regions along
the surface are hydrodynamically coupled, the fluid velocity
at a certain point on the surface is expected to not depend only
on the gradient of salt concentration exactly at that point, but
also on the salt gradient in neighbouring regions. This is in
contrast to the diffusiophoresis effect, where the particle mo-
tion relative to the fluid depends only on the ionic gradients in
the immediate vicinity of the particle.

A remarkable property of both diffusiophoresis and diffu-
sioosmosis is that the magnitude of the associated slip veloc-
ities depends on the relative, rather than the absolute value of
the ionic gradient present in the solution, as U o V (logC) =
VC/C; this means that even though they rely on ionic gra-
dients in the background solution, these effects operate even
at very low ionic concentrations, such as for the suspensions
studied here.

The effects of diffusioosmosis, driving fluid flow, and diffu-
siophoresis, driving the migration of particles within the fluid,
are intimately related; in fact, they have the same physical
origin. The diffusiophoresis of particles can be regarded as
a diffusioosmosis effect that takes place at the surface of the
particles, resulting in a displacement of the fluid relative to the
particle surface. As both the fluid and the particle are incom-
pressible, the net result is a motion of the particles in the op-
posite direction, generally towards regions of higher salt con-
centration.

As a result of this analogy, the particle drift velocity due to
diffusiophoresis is equal to the negative of the velocity of the
diffusioosmotic flow given by Eq.1, with the corresponding
surface properties replaced by those of the suspended parti-
cles.

In our experimental system we expect that besides diffusio-
phoresis, acting on the suspended particles, diffusioosmosis,
acting on the fluid near the cell walls, should also occur, as we
expect the glass walls of both type A and B cells to become
charged when coming in contact with water. Glass acquires
charges because silanol groups, SiOH, on its surface dissoci-
ate in water. In this process protons, H', are released and the
glass surface becomes negatively charged, forming an electri-
cal double layer®.

4 Results and Discussion

To test our hypothesis of diffusioosmosis driving convection
in our system, we perform dedicated experiments to study the
occurring flows in detail. In agreement with previous studies,
in all our experiments we observed that upon exposure of a
piece of Nafion to a colloidal suspension, the colloidal parti-
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Fig. 2 Schematic of EZ formation and associated convective
flows. The gradient in ionic concentration within the cell is
schematically shown as a gradient in brightness; darker colors
represent higher ionic concentrations.

cles move away from the Nafion surface. As a consequence
of this motion, a colloid-free exclusion zone develops near the
Nafion film. Ion-exchange between the Nafion and the sur-
rounding solution leads to a solute concentration gradient in
the solution next to the Nafion. This concentration gradient
evolves as a function of time due to the diffusion of the dif-
ferent species of ions in the solution. In turn, the presence of
this ion concentration gradient generates a directed motion of
particles away from the Nafion surface.®

However, we also observe phenomena that cannot be fully
accounted for solely by diffusiophoretic forces acting on the
particles. Namely, we observe a surprising reversed motion
of a sub-population of particles; these particles flow rapidly in
the direction opposite to that of EZ formation, back towards
the Nafion. Interestingly, such reverse flows only occur at the
top and bottom sides of the cell, near the cell walls, as shown
schematically in Fig.2. As the beads approach the Nafion film
they change direction to first move parallel to the Nafion sur-
face and finally to propagate away from it. This movement
creates two vortex-like convection rolls near the upper and
lower regions of the cell.

This phenomenon can be observed even without detailed
particle velocity measurements, as seen in Fig.3, where we
show a top view optical microscope image of a piece of
Nafion immersed in an aqueous suspension of 1-um-diameter
polystyrene beads. Within the main exclusion zone, a narrow
dark strip near the Nafion is clearly visible; we interpret this
feature in agreement with the observed convection rolls. Seen
from atop, such convection rolls should indeed appear darker
near the Nafion, as here the layer of particles in the roll is ori-
ented perpendicular to the field of view.

To study these convection rolls in detail, we record videos
of the movements of the beads in imaging planes parallel to
the horizontal cell walls, using optical microscopy. These cap-
tured imaging planes are separated by 5 um in the z—direction
and are 76.8 um long and 57.6 um wide, along the x— and
y — axis, respectively. Along the x — axis they are 40 ym from
the Nafion surface, and they are situated in the middle of the
cell along the y — axis.
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Fig. 3 Top view optical microscope image showing the edge of a
Nafion film, the exclusion zone, and a convection roll, which
appears as a dark line close to the Nafion film.

In both cells of type A and type B, the same general behavior
is observed, as shown in Fig.4(a) and Fig.4(b), respectively,
where we plot the average lateral velocity as a function of dis-
tance from the bottom cell wall. In both cells we find that this
average velocity is highest near the upper and lower cell walls
and decreases towards zero with increasing distance from the
cell wall. At even longer distances from the walls, the beads
reverse their direction, now moving away from the Nafion sur-
face. These flow patterns are consistent with rotational vortex
flows where the speed increases as a function of the distance
from the center of the vortex. The shape of the flow profiles
for cells of different heights (240 um for cell type A and 400
um for cell type B) is surprisingly similar; the shapes essen-
tially scale on top of each other when rescaling the heights, as
can be seen by comparing Fig.4(A) and Fig.4(B).

Moreover, we observe that for both cell types the flow veloc-
ities in the upper vortex are slightly higher than in the lower

vortex. These differences can be partly accounted for by the
fact that measurements in the different planes are not per-
formed at the same time. A full measurement, starting at the
top of the cell and ending at the bottom, takes typically one
hour. The observed differences between the two rolls could
thus be related to the fact that we cannot simultaneously mea-
sure the flow velocities across the entire cell.
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Fig. 4 Velocity profiles obtained from particle tracking. Average
drift velocities obtained from particle trajectories extracted from
microscopy images taken in planes parallel to the top and bottom
cell walls. The y—axes are the distance from the bottom of a sample
cell of rype A (A) and type B (B), respectively. The estimated error
in detecting the drift velocities is &2 0.1m/s, smaller than the
symbols used in these plots.

To test for such a potential time-dependence, we follow the
average flow velocity at a fixed distance from the cell wall as
a function of time, shown in Fig.5. This measurement is per-
formed in a plane located 15 ym from the bottom of a type B
cell. The recording is repeated every 5 minutes during more
than 4 hours. We observe a gradual decrease of the average
flow velocity, from ~ 0.5 um/s at the start of the measurement
to ~ 0.35 um/s after four hours. Indeed, considering only dif-
fusion, we would expect the concentration gradient at a fixed
position to decrease with time ¢ as o< 1/ \/(t) However, due
to the complex interplay of diffusion and convective flows in
our system, the exact functional form is difficult to predict. In
summary, if not suppressed by buoyancy forces, the observed
flow patterns appear to be a robust feature accompanying ex-
clusion zone formation; we have observed essentially the same
behavior in different cell types. We have further shown that
the convective flows, while time-dependent, are sustained for
more than 4 hours.

While these observations are in agreement with our hypoth-
esis of diffusioosmosis driving the observed convective flows,
they are still not fully conclusive. For instance, as the zeta
potential of our particles is similar to that of the glass side
walls, based on Eq.1 we would at first sight not expect parti-
cles located near the cell side walls to move considerably, as
one would expect the diffusiophoretic migration of particles
relative to the fluid, away from the Nafion surface, to be ap-
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proximately matched by a overall diffusioosmotic flow of the
fluid in the opposite direction. However, as pointed out above,
for the case of diffusioosmosis Eq.1 strictly applies only if the
ion concentration gradients along the surface are uniform; in
our setup this is not the case and hydrodynamic coupling be-
tween different regions will affect the actually observed parti-
cle velocities. This is only one example of the expected com-
plex interplay of convective flows, diffusiophoresis, and dif-
fusioosmosis, which makes it difficult to predict the detailed
flows in the system and to directly test our hypothesis of diffu-
sioosmosis having a large role in driving convective flows in or
system. However, it is possible to tune the magnitude of dif-
fusioosmotic flows independent of the other physical effects
at hand, thereby directly probing their relative importance in
contributing to the observed overall flow patterns.
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Fig. 5 Time dependence of the average bead velocity. The
measurement was performed in a plane that is separated by 15 gm
from the bottom of a type B cell. The estimated error in detecting
the drift velocities is /2 0.1um/s, as indicated by the error bars.

To do so, we perform experiments in which we significantly
change the surface properties of the cell walls. If indeed dif-
fusioosmosis contributes significantly to the observed convec-
tive flows, marked differences in flow velocity should be ob-
served. To achieve such a change in surface properties, we
coat the microscope slide and the coverslip of a type A cell
with a 20 nm-thick gold layer using a sputter coater (Emitech
K575X Turbo Sputter Coater). Previous studies have found
that such a gold-coated surface exhibits a significantly lower
zeta potential compared to uncoated glass; for instance, the
zeta potential for gold and glass were measured as —20 mV
and —67 mV, respectively, at pH = 6 and ionic strength of 1073

M 20, These differences should lead to significantly different
diffusioosmotic flow velocities, which can be estimated using
Eq.1. Using the above values for the zeta potentials of glass
and gold surfaces, and an expected range of ion diffusivity
contrasts of —1 < < —0.2, we predict a value of between
4.1 and 5.7 for the ratio of the flow velocities in cells with
uncoated and gold-coated surfaces, respectively.
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Fig. 6 Influence of cell wall surface properties. Average flow
velocities measured in a cell of type A with uncoated (black
squares) and gold-coated (red triangles) glass cell walls. In both
cases two convection rolls are observed near the cell walls; the
typical velocities in the presence of gold-coated cell walls are
significantly lower than for the untreated glass surfaces. The
estimated error in detecting the drift velocities is ~ 0.1pm/s,
smaller than the symbols used in this plot.

Indeed, our experiments are consistent with this prediction,
as shown in Fig.6, where we compare the flow behavior in
cell of type A with uncoated and gold-coated surfaces, respec-
tively. We observe significantly lower flow velocities for the
gold-coated case compared to those measured in a cell with
untreated glass surfaces. For the untreated case, the average
flow velocity towards the Nafion surface near the cell walls
is 0.62um/s; the corresponding average velocity for the gold-
coated case 0.11um/s. Within experimental error, our mea-
surements are thus consistent with the above estimates of the
expected differences in flow velocity, based on Eq.1. This fur-
ther confirms that our results are consistent with diffusioosmo-
sis as the mechanism driving the observed convective flows.
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5 Conclusions

We have performed a systematic experimental study of flow
patterns arising during exclusion-zone formation, which oc-
curs when a colloidal suspension is exposed to an ion-
exchanging surface. It has recently been shown that the phys-
ical origin of such exclusion-zone formation is a combination
of ion-exchange, diffusion of ions, and diffusiophoresis of col-
loidal particles in the resulting time-dependent ionic gradients.
However, the effects of other surfaces in the system, such as
the walls of the sample chamber, have previously been ne-
glected.

By studying the developing flow patterns in detail via multi-
particle tracking, we have observed that exclusion zone forma-
tion is accompanied by convective flows, which in our systems
appear as double convection rolls. Our results provide a quan-
titative description of the flow velocity profile across these
convection rolls. They also show that these flows can be main-
tained for a period of more than 4 hours and that their velocity
decreases as a function of time. The results of our study of
these flow patterns clearly indicate that diffusioosmosis, in ad-
dition to diffusiophoresis, contributes significantly to the flow
of fluid and particles in exclusion zone formation. Further
strengthening this hypothesis we show that the flow velocity
is dependent on the surface charge of the cell walls, consistent
with the behavior expected for diffusioosmotic flow. A full de-
scription of the complex flow patterns occuring during exclu-
sion zone formation thus requires taking into account the com-
plex interplay between diffusiophoresis, which drives particle
motion relative to the background fluid, as well as diffusioos-
mosis at the cell walls, which drives convective flows of the
fluid. The observed pronounced flow patterns that accompany
exclusion zone formation in these systems could be exploited
for mixing of fluids in microfluidic devices or for other appli-
cations where a precise control of fluid flows at small length
scales is required.
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Our experiments on exclusion-zone formation in colloidal
suspensions indicate that in addition to diffusiophoresis of the
particles, diffusioosmotic flows of the fluid play an important
role and lead to double convective flow patterns.
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