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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.1–3

This surprising EZ formation has been observed for various

combinations of different surfaces and colloidal particles4–9,

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 layers6, or exclusion zone formation4,5,7.

While various mechanisms have been proposed as the cause of

this EZ formation8,10–13, 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 gradients9. 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 study9,

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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struments LTD, UK. pH 7, 1mM NaCl 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.17, 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

et al. 17.

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 · 10−9cm2/s. Between two frames, the colloidal particles

are thus expected to move by Brownian motion by a typical

distance of
√

(D ·∆t),with ∆t the time interval between two

frames. This yields a value of ≈ 8 · 10−6 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
√

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 ∆v ≈ 2 nm
1/60 s

≈ 0.1 µm/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 surface14. 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

as14

U∞

U⋆
≈ β

Zeζ

kB
+4lncosh

(

Zeζ

4kBT

)

(1)

where U∞

U⋆ is the bulk fluid flow velocity normalized by a

typical diffusioosmotic velocity,

U⋆ =

(

2kBT

ηκ2

)

|∇C∞| ∝
∇C∞

C∞

= ∇(log(C∞)), (2)

with Z the valence of the ions of the electrolyte, e the proton

charge, ζ the zeta potential, β the difference between diffusiv-

ities of the counter- and co-ions normalized by their sum, kB

the Boltzmann constant, T the absolute temperature, κ the in-

verse Debye screening length, η the fluid viscosity, and C∞

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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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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