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The flow of solutions containing solutes and colloidal particles in porous media is found widely
in systems including underground aquifers, hydraulic fractures, estuarine/coastal habitats, water
filtration systems, etc. In such systems, solute gradients occur when there is a local change in the
solute concentration. While the effects of solute gradients have been found to be important for many
applications, we observe an unexpected colloidal behavior in porous media driven by the combination
of solute gradients and the fluid flow. When two flows with different solute concentrations are in
contact near a junction, a sharp solute gradient is formed at the interface, which may allow strong
diffusiophoresis of the particles directed against the flow. Consequently, the particles accumulate
near the pore entrance, rapidly approaching the packing limit. These colloidal dynamics have
important implications for the clogging of a porous medium, where particles that are orders of
magnitude smaller than the pore width can accumulate and block the pores within a short period of
time. We also show that this effect can be exploited as a useful tool for preconcentrating biomolecules
for rapid bioassays.

In flow channels, suspended particles free of external
forces are typically expected to advect along with the
fluid flow unless the particles are large enough to phys-
ically clog the channel or sticky enough to adhere to
boundaries. However, recent observations suggest that
this may not always be the case; the particles that are
less dense than the surrounding fluid may be trapped
in flow junctions via the vortex breakdown phenomenon
[1–3]. Such an unexpected trapping of particles in sim-
ple flow geometries implies unrecognized ways that flow
systems can fail or respond in unusual ways.
Here, we report a chemically-mediated particle trap-

ping mechanism in flow junctions that is nearly insensi-
tive to the particle size or density for colloidal materials.
The observed particle trapping takes place when solute
concentration gradients are present in the channel, for
example in the case of a pore connecting two streams
carrying different solute concentrations. Near the flow
junction, due to the advection the solute concentration
gradient can be very sharp, as sketched in Fig. 1a. Such a
steep gradient provides a suitable condition for colloidal
particles to undergo directed motions such as diffusio-
phoresis [4, 5].
Diffusiophoresis, which has received recent interest due

to experimental and theoretical advances [6–16], refers
to the motion of colloidal particles induced by the so-
lute gradients. The local solute gradient gives rise to
the particle motion due to the osmotic pressure gradient
developed along the particle surface (chemiphoresis) and
the liquid junction potential generated by the diffusion
of ions with different diffusivities (electrophoresis). The
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particle diffusiophoretic velocity up, relative to the lo-
cal flow velocity, is given as up = Γp∇ln c, where Γp is
the diffusiophoretic mobility and c is the solute concen-
tration [4, 5]. The sharp solute gradient near the flow
junction may drive particle motions against the flow di-
rection depending on the sign of Γp and the solute gra-
dient. Furthermore, when the fluid velocity uf and the
diffusiophoretic velocity up have comparable magnitudes
and are in opposite directions, particles may experience
zero net velocity and accumulate in the region of the
junction (see the inset of Fig. 1a). Accumulation of
colloidal particles using two opposing forces in a linear
setting has been demonstrated previously; examples in-
clude thermophoresis versus diffusiophoresis [17], ther-
mophoresis versus fluid flow [18], electrophoresis versus
fluid flow [19], etc. The current study focuses on the fact
that the fluid flow at channel junctions sharpens the so-
lute concentration profile, giving rise to a strong particle
diffusiophoresis regardless of the flow velocity.

To demonstrate this flow-induced diffusiophoretic fo-
cusing effect in flow junctions, we use a microfluidic chan-
nel in which two large flow channels are connected by
a narrow pore, as shown in Fig. 1b (see Materials and
Methods for more details). The main channels are 100 µm
high and the pore is 10µm high. This design allows pre-
cise control of the fluid permeation across the narrow
pore because of its large flow resistance.

When colloidal suspensions with different solute con-
centrations (c1 = 0.1 mM and c2 = 10 mM NaCl) are
injected into the separate main channels, the colloidal
particles (polystyrene, diameter = 0.5 µm) rapidly accu-
mulate near the flow junction (Fig. 1c, Supplementary
Movie 1). The spatiotemporal distribution of the fluores-
cence intensity shows that the particle accumulation is
highly localized and stable (Fig. 1d). As measured from
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main channels are 100µm except for the DNA experi-
ments (Fig. 4) where the channel height is uniform every-
where (10 µm). A computer-controlled pressure-driven
pump (MFCS-EZ, Fluigent) was used to feed individ-
ual solutions through the main channels. The particles
were visualized with an inverted fluorescence microscope
(DMI4000B, Leica) and analyzed with ImageJ.
λ-DNA was stained by adding 1 vol% of YOYO-1 dye

to 50 µg/ml of λ-DNA in Tris-EDTA buffer (10 mM Tris-
HCl, 1 mM EDTA). After heating the solution at 50◦C
for 2 hours, the solution was diluted by 10 times with
either 0.1 mM or 10 mM NaCl solutions.
Numerical simulations: Due to the presence of three-

dimensional effects including diffusioosmotic wall slip ve-
locities and non-negligible secondary fluid advection ve-
locities, a full 3D numerical solver was developed that
couples the solution of the Navier-Stokes equations with
the diffusioosmotic wall slip velocity, as well as the solute
and particle advection-diffusion equations [11, 16]. The
diffusioosmotic wall slip condition is a function of the
wall surface charge and local solute concentrations, and
the particle diffusiophoretic velocity contribution is also a
function of the local solute concentration. The diffusioos-
motic wall slip velocity is given as uw = −Γw∇ln c, where
Γw is the diffusioosmotic mobility of the channel surface
(Γw = 520µm2 for polydimethylsiloxane in 10 mM NaCl
solution at neutral pH [16]. The 3D numerical simula-
tions were performed using a finite-volume solver based
on the simpleFoam and scalarTransportFoam solvers of
the OpenFOAM computation fluid dynamics library [31].
The geometry was chosen to exactly match the experi-
ments (see Fig. 3).
For this problem, we assume only one-way coupling

between the fluid/solute and particle dynamics, i.e. we
assume that the particle dynamics do not affect the flow,
nor the solute motions. We impose boundary condi-
tions of no-slip velocity for the fluid at the walls, and
no-penetration conditions for both the solute and parti-
cles at the walls. At the inlet to the pore, we impose a
uniform velocity of 20µm/s (as measured from the ex-
periments), a uniform solute concentration of 10 mM
(NaCl), and a zero normal gradient boundary condition
on the pressure. At the inlet to the main channel, we
impose a uniform fluid velocity of 1 mm/s, and uniform
solute concentration of 0.1 mM, and a zero normal pres-
sure gradient boundary condition for the pressure. We
let the initial particle concentration to be uniform every-
where. At the outlet, we impose a zero normal gradient
boundary condition on the velocity, solute concentration,
and particle concentration, which assumes that the flow

is fully developed. We set the pressure at the outlet to
zero. This combination of pressure boundary conditions
works very well, except for within a couple of grid cells
of the inlets, with negligible effects to the dynamics of
interest.
Since we have assumed one-way coupling on the par-

ticle dynamics, and the fluid and solute concentration
boundary conditions are steady in time, we expect them
to evolve towards a steady state, so long as the Reynolds
number remains small enough. Because we are primarily
interested in visualizing the particle dynamics, we first
solve for the steady-state velocity and solute concentra-
tion solution, and use this to iterate the particle dynam-
ics. Thus, we first solve the advection-diffusion equa-
tion for the solute, while simultaneously relaxing the fluid
velocity using the SIMPLE algorithm of the simpleFoam

solver. For this procedure, we use initial conditions of
zero fluid velocity and a solute concentration of 0.1 mM
(equal to the boundary condition for concentration at the
main inlet). We monitor the norm of the time deriva-
tive of the solute concentration field in order to measure
convergence in time. Once we achieve the steady-state
fluid/solute profiles, we set an initial condition on the
particle concentration to be uniform everywhere. We
then use the background, steady-state fluid/solute pro-
files to update the particle concentration using the mod-
ified advection diffusion equation for the particles that
includes the diffusiophoretic contribution [16]. Solving
forward in time, the particle concentrations also eventu-
ally approach a steady-state condition, with rapid par-
ticle accumulation in the pore. This approach is com-
putationally efficient for getting a picture of the particle
dynamics that is physically analogous to running the flow
channel to steady state and suddenly imposing uniform
particle concentrations everywhere. For the purposes of
visualizing the particle accumulation, and for calculat-
ing final steady-state velocity and concentration profiles,
this approach is quite efficient. The fully coupled three-
dimensional simulations provide strong agreement with
the experimental results, validating the solver [16].
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