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Particle Entrainment in Dead-End Pores by
Diffusiophoresis†

Sarah Battat,a‡ Jesse T. Ault,b§ Sangwoo Shin,c Sepideh Khodaparast,b¶ and Howard
A. Stoneb∗

The transport of particulate matter to and from dead-end pores is difficult to achieve due to con-
finement effects. Diffusiophoresis is a phenomenon that results in the controlled motion of colloids
along solute concentration gradients. Thus, by establishing an electrolyte concentration gradient
within dead-end pores, it is possible to induce the flow of particles into and out of the pores via
diffusiophoresis, as has been demonstrated recently. In this paper, we explain the pore-scale
mechanism by which individual colloids are entrained in dead-end pores by diffusiophoresis. We
flow particles past a series of dead-end pores in the presence of a solute concentration gradi-
ent. Our results reveal that particles execute pore-to-pore hops before ultimately being captured.
We categorize an event as particle capture when the particle’s trajectory terminates within the
dead-end pore. Experiments and numerical simulations demonstrate that particle capture only
occurs when flowing particles are positioned sufficiently close to the pore entry. Outside this cap-
ture region, the particles have insufficient diffusiophoretic velocities to induce capture and their
dynamics are largely dominated by their free-stream advective velocities. We observe that the
particles move closer to the device wall as they hop, thereby reducing the effect of flow advection
and increasing that of diffusiophoresis. These results enhance our understanding of suspension
dynamics in a driven system and have implications for the development, design, and optimization
of diffusiophoretic platforms for drug delivery, cosmetics, and material recovery.

1 Introduction
Diffusiophoresis refers to the controlled movement of particles
along a solute concentration gradient.1,2 This transport tech-
nique was discovered and initially employed in industry to coat
substrates with latex and to deposit paint films on metal auto-
mobile parts.3,4 Recent studies reveal an array of new applica-
tions of diffusiophoresis for enhanced fabric cleaning in laundry
processes,5 preconcentration of biomolecules for rapid assays,6,7

recovery of oil droplets from rock fissures,8 membraneless wa-
ter purification,9,10 amongst others11–14. For example, diffusio-
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phoresis enables the insertion or removal of particulate matter
(dirt, biomolecules, or drops) in confined, dead-end geometries.
Despite its importance, the pore-scale process of individual parti-
cle entrainment in dead-end pores by diffusiophoresis has yet to
be studied.

Here, we use experiments and numerical simulations to study
the mechanism by which individual particles are entrained in
dead-end pores via diffusiophoresis. As illustrated in Figure 1, we
consider a system in which a low concentration electrolyte solu-
tion (0.1 mM sodium chloride) containing fluorescent polystyrene
particles (0.01% by volume and one micron in diameter) flows
past a series of pores containing the same electrolyte solution, al-
beit at a higher initial concentration (10 mM sodium chloride).
The velocity of an individual particle (u) consists of two compo-
nents, namely that due to diffusiophoresis (ud) and that due to
fluid advection

(
u f

)
. The diffusiophoretic velocity of a particle is

defined as
ud = Γd∇∇∇ lnC, (1)

where C(x, t) is the solute concentration with temporal (t) and
spatial (x) dependence and Γd is the diffusiophoretic mobility of
the particle, which for symmetric electrolytes and in the limit of
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Fig. 1 Transport of colloidal particles by diffusiophoresis for our experimental system with a negative value of β . A suspension of polystyrene particles
in a low concentration salt solution flows through an evacuated main channel and past a series of dead-end pores containing a higher concentration salt
solution. (inset) The particle velocities have two components, namely that due to fluid advection and that due to diffusiophoresis. Within the dead-end
pores, the flow profile is parabolic owing to a combination of pressure-driven back-flow and diffusioosmosis along the walls of the channel.

a thin Debye layer, is given by

Γd =
εkBT
µze

[
βζp +

4kBT
ze

ln
(

cosh
(

zeζp

4kBT

))]
, (2)

where ε represents the permittivity of the medium, T is the abso-
lute temperature, µ is the dynamic viscosity of the solution, z is
the valence of the electrolyte, e is the elementary charge, kB is the
Boltzmann constant, ζp is the zeta potential of the particle, and
β = (D+−D−)/(D++D−) is the relative ratio of the diffusivities
of the cationic (D+) and anionic (D−) species in solution.2

There are two contributions to the diffusiophoretic mobility
of a particle in a binary electrolyte, namely electrophoresis and
chemiphoresis, which correspond, respectively, to the first and
second terms on the right-hand side of Equation (2). When sus-
pended in an electrolyte solution, the fluorescent polystyrene par-
ticles acquire a surface charge.15 Within the Debye layer, the sur-
face charge is screened by excess counter-ions in solution. In the
presence of a macroscopic concentration gradient and owing to
the different diffusivities of the co- and counter-ions, a local elec-
tric field arises and its direction is prescribed by the sign of β in
Equation (2). This electric field leads to fluid flow within the De-
bye layer and particle propulsion in the opposite direction, which
is electrophoresis. Particles also experience an osmotic pressure
imbalance due to the solute gradient; chemiphoresis refers to the
resultant particle propulsion towards the region of higher solute
concentration.2,15

As illustrated in the inset in Figure 1, the flow profile within
a dead-end pore is approximately parabolic owing to a combina-
tion of wall-driven diffusioosmosis and pressure-driven back-flow.
The former contribution results in a slip velocity along the pore

walls directed in the negative y-direction for our concentration
gradient choice; we differentiate this effect from diffusiophoresis
by the immobility of the device walls.8,15 Meanwhile, the latter
phenomenon arises due to the zero-net-mass-flux condition in the
dead-end pore. The fluid flow direction along the central axis of
the pore opposes that of the diffusioosmotic flow. The combina-
tion of these effects results in a recirculating flow profile within
the pore, which will be illustrated by numerical simulation below
in Figure 3B.8

2 Methods
Experiments are performed in a microfluidic device of the kind
sketched in Figure 1. The device is made by mixing polydimethyl-
siloxane (PDMS) with a curing agent (Dow Corning, Sylgard R©

184) in a ratio of 5:1 by weight and cross-linking the mixture
on a photolithographically patterned silicon wafer mold. Sub-
sequently, we peel back the cast PDMS and plasma-bond it to
a slab of neat PDMS. The out-of-plane thickness of all channels
and dead-end pores is approximately ` = 10 µm and the width
of the dead-end pores is w = 40 µm. Prior to use, the device is
saturated overnight in water under vacuum to prevent any per-
meation of fluid from the main channel or dead-end pores into
the bulk PDMS slab. In our system, the pore walls made of PDMS
have zeta potentials of ζw ≈−30 mV.15

Orange fluorescent polystyrene particles with a diameter of one
micron (FluoSpheres

TM
, Thermo Fisher Scientific) and a density of

ρ = 1.055 g/cm3 are suspended in a solution of 0.1 mM sodium
chloride (Sigma-Aldrich) at a concentration of 0.01% by vol-
ume. In some control experiments, orange carboxylate-modified
fluorescent polystyrene particles (FluoSpheres

TM
, Thermo Fisher

Scientific) with a diameter of 0.2 µm and a density of
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ρ = 1.055 g/cm3 are employed instead. Although polystyrene is
slightly more dense than the surrounding liquid, sedimentation
does not play a significant role in our set-up, since the scale
heights for both one micron and 0.2 µm particles are greater than
the channel height. In our experiments, the polystyrene particles
have zeta potentials of ζp ≈−70 mV.15

Initially, a solution of 10 mM sodium chloride is prepared and
injected into the device. Manual, pulsating pressure is applied
to the device to establish a homogeneous solute concentration
within the dead-end pores. Our choice of the initial solute concen-
tration gradient for the study of particle entrainment in dead-end
pores is dictated by the fact that β ≈ −0.21 for sodium chloride,
meaning that negatively-charged polystyrene particles move to-
wards regions with a higher solute concentration.2,16 The main
channel is then evacuated with an air-filled syringe to ensure a
step boundary condition in both the salt and particle concentra-
tions upon the commencement of continuous flow in the main
channel. The particle-laden solution is flowed through the main
channel; the flow rate is controlled with a syringe pump (Pump 11
Pico Plus Elite, Harvard Apparatus). The fluorescent particles are
visualized with an inverted fluorescence microscope (DMI4000B,
Leica) and their motion is recorded with a microscope camera
(DFC 360 FX, Leica) or a high-speed camera (Phantom v7.3, Vi-
sion Research). For the analysis of individual particle trajectories,
particle tracking software is used.17 Particle image velocimetry
analysis of the high-speed recordings is also performed.‡‡ Gen-
eral image processing is carried out in Fiji, an open-source plat-
form for image analysis.18

Three-dimensional numerical simulations of particle trajecto-
ries are computed with OpenFOAM, an open-source computa-
tional fluid dynamics toolbox.19 We develop a customized solver
based on the simpleFoam and scalarTransportFoam solvers
in OpenFOAM.20 We assume that the flow is quasi-steady with re-
spect to the particle dynamics because the kinematic viscosity is
much greater than both the salt and particle diffusivities, and the
Reynolds number is low, where the Reynolds number Re = ρu`/µ

is defined as the ratio of the inertial to viscous forces given a fluid
density ρ, a characteristic fluid velocity u, a characteristic length
` (here ` = 10 µm), and a fluid viscosity µ. Predicated upon this
separation of timescales, our solver iterates the calculation of the
quasi-steady fluid flow with the SIMPLE algorithm. Subsequently,
it updates the solute concentration by integrating an advection-
diffusion equation. The characteristic Peclet number in the main
channel is Pe = O(100), where the Peclet number Pe = wcu/Ds

denotes the ratio of advection to diffusion in the main channel
for a channel width wc (here wc = 200 µm), a characteristic fluid
velocity u, and an effective salt diffusivity Ds (as defined in Equa-
tion (4) below). Our simulation accounts for the diffusioosmotic
effects along the pore walls; we implement these boundary condi-
tions using the groovyBC boundary condition utility provided by
swak4Foam. We calculate the trajectory of an individual particle,
which is advected as a point particle, by integrating its instanta-
neous velocity field in time, where the velocity field is the sum of

‡‡ JPIV Particle Image Velocimetry software, version 2.1 (2008).

the fluid velocity
(
u f

)
and the particle’s diffusiophoretic velocity

(ud).

In our OpenFOAM simulations of the experimental configura-
tion, we use second-order spatial discretization schemes and first-
order integration in time. We specify a spatial tolerance of 0.5 µm
for the solver. The system evolves in time given initial conditions
of zero fluid velocity and specified high and low solute concen-
trations, respectively, within the pore and the main channel. As
per Figure 1, along the main channel inlet, we specify a constant
mean fluid velocity and a normal pressure gradient of zero. More-
over, we set the solute concentration to a constant, low value
along the inlet. At all points along the main channel outlet, we
assign zero values to the pressure and the fluid velocity’s normal
gradient; the latter condition assumes that the flow is fully de-
veloped at the outlet. At the outlet, the normal gradient of the
solute concentration is zero. We enforce the no-flux condition
along the channel walls by assigning the normal gradient of the
solute concentration a value of zero (refer to the Supplementary
Information† for further simulation details).

We also simulate the flow field of our system with a custom-
designed solver in MATLAB using an incompressible vortic-
ity/streamfunction formulation.21 In systems such as ours where
the depth-wise dimension of the microfluidic device is small
(`� w,wc), the Brinkman approximation, introduced in Equation
(3), allows us to approximate the three-dimensional flow as the
flow averaged along the depth-wise direction. In this limit and
assuming steady-state low Reynolds number flow, the governing
flow equation simplifies to

000 =−∇∇∇⊥p+µ∇
2
⊥u− µ

k
u, (3)

where u is the depth-averaged fluid velocity, µ is the viscosity of
the particle-laden electrolyte solution (approximately that of wa-
ter), k = `2/12 is the effective permeability of the medium which
depends upon the channel depth, ` is the depth of the channel
(here ` = 10 µm), ∇∇∇⊥ is the gradient in the direction perpendic-
ular to the channel height (here ∇∇∇⊥ = x̂xx∂/∂x+ ŷyy∂/∂y in accor-
dance with the coordinate system introduced in Figure 1), and p
is the pressure.22,23 Equation (3) is solved along with the con-
tinuity equation, ∇∇∇ · u = 0. We recover excellent agreement be-
tween the results of the Brinkman approximation simulation (Fig-
ure 3B) and the three-dimensional OpenFOAM simulation (Sup-
plementary Information†, Figure S1B). Thus, in the interests of
computational simplicity and efficiency, we resort to this two-
dimensional simulation method because it captures the essence
of three-dimensional effects while saving computing power, time,
and resources and allows us to readily make quantitative compar-
isons with the experiments.

In the MATLAB simulation, we partition the geometry of inter-
est into a 2 µm× 2 µm mesh grid. We impose diffusioosmotic
boundary conditions along the lateral pore walls and assume a
fully developed Poiseuille flow at both the inlet and outlet of the
main channel. Moreover, we apply the no-flux condition along
the device’s boundaries. As is the case for our OpenFOAM simu-
lation, the separation of timescales allows us to iteratively solve
for the quasi-steady-state flow and update the solute concentra-
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(A) (B)

Fig. 2 The entrainment of individual, one-micron diameter particles in dead-end pores by diffusiophoresis. (A) In the absence of an electrolyte
concentration gradient, though particles penetrate the dead-end pores, they are not entrained therein as illustrated by this time-stack of high exposure
fluorescent images. (B) In the presence of a sodium chloride concentration gradient (in which the initial concentration of sodium chloride is 0.1 mM
outside the pore and 10 mM inside the pore), the particles experience diffusiophoresis and migrate towards the higher concentration region and into the
dead-end pores. The particle tracks in the main channel are fainter than those in (A) due to a difference in contrast settings during image processing.

tion by transiently solving the solute advection-diffusion equa-
tion. In turn, the velocity is determined from the vorticity and
streamfunction, where u =

(
ux,uy

)
is the depth-averaged fluid ve-

locity, ∇2
⊥ψ = −ω is an elliptic equation that relates the stream-

function (ψ) to the vorticity (ω), and ω = ∂uy/∂x−∂ux/∂y is the
vorticity in the depth-wise direction (refer to the Supplementary
Information† for further simulation details).

3 Results and Discussion
It is well-documented in the literature that particles of various
sizes undergo diffusiophoresis for a wide range of solute con-
centration gradients.2,4,15,24,25 Since the primary purpose of this
study is to understand the process of individual particle entrain-
ment in dead-end pores by diffusiophoresis, our experiments are
conducted using a single electrolyte concentration difference and
(in large part) a fixed particle size. In doing so, we seek to elimi-
nate extraneous effects on our system and focus on the character-
ization of the entrainment mechanism at the pore scale.

Experiments confirm that particle capture does not occur in the
absence of an electrolyte gradient, as shown in Figure 2A. Parti-
cle capture designates the successful entrainment of a particle in a
dead-end pore, meaning that the particle’s trajectory terminates
within the pore. It is clear, however, that the particles can pen-
etrate the opening of the pore without being captured, i.e., the
particles move into the pore by hydrodynamics alone, but ulti-
mately escape. In the presence of an electrolyte gradient, particle
capture takes place as depicted in Figure 2B. These particles are
advected by the main channel flow and are also subject to diffu-
siophoresis.

The results in Figure 2B suggest that, even under the action
of diffusiophoresis, many particles that penetrate the dead-end
pores are not actually captured. In Figure 3A, we plot the maxi-
mum pore penetration depth without capture (scaled by the pore

width) as a function of the Reynolds number in the main chan-
nel. The penetration depth corresponds to the vertical distance
between the bottom wall of the main channel and the apex of the
(closed) quasi-parabolic particle pathline within the pore. Since
the Reynolds numbers probed in this experiment are of order
Re = O(10−2), as expected, the penetration depth is indepen-
dent of the Reynolds number. Moreover, the penetration depth
remains constant in the absence of a solute concentration gradi-
ent and in experiments where approximately neutrally buoyant
tracer particles (0.2 µm in diameter), which presumably follow
the fluid streamlines, are used. Our two-dimensional, Brinkman-
model MATLAB simulation reveals a deep penetration of fluid
streamlines in the dead-end pore in the presence of an electrolyte
concentration gradient (Figure 3B). In the absence of a solute
concentration gradient, we also observe deeply penetrating fluid
streamlines (Supplementary Information†, Figure S1A). The ex-
perimental and numerical results suggest that particle penetra-
tion into a pore without capture is a feature of the flow geometry
rather than being due to diffusiophoresis.

We also note that the penetrating streamlines are asymmetric
(Figure 3B). The Peclet number at the pore entry is on the order
of Pe = O(20). Fluid advection dominates diffusion at the pore
entry; the main channel flow sweeps fluid near the pore mouth
such that the solutes are redistributed unevenly and a lateral so-
lute concentration gradient arises (Supplementary Information†,
Figure S2).

We provide sample trajectories (namely y-displacements) of
one-micron diameter particles that are captured in pores at a
Reynolds number of Re = 0.028 in Figure 4A; the particle dis-
placements are measured relative to the initially-tracked posi-
tions. In general, the particles execute a sequence of pore-to-
pore hops (represented by the quasi-parabolic portions of the y-
displacement plot) until they are fully entrained in the pore. The
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(A)

(B)

(C)

Fig. 3 Flow profile within a dead-end pore in the presence of a sodium
chloride concentration difference. (A) Plot of the maximum pore pene-
tration distance (without capture) of a particle scaled by the pore width
(w = 40 µm) as a function of the Reynolds number. The Reynolds num-
ber is changed by altering the injection flow rate at the inlet. (B) Two-
dimensional simulation of the streamlines within the dead-end pore by
the Brinkman approximation at time t = 10 seconds after the commence-
ment of the experiment, where each streamline is assigned a separate
color. Recirculation currents due to diffusioosmosis and pressure-driven
flow within the pore are observed. (C) OpenFOAM simulation of the time
evolution of the concentration field within the dead-end pore, where (in
accordance with (B)) y = 200 µm corresponds to the top of the pore and
y = 600 µm to its bottom. The concentration is sampled along the center-
line of the pore and at its mid-plane in the depth-wise direction.

term hop designates a particle’s penetration in a dead-end pore
and its eventual escape therefrom. These hopping segments are
separated by plateau regions, which correspond to periods of time

when a particle moves close to the bottom wall of the main chan-
nel with negligible changes in its vertical y-displacement.

Upon connecting the plateau regions (black dots) in Figure 4A,
we note a consistent trend whereby particles move closer to the
bottom wall of the main channel (corresponding to an increase in
their y-displacement) as they carry out more hops; we underscore
this trend in the upper-right inset of Figure 4A. Diffusiophoresis
drives particles further into the dead-end pore than they would
normally travel in the absence of a solute concentration gradient.
This effect causes particles to cross fluid streamlines within the
pore and to emerge from the pore approximately along stream-
lines that penetrated the pore more deeply and are closer to the
bottom wall of the main channel than the particle’s pre-hop posi-
tion. Due to negligible diffusioosmotic effects in the main chan-
nel, we assume a no-slip boundary condition along the main chan-
nel walls and, thus, a decay of the velocity to zero at the walls. In
fact, at a Reynolds number of Re = 0.028, a particle whose radius
is five percent of the channel depth and 1.25% of the pore width
located one micron from the bottom main channel wall moves
at roughly 25% of its velocity at the channel’s axis of symmetry
(Supplementary Information†, Figure S3). It follows that the ad-
vective velocity of an emergent particle decreases with each hop
and, in time, the diffusiophoretic velocity is sufficiently large for
particle capture to ensue.

We supplement our quantitative analysis of particle motion
with visualizations of experimental and simulated particle trajec-
tories. In Figure 4B, we plot the particle pathlines, which are
color-matched to the y-displacement curves in Figure 4A. We sim-
ulate the particle trajectories in OpenFOAM and obtain the results
in Figure 4C. We observe excellent agreement between the exper-
imental and simulated results. We confirm that one-micron di-
ameter particles are only entrained in the dead-end pores if they
originate from positions (approximately) less than or equal to two
microns from the bottom main channel wall. This finding con-
firms our earlier hypothesis whereby the effect of main channel
fluid advection lessens as the particles execute more pore-to-pore
hops. Our simulation results also reflect the empirical observa-
tion that captured particles are initially entrained along the left
side of a dead-end pore before moving towards the center of the
pore. As mentioned previously, due to the large Peclet number
(Pe = O(20)) at the pore entry, advection sweeps the low con-
centration electrolyte solution from the main channel into the
dead-end pore, which contains a high concentration electrolyte
solution. Thus, at the pore’s opening, there is an increasing con-
centration gradient along the pore’s width as shown in Figure S2
(Supplementary Information†). This phenomenon accounts for
the asymmetric rightwards motion of the particle when captured.

We also note that the hopping signature before capture persists
in time. The effective diffusivity of a binary salt is given by

Ds =
2D+D−

D++D−
, (4)

where D+ and D− are the diffusion coefficients of the cationic
and anionic species, respectively.2 In our system, we estimate
that the diffusivity of sodium chloride is Ds ≈ 1.6×10−9 m2/s.16

It follows that it should take roughly one hundred seconds for
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Fig. 4 Particle entrainment mechanism in dead-end pores by diffu-
siophoresis at Re = 0.028. (A) Plot of the y-displacements of many
one-micron diameter particles as a function of the experimental dura-
tion, where the displacement is measured relative to a particle’s initially-
tracked position and the y-direction is oriented along the pore’s length.
(inset) Magnified view of the lines connecting the plateau regions (de-
noted by black circles in the main panel) of each particle trajectory, which
are shifted to the origin and color-matched according to the color of the
corresponding trajectory. (B) Color-matched representation of the exper-
imental particle trajectories in (A), characterized by a series of pore-to-
pore hops and eventual capture. (C) OpenFOAM simulation of trajecto-
ries of particles released at the commencement of an experiment (t = 0)
at a lateral distance of 200 µm from the pore opening subject to diffusio-
phoresis and advection in the main channel (refer to the Supplementary
Information† for simulation details).

the electrolyte gradient along the pore’s length to reach equilib-
rium. At this point in time, however, diffusiophoresis still persists

despite the weak electrolyte gradient because the particle’s dif-
fusiophoretic velocity is proportional to the gradient of the loga-
rithm of the electrolyte gradient.12 Our results indicate that the
hopping signature before particle capture extends to times well
over ninety seconds from the commencement of the experiment
(Supplementary Information†, Figure S4).

4 Conclusion
In conclusion, we propose a mechanism by which individual par-
ticles are entrained in dead-end pores by a diffusiophoretic mech-
anism. Upon flowing polystyrene particles past a series of dead-
end pores in the presence of an electrolyte gradient, the particles
execute pore-to-pore hops before eventual capture. Through ex-
periments and simulations, we verify that particle entrainment
in dead-end pores can only occur when the particle’s advective
velocity is negligible as compared to its diffusiophoretic veloc-
ity. Since the particle crosses streamlines within the pore due
to its diffusiophoretic velocity, it exits the pore and moves along
the main channel wall at a position closer than that which it oc-
cupied prior to the hop. Given the no-slip condition along the
solid boundary, the advective velocity decays rapidly normal to
the wall. Therefore, there exists a critical (vertical) distance from
the pore entry beyond which particles are not captured. Though
we employed an increasing concentration gradient (along the y-
direction) of sodium chloride and negatively-charged polystyrene
particles, the experimental parameters could be tuned to main-
tain the generality of our findings. For instance, in the event that
particles with a positive zeta potential were used, sodium chlo-
ride could be replaced by a salt with β > 0 without altering the
direction of the gradient to ensure that particles were entrained
into the dead-end pores.2 Thus, this account of individual par-
ticle entrainment in dead-end pores by diffusiophoresis enriches
our fundamental understanding of suspension dynamics in a sys-
tem subject to various forces. Moreover, it allows us to improve
upon the design of diffusiophoretic platforms for drug delivery,
cosmetics, oil recovery, and pore cleaning purposes.
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