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This letter presents a new mechanism of interaction between mineral dissolution and
colloidal transport. Using microfluidic experiments, we demonstrate that diffusiophoresis,
i.e., the motion of colloidal particles due to solute concentration gradients, offers an
appealing solution to drive colloidal particles toward a dissolving mineral. We report that
particle aggregation limits the mineral dissolution through the formation of a passivation
layer around the mineral. This work could be exploited to turn undesirable mechanisms
(e.g., dissolution of confinement barriers and release of toxic components by contaminants
trapped in porous formations) into positive feedback as the concentration gradients result-
ing from these events become the driving force to deliver colloids for remediation.

DOI: 10.1103/PhysRevFluids.10.L032501

Introduction. Many subsurface engineering applications foresaw the usage of colloidal particles
for groundwater remediation or for sealing damaged geological confinement barriers [1,2]. The
injection of nanoparticles (reactive or adsorptive) into contaminated porous media (soil, sediments,
aquifers) is gaining attention in remediation technologies. Despite their great potential, injecting
colloids in subsurface reservoirs is challenging as the delivery of the reactive materials to the
contaminated or damaged regions is not well controlled [3]. Unlike well-known fluid and particle
transport processes driven by gradients of pressure, gravity, or electromagnetic potential, diffusio-
phoretic transport of charged particles is only driven by chemical concentration gradients without
the application of any external field. The mechanisms and theory behind diffusiophoresis are now
well described. Electrolytic diffusiophoresis is the result of (i) chemiphoresis that refers to particle
motion due to the osmotic pressure gradient over the particle surface (ii) and electrophoresis due
to the macroscopic electric field generated by an ionic gradient as a result of the difference in the
diffusivities of the cations and anions [4]. Nonelectrolytic diffusiophoresis is due to chemiphoresis
only [5]. Colloidal migration generated by diffusiophoresis can be up to three orders of magnitude
faster than pure diffusion (up to 10−5 m/s), thus likely to be critical in various processes in porous
media [6,7]. Several studies have shown the importance of diffusiophoresis in explaining mecha-
nisms for which consensus could not be reached. For example, in biophysics, Alessio and Gupta
(2023) demonstrated the role of diffusiophoresis in Turing patterns [8], and Haefner and Muller
(2024) showed that intracellular organization could depend on reaction-driven diffusiophoresis [9].

Using microfluidic experiments, diffusiophoretic effects have been explored to control colloid
transport in and out of dead-end pores [7,10,11], to separate colloidal particles [10,12], or to
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FIG. 1. (a) Experimental setup. (b) Images of injection experiments at 2 µL/min of 0.02wt % HCl without
particles, (c) with carboxyl-coated polystyrene particles, (d) with sulfate-coated particles. From t = 0 min the
acid solution is injected for 1020 min (t f ) [(b),(c)] or 240 min (t f ) (d), then the CaCO3 saturated solution
with particles is injected for 90 min to stop the reaction. Most carboxyl-coated particles are detached from the
calcite grain after the reaction [(c), at t f + 85 min] while the aggregate made of sulfate-coated particles remains
attached to the calcite [(d), at t f + 90 min]. The scale bar in white is 100 µm.

trap particles or macromolecules [13]. In most of these studies, the application of an external
concentration gradient is used. However, in a natural environment, concentration gradients are
produced locally by physicochemical processes. Some studies use an in situ source of concentration
gradient to drive colloids. For example, a solute concentration gradient source that emits a steady
flux of solute over long time scales has been designed [14,15], or calcium carbonate dissolution
is used as a source of concentration gradient for diffusiophoresis [16]. The use of in situ sources
of a concentration gradient has been described for pure diffusive conditions mainly, whereas in
natural porous media various flow conditions are encountered. We hypothesize that in conditions
representative of subsurface environments, particle trajectories can deviate from the pressure-driven
flow using mineral dissolution as a source of concentration gradient.

Method. We use a piece of calcite (CaCO3), a widely distributed mineral, of about 900 µm in
diameter and 150 µm thick, sealed in the middle of a microfluidic channel 1.5 mm wide, 150 µm
deep, and 40 mm long, see Fig. 1(a). The calcite undergoes dissolution under acidic conditions,
leading to a concentration gradient of dissolved species around the calcite. This microfluidic setup,
used in [17–19], is relevant to subsurface geochemical processes to probe couplings between fluid
flow and reactivity. The microchannel is saturated either with water in equilibrium with calcium
carbonate, thus not leading to mineral dissolution (pH = 7.8), or with a solution of 0.02wt %
hydrochloric acid (HCl) leading to the dissolution of the grain (pH = 2.3), Fig. 1(b). The primary
chemical reaction that affects calcium carbonate during dissolution is as follows:

CaCO3(s) + H+
(aq) � Ca2+

(aq) + HCO−
3(aq).

To study the effect of a local source of concentration gradient on colloid flow, the aqueous solutions
are seeded with colloidal particles made of polystyrene, 1 µm in diameter (Polysciences). Different
surface coatings are tested, carboxyl and sulfate-coating lead to negatively charged particles, and
amine groups lead to positive charges. To assess if diffusiophoresis has an impact when the flow
is dominated by advection compared to diffusion, we use an imposed flow rate of 2 µl/min and
of 0 µl/min, respectively. This gives a Péclet number of Pé = w×u

D = 31, and Pé = 0, with w the
width of the channel, u the mean velocity of the fluid, and D the diffusion coefficient of protons.
All experiments are performed with and without the chemical reaction. Details of experimental
procedures are presented in Supplemental Material A [20].
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TABLE I. Mean dissolution and particle aggregation rates measured from experiments for a flow of
0.02wt % HCl at 2 µL/min.

Particles Dissolution rate (10−4 min−1) Aggregation rate (10−3 min−1)

No 10.9 0.0
Carboxyl coated 0.3 3.6
Sulfate coated 0.0 2.1

Results. First, we explore flow conditions dominated by advection. When acid is injected without
particles, the dissolution of the calcite grain, see Fig. 1(b), follows the same trends as in Soulaine
et al. (2017), see also Movie S1 in Supplemental Material B [20]. The shape of the dissolving calcite
is influenced by the hydrodynamics in the channel with a lower local dissolution rate upstream at
the stagnant zone of the flow [17]. From image processing of the top view of the calcite grain, we
determine a mean dissolution rate of 10.9 × 10−4 min−1. The dissolution rate is related to the initial
calcite size and the measurement method is explained in Supplemental Material A [20].

When the injected acid is seeded with positively charged particles (i.e., coated with amine
groups) the same behavior is observed without or with dissolution of the calcite, particles are flowing
around the calcite with no visible interaction of the particles with the calcite, see Supplemental
Material E [20]. The pH of the acid solution is 6.5 in this case, indeed for lower pH the amine-coated
particles tend to form aggregates and sediment. At pH 6.5, we measured the dissolution rate of
calcite at 1.30 × 10−7 min−1 for 20 h of reaction.

We report the formation of an aggregate of particles around a dissolving mineral when negatively
charged particles are seeded in the acid solution and flow around the calcite grain. The pH in this
case is 2.3. Pictures of the aggregates are presented in Figs. 1(c) and 1(d), and videos are shown
in Movies S2, S3, and S4 (Supplemental Material B [20]). We hypothesize that the focusing of
particles around the calcite is driven by diffusiophoresis due to the concentration gradients generated
by the mineral dissolution. For carboxyl-coated particles, the HCl solution seeded with particles is
injected at 2 µL/min for 17 h, then the CaCO3 saturated solution is injected for 90 min at the
same flow rate. In this case, we observed a continuous growth of the aggregate made of particles,
see Fig. 1(c). Our observations suggest that carboxyl-coated particles form an unbound aggregate
around the calcite that permits acid to flow through the calcite surface, and as the reaction is going
on the aggregate keeps growing. Thus the source of the concentration gradient is maintained over
long periods and plays the role of a collector for the particles. This phenomenon is reversible, indeed
when the reaction is stopped most of the aggregate is displaced from the calcite surface, see Fig. 1(c)
at t f + 85 min. For sulfate-coated particles, we also observed the formation of an aggregate made
of particles, however, it stopped growing after 3 h 20 min. In this case, the HCl solution seeded
with particles is injected at 2 µL/min for 4 h, then the CaCO3-saturated solution is injected for
90 min at the same flow rate. In this case, the aggregate made of particles is consolidated and
does not grow indefinitely. The dense aggregate does not allow the acid to react with the calcite
after 188 min, thus stopping the reaction and the release of dissolved species. For sulfate-coated
particles, the phenomenon is irreversible: The aggregated particles remain in place and act as a
permanent passivation layer, even after replacing the acid injection by the CaCO3-saturated solution,
see Fig. 1(d), at t f + 90 min. The different particle aggregation dynamics are further discussed in
Supplemental Material C [20]. In this work, in addition to driving and aggregating particles toward
an in situ source of concentration gradient [7,10,11], we observe the formation of a passivation layer
made of the particles that neutralizes the source of dissolved species.

In Table I, we present the measurements of the dissolution rate of calcite and the rate of aggre-
gation of particles. Measurement methods are detailed in Supplemental Material A [20]. The mean
aggregation rate of particles is in the same order of magnitude for carboxyl- and sulfate-coated par-
ticles at about 3 × 10−3 min−1. Interestingly, this aggregation of particles affects the dissolution rate
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FIG. 2. Velocity magnitude of particles measured by micro-PIV without calcite dissolution [(a),(b)] and
with dissolution [(c),(d)] and for different particle coatings, carboxyl [(a),(c)], and sulfate [(b),(d)]. All
velocities are normalized by the maximum velocity in the channel. Time t0 is without chemical reaction and
particles are suspended in the CaCO3 solution. The minutes indicated in the second row correspond to the time
elapsed since the acid injection. The scale bars are 100 µm.

of calcite. For carboxyl-coated particles, the average dissolution rate is 0.3 × 10−4 min−1; it is more
than one order of magnitude slower than dissolution without particle injection. In this case, the par-
ticle aggregate creates a physical barrier that limits the access to the calcite surface for the acid, thus
slowing down the dissolution. When sulfate-coated particles seeded in an acid solution are injected,
the calcite dissolution rate is estimated at zero. Indeed, the dense aggregate formed around the calcite
prevents its dissolution. Li et al. (2015) demonstrated the protective effect of sulfate against acid
attack by sulfate adsorption and/or coating of CaSO4 on CaCO3 grains [21]. Thus the suppression
of dissolution by sulfate-coated particles is most probably driven by a chemical mechanism.

We demonstrated that mineral dissolution can be inhibited by injecting particles that form a
passivation layer around the mineral. Negatively charged particles move toward the local source
of the concentration gradient. For this system, we were unable to capture the displacement of the
particles toward the calcite because of the presence of strong advective flux. In Fig. 2, we present
particle velocity fields measured by micro-PIV (particle image velocimetry) [22,23] for carboxyl-
coated [(a), (c)], and sulfate-coated particles [(b), (d)], without chemical reaction [(t0: (a), (b)] or
during [t = 112, 145 min, Figs. 2(c) and 2(d), respectively]. Particle velocity fields show the classic
Stokes flow behavior with streamlines that follow the shape of the calcite. The mean velocity in the
channels is around 150 µm/s, thus two orders of magnitude greater than theoretical diffusiophoretic
velocity values [24]. To further assess the role of diffusiophoresis in our system, suspensions of
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FIG. 3. Negatively charged particle around a dissolving calcite with no imposed flow. (a) and (b) mi-
crochannel containing a calcite crystal suspended in the HCl solution before colloid injection. Diffusiophoresis
around the dissolving calcite mineral is schematized, the electric field and concentration gradient are oriented
radially outward to the calcite. R0 is the radius of the calcite, and r is the radial position. From t > 0 minute
carboxyl-coated particles [(c),(e),(g),(i)] or sulfate-coated particles [(d),(f),(h),(j)] are injected. (c) and (d)
velocity fields of particles measured by micro-PIV after 10 min and 13 min. Snapshots of the calcite surrounded
by carboxyl-coated particles after 36 min (e) and 68 min (g), and by sulfate-coated particles after particles
35 min (f) and 59 min (h). Mean radial velocity profiles for carboxyl-coated particles (i) and sulfate-coated
particles (j) for different times after particle injection. VDP is the theoretical diffusiophoretic velocity as a
function of r for the two extreme pH values in the system. Scale bars are 100 µm.

particles in an acid solution have been put in contact with a calcite grain with no imposed flow to
suppress advective flux that prevents the measurement of diffusiophoresis.

In Fig. 3, we present the results for pure diffusive conditions. First, we discuss the expected
diffusiophoretic behavior of particles in the presence of a radial concentration profile of species. In
our experiments, the primary ions produced during the dissolution are Ca2+, and HCO−

3 , and they
have a higher concentration near the dissolving calcite than farther away, resulting in a concentration
gradient of dissolved species in the radial direction of the calcite [16], see Figs. 3(a) and 3(b).
These ions have different diffusion coefficients, at 20 ◦C DCa2+ = 7.92 × 10−10 m2/s and DHCO−

3
=

1.19 × 10−9 m2/s [25]. The difference in diffusivities leads to an electric field generated to maintain
the electroneutrality that is oriented radially outward from the calcite, see Fig. 3. Thus, negatively
charged particles are attracted to the dissolving calcite. The diffusiophoretic velocity of particles,
VDP, is expressed following [26–28]

VDP = �DP × ∇C

C
, (1)

with the diffusiophoretic mobility

�DP = εkT

µZe

{
βζp − 2kT

Ze
× ln

(
1 − tanh2

(
Zeζp

4kT

))}
, (2)

with C the concentration of the electrolyte, kT the thermal energy, e the electron charge, Z the
valence of the electrolyte, ε the permittivity of the medium, µ its viscosity, ζp the zeta potential
of the particles, and β = D+−D−

D++D−
the difference in diffusivity of the primary ions. We consider the

concentration gradient of produced species, assuming an initial bath concentration of zero, we have
∇C
C = − 1

r , with r the radial position from the center of the calcite, see analysis by Banerjee et al.
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[14] and McDermott et al. [16]. We assume that the change in the calcite size due to dissolution is
much slower than the change in the concentration of produced species. In our system, ζp depends
on the coating at the surface of the particles and on the position of the particle in the channel (ζp

depends on local concentrations of H+) [29,30].
First, we consider the case of colloids for which the diffusiophoretic effect is negligible as a

control experiment. For amine-coated particles (positively charged), ζp = 30 − 55 mV for the pH
range 2.3 − 7.8 [30], this leads to velocities of VDP = 1.2 × 10−7 to 2.6 × 10−7 m/s. These low
values show that diffusiophoresis is negligible in this case. This is supported by our observations.
For pure diffusive conditions, with and without chemical reaction, we observe only Brownian
motion for amine-coated particles, with no preferential direction, see Movie S5 in Supplemental
Material B [20]. When advection is dominant in our system, the injection of amine-coated particles
during calcite dissolution does not lead to particle aggregation around the mineral for several hours
of acid injection.

For pure diffusive conditions, negatively charged particles seeded in the acid solution show a
motion toward the dissolving calcite, as shown by the velocity vectors plotted in Figs. 3(c) and 3(d),
pictures of the calcite surrounded by particles in Figs. 3(e) and 3(f), and Movie S6 in Supplemental
Material B [20]. After about 60 min, most of the particles diffuse away from the calcite where
they were accumulated, Figs. 3(g) and 3(h). In Figs. 3(i) and 3(j), the area in pink represents the
theoretical VDP values. They are determined as a function of r for the extreme values of ζp, i.e.,
corresponding to pH = 2.3 and pH = 7.8. From the literature, we chose ζp between −5 mV at low
pH and −65 mV at greater pH for carboxyl-coated particles [29], and between −10 mV and −65 mV
for sulfate-coated particles [31]. In experiments, the concentration gradient vanishes with time
leading to a time-dependent speed of the particles. However, to estimate if the experimental speed of
our particles agrees with the diffusiophoretic velocity, we consider theoretically a time-independent
diffusiophoretic behavior. We also plotted the experimental radial velocities of particles averaged
over the entire observation window for different times after the injection of particles. Each point
corresponds to the mean value and standard deviation of u(r) for all positions r in the channel
(radial position from the edge of the calcite). The motion of the particles is constrained in the
vertical direction by the channel walls, thus explaining the large standard deviations during the
diffusiophoretic motion. At the beginning of the reaction [10 and 13 min, circles in Figs. 3(i) and
3(j)] carboxyl- and sulfate-coated particles show absolute radial velocities up to 1.3 × 10−6 m/s
and 5.8 × 10−7 m/s, respectively, which are two to 10 times greater than for amine-coated particles
and lead to remarkable diffusiophoretic aggregation. The velocity of particles slightly decreases
with increasing distance from the calcite. These velocity profiles are in range and trend with the
theoretical diffusiophoretic velocities. After about 30 min [Figs. 3(i) and 3(j), squares] velocity
values are intermediate, showing a decrease in the diffusiophoretic effect with time. Sixty min after
the particle injection, the velocity of carboxyl- and sulfate-coated particles is low [<2 × 10−7 m/s,
Figs. 3(i) and 3(j), stars], and does not depend on the radial position, showing no diffusiophoretic
effect anymore. The effect of the concentration gradient generated by the chemical reaction on
particle flow lasts between 30 min and 60 min. This is in agreement with the dynamic of diffusion
of Ca2+, and HCO−

3 in our system. Numerical simulations show that it takes about 40 min to
reach saturation concentrations in the channel, see Supplemental Material D [20]. The concentration
gradient vanishes at saturation, thus impeding any diffusiophoretic behavior. In Mc Dermott et al.
(2012), the movement of the particles toward or away from a dissolving mineral was observed,
however, no accumulation of particles around the minerals is reported. This is probably because the
size of the minerals is close to the size of the particles in their case, thus not offering enough reactive
surface area for the particles to bond to the calcite [16]. To the best of our knowledge, it is the first
time that particle aggregation due to diffusiophoresis around a reactive mineral is observed. The
study of pure diffusive conditions demonstrates the role of diffusiophoresis in forming the aggregate.
In the advective case, the continuous injection of the acid preserves the concentration gradient (see
numerical simulations, Supplemental Material D [20]), thus driving particles by diffusiophoresis for
long periods.
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Conclusion. In this work, we demonstrated that diffusiophoretic effects can drive particles toward
a source of concentration gradient and lead to the formation of a passivation layer around the source
of dissolved species. It opens new lines of research to limit the release of potentially harmful
chemicals in water, or to prevent mineral reaction. When diffusion is dominant in our system
(Fig. 3), the diffusiophoretic motion of negatively charged particles toward a dissolving mineral
is measured and agrees with theoretical predictions. When advection is dominant (Figs. 1 and 2),
velocities in the channel are two orders of magnitude greater than diffusiophoretic velocities. In
these conditions, particles in the vicinity of the source of concentration are driven by diffusiophore-
sis, while particles away from it are only driven by advection. As the acid solution is constantly
injected, the concentration gradient is maintained around the dissolving mineral, allowing for a
large aggregate to form. Depending on the chemical groups at the surface of the particles, the
aggregate is either unconsolidated or dense. For the unconsolidated case, the chemical reaction
is slowed down and the dissolving mineral acts like a collector with long-lasting behavior. By
injecting sulfate-coated particles, a dense aggregate is chemically formed, which stops the reaction
permanently. These findings confirm the protective effect of sulfate on calcareous materials against
acid attack [21]. Here, we demonstrate the possibility to specifically transport sulfate materials
toward carbonated layers to harness their protective power. In natural environments, by choosing
particle coating or particle material in agreement with the chemical process of interest, it is
possible to design chemical reaction controllers using diffusiophoretic systems [32]. The potential
importance of diffusiophoresis in natural and biological environments for various processes has been
highlighted previously [33,34]. This work further demonstrates that mineral dissolution could be a
driving mechanism in geological porous media. Besides subsurface environments, particles driven
by concentration gradients in porous media are useful for biomedical applications like bone-crack
repair using drug-loaded particles [35] or drug delivery [36].
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