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1 Introduction

Taming the diffusiophoretic convective instability
in colloidal suspensions

Carmine Anzivino,
and Alberto Vailati 2 *

Stefano Castellini,
Alessio Zaccone

Carlo Marietti, Marina Carpineti,

A suspension of Brownian colloidal particles stabilised against aggregation is expected to be stable
against convection when its density decreases monotonically with height. Surprisingly, a recent
experimental investigation has shown that when colloidal particles are dispersed uniformly in a solvent
with a stabilising stratification of a molecular solute, the system develops a convective instability under
generic conditions [Anzivino et al., J. Phys. Chem. Lett., 2024, 15, 9030]. This instability arises because
the solute concentration gradient induces an upward diffusiophoretic motion of the colloidal particles,
triggering a diffusiophoretic convective instability (DCI). In this work, we investigate the stability of a
colloidal suspension against convection in the presence of a stable density stratification of the sample,
under different initial conditions. In particular, we study the condition where both the colloid and the
molecular solute are initially localized in the lower half of the sample prior to merging with the upper
half made of pure water. This is unlike the previously studied setup where the colloid was initially
present also in the upper half, suspended in water. We show that only when the concentration of
glycerol exceeds a fairly large threshold value of approximately 0.3 w/w the system develops the
convective instability. Hence, this new setup offers the possibility to tame DCI by changing the initial
conditions. We model the experimental results by numerically solving the nonlinear double diffusion
equations in the presence of a diffusiophoretic coupling to determine the time evolution of the base
state of the system. The theoretical analysis allows us to elucidate the physical reason for the existence
of the threshold value of the glycerol concentration and to establish that the interactions between the
colloidal particles do not play a significant role in the DCI.

and to the precipitation of the aggregates. The stability against
aggregation is characterised by the interparticle potential

The gravitational stability of colloidal particles dispersed in
a liquid under isothermal conditions is affected by several
processes acting both at the microscopic and macroscopic
scales, including sedimentation, aggregation, and convection.
In the absence of these processes, the thermal energy keeps the
particles distributed uniformly inside the liquid; conversely,
when such processes are present, instabilities may arise within
the liquid. The stability of particles against sedimentation is
characterised by the dimensionless Peclet number Pe = ua/D,,
where u is the settling velocity, D, is the diffusion coefficient
and a is the radius of a particle. Large particles with Pe > 1
sediment in the presence of gravity, giving rise to a partial
demixing of the colloidal dispersion, while small particles with
Pe « 1 remain indefinitely distributed almost uniformly.!
When the concentration is large enough to enable the inter-
action between the particles, this can lead to their aggregation
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between two particles. In the presence of a potential barrier
much larger than kgT the aggregation of particles through
Diffusion Limited and Reaction Limited aggregation processes
is prevented and the colloidal suspension is stable against
aggregation.” In the presence of a convective flow, also particles
with a large energy barrier » kgT can be made to aggregate.’
Finally, even in the case of small Brownian particles stabilised
against aggregation, their spatial distribution determines the
stability of the suspension against convection. When the sus-
pension is characterised by a density profile increasing mono-
tonically with height, the top denser layers can sink into the
lighter bottom layers giving rise to solutal convection.? This
occurs when the solutal Rayleigh number

~ g(Az)*Ap
Ras = —rch s

(1)

exceeds a critical value Rag, which depends on the boundary
conditions.>® Here Az is the thickness of the layer associated
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with an unstable density difference Ap, g is the gravity acce-
leration, and 7 is the shear viscosity of the solvent.

When the system is prepared in a configuration where all
these processes capable of triggering convective instability can
be ruled out, one would expect that gravity does not have any
influence on the stability of the colloidal suspension. This is
the case for example of a suspension of small Brownian
particles stabilised against aggregation and dispersed in a fluid
with a gravitationally stable density stratification of a molecular
solute. In contrast, we have shown recently that under these
conditions, when the particles are dispersed uniformly in a
solution in the presence of a concentration gradient of a
molecular solvent, they undergo a transient diffusiophoretic
convective instability.” A simple understanding of the condi-
tions leading to the development of the instability has been
achieved by investigating numerically the time evolution of the
base state of the system, which represents the state where the
fluid is at rest with a known density profile before any pertur-
bation occurs. The investigation of the time evolution of the
base state by means of simulations has provided convincing
evidence that this peculiar instability is determined by the
diffusiophoretic transport of nanoparticles induced by the
gradient V¢ of the molecular solute. Under the action of Ve,
diffusiophoresis determines a drift of each particle with velocity
u oo Vc.® The diffusiophoretic mass flux determines a local
inversion of the initially stable density profile of the colloidal
suspension. When the solutal Rayleigh number associated with
this density stratification reaches the threshold Rag, convec-
tion sets in. In the case of a uniform distribution of particles,
transient convection is observed quite generally in a wide range
of volume fraction concentrations of nanoparticles 1% < ¢ < 8%
and of the mass fractions of glycerol 5% < ¢ < 56%.

In this work, we investigate the emergent behaviors in a
suspension of Brownian colloidal particles dispersed in a
solvent with a gradient of a molecular solute. We are interested
in the possibility of taming the diffusiophoretic instability by
varying the initial conditions, where the molecular solvent
determines a strong stabilising density profile that should
inhibit the onset of convection. Here we address whether a
different initial distribution of nanoparticles could stabilise the
system against convection. The initial condition where a top
layer of water is superimposed to a bottom layer of water—
glycerol-nanoparticles is of particular relevance because in this
case both the glycerol and the nanoparticles contribute initially
to the gravitational stabilisation of the system. To allow for a
comparison with the results obtained with a uniform distribu-
tion of particles we use the combinations of (¢, c,) adopted in
the uniform case, the only difference being that initially the top
phase does not contain any nanoparticle but just water. The
systematic exploration of the parameter space allows us to
investigate the stability of the colloidal suspension for any
combination (¢, ¢o) and to map a stability diagram as a
function of these parameters. The computational solution of
the equations describing the base state of the system allows us
to determine the time evolution of the density profile of the
colloidal suspension before convection sets in. In the absence
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of a diffusiophoretic contribution to the mass flux of nano-
particles, the equations for ¢ and c¢ are decoupled and the
density profile remains stable indefinitely. Conversely, when
diffusiophoresis is incorporated into the equations, the accu-
mulation of nanoparticles determined by the diffusiophoretic
flow can lead to the formation of a gravitationally unstable layer
in the density profile. The numerical determination of the time
evolution of the solutal Rayleigh number of the density profile
allows us to determine the combinations of parameters (¢, ¢o)
where the system becomes unstable.

Although the diffusiophoretic behavior of a single particle is
well understood,®® recently the investigation of the role of
diffusiophoresis in determining emerging behavior in colloidal
suspensions, including self organisation and collective pheno-
mena, is attracting increasing interest. This surge of interest is
determined by the increasing awareness that the role of diffusio-
phoresis could be more widespread than expected in natural and
artificial systems.’"'? Indeed, very recent work has shown the
important role played by it in outstanding problems such as the
origin of the sharpness of Turing patterns observed in nature in
biological species like the Ornate Boxfish and Jewel Moray Eel.'?
Moreover, the similarity with the chemotaxis of living microorgan-
isms has suggested that the self-diffusiophoresis of active colloi-
dal particles can be used as a model for the collective behavior of
active matter driven by chemical gradients.'"*"* The breadth of
these concepts has been transferred to other disciplines, includ-
ing the social sciences. The mathematical framework for diffusio-
phoresis and chemotaxis has been very recently applied to human
population dynamics, providing insight into migration patterns
influenced by resource availability, safety, and social factors, with
potential applications for studying climate change-driven popula-
tion shifts.'®

2 Methods

2.1 Sample

The sample consists of two liquid phases that are brought into
contact at the beginning of the experiment. The top phase is
always pure demineralised water. The bottom phase is a
suspension of silica nanoparticles with a diameter of 22 nm
(Ludox TMA) and a volume fraction ¢,, dispersed in a mixture
of water and glycerol with a weight fraction ¢,. To investigate
systematically the stability of the system, we explored all the 32
possible combinations (¢, ¢,), where ¢, = 1, 2, 4, and 8% and
¢ = 5, 7, 10, 14, 20, 28, 40, and 56%.

2.2 Experimental setup

The experimental setup is designed to study the evolution in
time of a horizontal interface between two miscible liquids that
at the initial time has a minimum amount of perturbations.
To obtain a sharp and unperturbed interface, we used a liquid
bridge cell."” Two microscope glass slides were prepared, each
with a 37 pl drop. The drop on the bottom slide contained
the water-glycerol-Ludox mixture, while the drop on the top
slide contained only water. The two slides were positioned

Soft Matter, 2025, 21, 2578-2585 | 2579
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Fig. 1 Schematic representation of (a) the liquid bridge cell operation and
(b) the shadowgraph optical setup. (a) A droplet of water and a droplet of
the water—glycerol-ludox mixture are deposited on two separate micro-
scope slides and kept apart (top panel). For t > 0, the two droplets are
brought into contact, forming a liquid bridge (bottom panel). Over time,
the two liquid phases diffuse into each other. (b) Shadowgraph optical
setup: light emitted by an LED is collimated using an achromatic doublet
(lens A), passes vertically through the liquid bridge cell, and is demagnified
by a second lens (lens B) onto a CMOS camera.

horizontally so that the two drops faced each other as shown in
Fig. 1(a). A 0.95 mm thick rubber spacer with a central hole for
the drop was placed on the lower slide. Using a mechanical
system, the upper slide can be lowered enough to rest on the
rubber spacer. The contact allows the formation of a liquid
bridge with an interface between the two liquids which, after
rapid settling, becomes sharp and free of visible disturbances.

After bringing the droplets into contact, the refractive index
variations in the fluid are recorded with a camera. All the
components are aligned vertically (Fig. 1b) and kept fixed to
an optical column. The light source at the bottom of the
column is a super-luminescent diode from SUPERLUM (SLD).
The diode emits high-intensity light radiation of wavelength
A =670 £ 13 nm and is coupled to an optical fiber. The SLD
Current and Temperature Controller operating console which
powers the diode makes it possible to regulate the light
intensity. The diode is mounted on a support which allows it
to be micro-metrically shifted. An achromatic doublet of focal
length =20 cm (lens A, Fig. 1b) is placed at distance f from the
diode and collects and collimates the diverging rays. The lens is
followed by the sample cell fixed 29.5 cm above, and by a
second achromatic doublet (lens B, Fig. 1b) with focal length
f=5.0 cm that reduces the image size by a factor of 0.5 on a
camera placed at a distance of 7.5 cm at the top of the column.
Lens B conjugates the plane of the sensor with a plane located
at a defocusing distance z = 4.0 cm from the sample. Each
component is mounted on a support that allows its fine move-
ment necessary for a good alignment.

2.3 Image processing

A suitable method to characterize the onset of instability is to
determine the time evolution of the relative variance of images

2580 | Soft Matter, 2025, 21, 2578-2585
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defined as follows:

((r(x,0) = 1(x.1))°)
a0y

where I(x, ¢) is the luminous intensity of the pixel at position
x = (x, y), while (I(x, ¢)) is the average of the luminous intensities
computed over all the pixels in the image.'® The variance
quantifies the contrast of the image, where dark regions are
associated with low colloid concentration and light regions
with high concentration. Qualitatively, this translates into the
fact that, in the presence of a convective pattern, the variance is
larger than that in a stable phase where the distribution of
colloids is homogeneous. By evaluating the variance for each
image in a given sequence, it is possible to graph its trend as a
function of time, thus highlighting the onset of a convective
instability."® This procedure is rather robust and does not
require an accurate selection of a region of interest covered
by the sample. In fact, it works very well even when the images
include the regions surrounding the sample. The reason
behind its reliability is that, since we are interested in the time
evolution of the variance, the regions where the sample is not
present provide a static contribution to it and do not contribute
to its variations.

o?(1) =

(2)

2.4 Computational methods

We supplement the experimental investigation with a theo-
retical analysis of the conditions leading to the evolution of the
base state of the system towards an instability. Since the
geometry of the experimental sample can be approximated
with a cylinder of height 2 = 0.95 mm and diameter d > h,
we introduce a 1D reference system with the Z-axis pointing
upward. Following standard treatments, the equation for
the evolution of the concentration profile ¢(z, ¢) of the water-
glycerol mixture according to ref. 4 is:
e A ®)
The diffusion coefficient Dy of the mixture and its density p
depend on the concentration c of glycerol. In the concentration
range of interest in this study they are well approximated by
the linear relations Dg(c) = Dys + ¢c and p(c) = po + fc, where
Dys = Dg(0) = 1.025 x 107> cm? s~ * is the diffusion coefficient of
the water glycerol mixture in the limit of infinite dilution,
e =-1.308 x 107> em® s, py = 0.997 g cm* is the density
of pure water and f = 0.230 g cm ™ >.*°
The equation for the diffusion of the colloidal particles can

be written as follows

e o

- =V |D:Vo + —DC(pV(pC) ) (4)

ot Po
where ¢ is the volume fraction of the colloidal particles, and
D, = kgT/(6mna) is the Stokes-Einstein diffusion coefficient of
the colloid. Here, kg is the Boltzmann constant, a is the radius
of the colloidal particles, and 7 is the shear viscosity of the
mixture. The diffusion coefficient D, in general depends on the

This journal is © The Royal Society of Chemistry 2025
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concentration of glycerol ¢ through the shear viscosity #.
In the case of the water—glycerol mixture investigated in
this study the dependence of # on ¢ can be expressed by
the empirical formula # = nﬁvn;’f', where 1, and 7, are
the shear viscosity of pure water and glycerol, respectively,
yéc(l —¢)
wc+E(1—c¢)
dimensionless constants y = 0.705 and & = 2

The second term between square brackets in eqn (4) repre-
sents the diffusiophoretic flow of colloidal particles induced by
the gradient of the molecular solute. In writing eqn (4), we
have adopted the formalism where the diffusiophoretic coeffi-
cient « is dimensionless. In our simulations, « is a free para-
meter, but in ref. 7 it has been proved reasonable to assume
o &~ Dg¢/D. ~ 100 as long as the colloid volume fraction in the
system is small, that is when the inter-colloid interaction is
negligible. This finding is consistent with observations
reported within the context of colloid diffusiophoresis driven
by the concentration gradient of an electrolyte.

Since the bottom and top walls of our experimental setup
can be assumed as impermeable, we apply the Neumann
boundary conditions (0¢/0z),—g = (0¢/02),-, = 0 and (0¢/02),—o =
(0¢/02),-, = 0 to eqn (3) and (4). For any combination of ¢,
and ¢y, we solve numerically the system of eqn (3) and (4)
using the PDE solver of Matlab 2023 and obtain the time
evolution of the concentration profile c(z, 7) of glycerol
and ¢(z, 7) of the colloid. Crucial to understand if the system
evolves towards an instability is to monitor the vertical
variation of the density profile p. For any pair c(z, ) and ¢(z,
1), the corresponding profile of the fluid density can be
expressed as’

and y=1—-c+ is a weighting exponent, with

21

p(e, d) = po + (pL — po)d + (1 — P)c, (5)

where pp = 2.2 g cm™? is the density of a single colloidal
particle. If, at a certain time, the density profile p of the
suspension has developed a local minimum p,, at height
Zmin, followed by a local maximum py,ax at height z0x > Zmin,
gravity acts to pull denser fluid parcels between z,;, and Zpax
from top to bottom. By contrast, the suspension remains
gravitationally stable in case p is always a monotonically
decreasing function of z. To characterize the stability of the
density profile we adopt the seminal approach proposed by
Howard to investigate the onset of boundary layer convection.>?
Basically, in the case of a growing boundary layer one can
determine a Rayleigh number associated with it and estimate
when it exceeds a threshold value. As stated by Howard, this
approach “is right in spirit” and, although not strictly rigorous,
provides the right orders of magnitude of the quantities
involved in the process. For the suspension of colloidal parti-
cles investigated by us, the stability of the density profile can be
quantified by means of the solutal Rayleigh number defined in
eqn (1). The suspension undergoes convection only in case Rag
reaches a threshold value Rag, whose precise value depends on
the system under consideration. In our case, we use the value
Ra§ = 27n* /4 associated with isothermal and free boundary

This journal is © The Royal Society of Chemistry 2025
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conditions.®?**

Although this choice of the critical Rayleigh
number is arbitrary because in our system the boundary con-
ditions change in time and are not well defined, it allows us to
establish an order of magnitude estimate of Rag, in line with

the spirit of the method proposed by Howard.

3 Results and discussion
3.1 Experimental results

For each of the 32 possible combinations of (¢, c,), we collected a
sequence of shadowgraph images, starting from the initial event
when the two droplets were brought into contact. In all of
the experiments, perturbations appeared immediately after the
droplets merged to form a liquid bridge and rapidly faded away in
a time of the order of 20-30 s because of the strong gravitational
stabilisation determined by the density profile of the colloidal
suspension and of the glycerol solution.

Inspection of the time evolution of the images, accompanied
by the related graph of the time evolution of the variance,
allowed us to identify two major classes of behavior, schema-
tically shown in Fig. 2. The first class is represented by the
samples that remained stable (Fig. 2a). In this case, the
appearance of perturbations when the droplets are brought
into contact is accompanied by a sudden increase of the relative
variance (Fig. 2c¢ orange line), followed by a rapid monotonic
decrease and by a long phase where the images do not show the
appearance of convective patterns and the variance remains
constant. This regime is compatible with a diffusive mixing
of water, glycerol, and colloidal particles. In fact, under the
conditions adopted for these experiments, from the macro-
scopic point of view, the diffusion process is homogeneous
in the horizontal direction, because the only variations of the
concentration are due to the stratification of the sample in
the vertical direction. Since the light beam propagates in the
direction parallel to the concentration gradients, diffusive
remixing does not produce any variation in the contrast of
the images. The second class of behavior is represented by the
samples that exhibited the onset of a transient convective
instability (Fig. 2b). Here, after a sudden increase and decrease
in the variance when the droplets come into contact, the
sequence of images shows the appearance of cellular patterns,
accompanied by a gradual increase of the relative variance
(Fig. 2 blue line), which reaches a peak in a time of the order
of a few hundred seconds and then gradually decreases back to
a value compatible with the absence of perturbations. Interest-
ingly, from a comparison of the patterns shown in Fig. 2a and b
at time ¢ = 0 one can appreciate that the initial perturbations
determined by the mechanical shock induced by the merging of
the two droplets are stronger in the stable case of panel (a). This
is due to the fact that initially the gravitational stabilisation
determined by the stable stratification of glycerol is much
weaker in the case of panel (a), due to the smaller gradient of
glycerol in comparison to that of panel (b).*?*

A systematic classification of the stability of the sample
allows us to build a diagram mapping the stability of the

Soft Matter, 2025, 21, 2578-2585 | 2581
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Fig. 2 (a) Image sequence collected for a stable configuration with co = 14% and ¢ = 1.0%: transient disturbances appear shortly after the droplets are
brought into contact at t = 0, and rapidly fade away for t > 80 s leaving place to a stable state. (b) Onset of solutal convection in a sample with co = 56%
and ¢o = 4.0%: the perturbations generated after contact at t = O last a few seconds, and are less pronounced than in (a) as a consequence of the strong
gravitational stabilisation determined by the glycerol and colloid concentration gradients. The initial short transient is first followed by a stable phase
(t < 180 s), then by the development of a convective instability peaking at t = 250 s, and finally, by another stable phase (t > 500 s). (c) Temporal evolution
of the relative variance for both measurements shown in (a) (orange) and (b) (blu). X markers indicate the variance values for the images presented in (a)

and (b). The spatial scale in (a) and (b) corresponds to the scale bar of 0.6 cm in (a).

system for all the combinations of (¢, co) (Fig. 3). The diagram
is characterised by a broad stable region for small concentra-
tions of glycerol, independently of the concentration of colloid.
Increasing the concentration of glycerol at fixed ¢, determines
the transition into a region of instability for values of ¢, larger
than ¢ ~ 30%. At each fixed value of ¢,, the transition occurs
within a different range of concentrations of glycerol.

3.2 Computational results

To achieve a basic understanding of the stability of the system,
we first linearised eqn (3) and (4) and solved them with the
method described in ref. 7 to determine when the density
profile develops a local inversion, leading to the development
of a diffusiophoretic convective instability. By adopting this
procedure, we are able to obtain a threshold of the instability in
the range of values of (¢, ¢,) compatible with the experimental
results shown in Fig. 3 only by assuming that the diffusio-
phoretic coefficient o exhibits a strong dependence on the
volume fraction of the colloid ¢. More in detail, reproducing
the experimental results at ¢, = 1%, 2%, 4%, and 8% requires

8 Xxxx x ‘x\ é\ @ O
\\\ : IS
° 4 XX %X X X ) p o
o ////' > >
< 2 XX X X > ® ®
1 XX X X X *x\ b\ O -
10 28 40 56
o
Sy %

Fig. 3 Stability diagram, highlighting the existence of two distinct regions:
a stable region (orange) and an unstable region (blue). The spline lines
mark the boundaries of a threshold strip (green) in which, for each ¢, the
threshold value of cq lies.
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assuming that « = 175, 125, 75, and 50, respectively. In a
previous publication, we have speculated that this marked
dependence of o on ¢, could be due to the fact that the
diffusiophoretic coupling in eqn (4) does not take into account
the interactions between colloidal particles.” In this work we
bring this hypothesis to a critical test and check whether
solving the nonlinear eqn (3) and (4) allows one to obtain
results compatible with a single value of o, irrespective of the
concentration of the colloid.

We solve numerically the nonlinear eqn (3) and (4) and
determine the concentration and density profiles for each
combination of (¢, ¢y). Examples of these profiles are shown
in Fig. 4 for two meaningful cases where the sample is stable
(panels a-c, ¢, = 0.01, ¢, = 0.2) and unstable (panels d-f,
$o = 0.01, ¢y = 0.4).

At t = 0 the system is in its initial configuration: both the
glycerol and the colloids lie on the bottom of the sample
and are absent from the top (Fig. 4(a), (b), (d) and (e)). The
corresponding p decreases monotonically as a function of z,
and the system is consequently gravitationally stable (Fig. 4(c)
and (f)). At ¢ > 0 glycerol starts to freely diffuse upwards.
Whether or not the system undergoes an instability strongly
depends on the value of ¢,. In case ¢, is small, the upward
diffusion of colloids is weakly affected by the glycerol concen-
tration gradient (Fig. 4(b)). Correspondingly, the density profile
p decreases monotonically as a function of z for any time ¢ > 0
(Fig. 4(c)) and the system remains always gravitationally stable.
By contrast, when ¢, is large, the glycerol concentration gradi-
ent determines an upward diffusiophoretic flux of colloids
(Fig. 4(e)) which has relevant repercussions on the density
profile of the suspension. For ¢ > 700 s, p starts displaying
a local inversion of its slope, which becomes critical when
Rag = Rag (Fig. 5(a)). Remarkably, the diffusiophoretic-
induced migration of colloidal particles mostly occurs within
the bottom region of the sample (the inset of Fig. 4(b) and (e)).
As a consequence, the local minimum and maximum devel-
oped by the suspension density profiles lie within the bottom

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Vertical profiles of glycerol mass fraction c/cq (a) and (d), colloid volume fraction ¢/¢q (b) and (e) and densitys p/po — 1 computed via egn (5) (c)
and (f) at several times t (see the legend). Profiles of ¢ and ¢ have been obtained by solving eqn (3) and 4 at fixed diffusiophoretic coupling o = 125, with
initial conditions ¢o = 0.01, co = 0.2 (a)-(c) leading to a gravitationally stable configuration, and ¢o = 0.01, co = 0.4 (d)-(f), leading to an unstable
configuration. The insets of panels (c) and (f) show the temporal evolution of the density profile in the region 0 < z/h < 0.5, at times t = 633, 700, 970 s.
In this interval of time, p starts displaying a critical local inversion of its slope in case cq = 0.4 (f) while no critical inversion occurs in the case co = 0.2 (c).

region of the sample (the inset of Fig. 4(c) and (f)). While the
maximum pma, develops around zp,./2 =~ 0.4 and remains
roughly located at this height as a function of time, the position
Zmin Of the minimum p,,,;, moves towards the bottom wall z ~ 0
when the system approaches the threshold for convection.
Consequently, the variation Az = Zyax — Zmin 1S always quite
large. In particular, Az is typically one order of magnitude

larger than the variation Ap = pmax — Pmin, and therefore is
mainly responsible for the increase of Ras.

For each fixed value of ¢,, this analysis allows us to
determine the range of values of ¢, where the system becomes
unstable. This is achieved by calculating the time evolution
of the solutal Rayleigh number Ras to assess whether it
reaches the critical value Rag (Fig. 5). Within this procedure,

a) ¢ =001 e) | |
5 [Ja Range
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* 0
n?: e e
~
Qg 05 130
0
0 1000
c) ¢o = 0.04 S
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%o

Fig. 5 (a)-(d) Time evolution of the solutal Rayleigh number associated with the density profile of the base state (Fig. 4) for the four volume fractions ¢q
of the colloid. When Rag exceeds the threshold value Rag (dashed line), the system becomes unstable against convection. In each panel, the Rayleigh
number is calculated numerically at three glycerol concentrations cqo (see the legend in a). For each value of ¢o, we adjusted the value of the
diffusiophoretic coefficient o until the curves in panels (a)—(d) reproduced the experimentally observed treshold of the instability (Fig. 3). Panel (e) shows
for each concentration of colloid ¢ the range of values of « compatible with the range of values of ¢y observed experimentally where the threshold of
the instability falls. The black points indicate the « values used to compute Rag in panels a—d.
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the diffusiophoretic coefficient « is a free parameter, and we
adjust its value until the system becomes unstable in a range of
values of ¢, compatible with the one observed experimentally
(Fig. 3). We find that an agreement between the experimental
and computational results is achieved when o =~ 125 at
b0 = 1%, 2%, and o = 105 at ¢ = 4%, 8% (Fig. 5(e)). This is a
remakable finding, because it shows that including the non-
linear terms in the equations for the base state of the system
allows us to obtain results fully consistent with a value of o of
the order of D/D.. and strongly suggests that the interactions
between colloidal particles do not significantly affect the diffusio-
phoretic process in the range of concentrations explored by us.

3.3 Discussion

The stability diagram shown in Fig. 3 provides clear evidence
that the diffusiophoretic convective instability reported in ref. 7
can be tamed using an initial condition where both the colloid
and the molecular solute are initially localized in the bottom
half of the system (while the upper half is pure water), and both
contribute to the gravitational stabilization of the sample.
Adjusting the concentrations of glycerol and colloid, we identify
distinct stable and unstable regions, the instability threshold
being primarily determined by the glycerol concentration cj.
Notably, choosing ¢, below this threshold completely sup-
presses the instability. This emergence of a threshold is a novel
result, absent in the previous study with an initially uniform
colloid distribution.” The threshold represents a balance
between two competing effects: the gravitational stabilization
due to the stratified density profile and the destabilization
caused by the diffusiophoretic accumulation of particles. Inter-
estingly, both effects depend linearly on the glycerol concen-
tration gradient Vc. As a result, varying V¢ alone should not
alter the balance between these two competing effects, meaning
the system should remain consistently in the stable or unstable
region of the stability diagram, independently of c¢,. The
existence of a threshold suggests an underlying non-linear
dependence on V¢, which is not immediately apparent.
To uncover the physical mechanism behind this unexpected
behavior, it is worth analysing in more detail the computational
results in comparison to the experimental ones, performing a
critical discussion of the differences between the case of an
initially uniform colloid distribution and the one discussed in
this work, where the colloid is initially accumulated in the
bottom phase.

The computational results show that at the beginning of the
process the glycerol concentration gradient is different from
zero only in the small region close to the center z/k = 0.5 of the
sample. Within this same region, the concentration of colloid
undergoes an abrupt decrease from ¢, to 0. As a consequence,
the diffusiophoretic flux ~ ¢(2)Vc(z) is initially very weak and
there is almost no induced migration of the colloids. Under
these conditions, the density profile monotonically decreases
as a function of z. As a consequence of the diffusion of glycerol,
its concentration gradient gradually extends to a wider region
of the sample. When it extends to a region close to the bottom
of the sample, the migration of colloids becomes significant.
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However, the gradient has become weaker, such that only if it is
strong enough at the beginning of the process, the migration is
able to generate a local inversion of the density profile. This
scenario may provide a physical explanation for the experi-
mentally observed threshold of ¢, below which convection is
inhibited. Quite interestingly, it is different from the one
found in ref. 7. There, as a consequence of the initial uniform
distribution of colloids, the diffusiophoretic induced migration
starts soon when the glycerol concentration gradient is the
strongest and the sample becomes always unstable.

4 Conclusions

In this work we have investigated the stability against convec-
tion of a suspension of Brownian particles dispersed in a
mixture of water-glycerol. When a bottom horizontal layer of
the solution is brought into contact with a top layer of pure
water, the two layers should mix through a double diffusive
process because any convective motion is inhibited by the
stable density profile determined by the stratification of the
molecular solvent and of the colloidal particles. This stability
should increase by increasing the concentration of the colloid
and that of the molecular solute. In contrast, we observe that
increasing the concentration of glycerol above a threshold
¢y ~ 0.3-0.4 leads invariably to the onset of a transient solutal
convective instability. We model the time evolution of the base
state of the system by means of two coupled equations for the
diffusion of glycerol and that of the colloid. In the absence of
the coupling between the equations the system remains grav-
itationally stable indefinitely, until it reaches equilibrium.
Instead, when a diffusiophoretic coupling term is introduced
in the equation for the diffusion of the colloid, the system
can undergo a local inversion of the density profile. We have
investigated numerically the stability of the base state deter-
mined by this local inversion and shown that it depends
critically on the initial concentration of the molecular solute
and on the value of the diffusiophoretic coefficient o. The good
agreement between the experimental and theoretical results
provides compelling evidence that a diffusiophoretic convective
instability is triggered in the presence of a large gradient of
glycerol, notwithstanding the fact that this gradient contributes
at the same time to the gravitational stabilisation of the system.
We have discussed how this instability can be prevented by
reducing the concentration of glycerol. Our results are of wide
relevance for the fundamental understanding of the gravita-
tional stability of a colloidal suspension dispersed in a multi-
component mixture, with potential implication for biological
and geological systems, for the spread of pollutants and for the
industrial processing of colloidal materials.">>® Moreover, the
understanding of the behavior of complex fluids at various
gravitational levels is becoming increasingly important for the
exploration of space, where the ability to control the stability
and the processing of complex fluids needed for food, fuels,
healthcare and fabrication represents a strategic factor.” Within
this context, the understanding of the stability of multi-component
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fluids undergoing cross-diffusion and diffusiophoresis represents
a challenging and yet largely unexplored front of research.”®
Beyond these applicative aspects, several recent works have
provided compelling evidence that a fundamental investigation
of the emergent behavior determined by diffusiophoresis in
colloids could serve as a model for natural processes such as
pattern formation in the hide of animals,'® and for a funda-
mental understanding of more complex dynamical systems
where the migration of entities is driven by a gradient of
resources," including the chemotaxis of microorganisms and
the spread of human populations.*®
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