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ARTICLE INFO ABSTRACT

Keywords: Liquid mixtures are fundamental model systems for the investigation of non-equilibrium processes because they
Microgravity exhibit stable or unstable configurations due to their density stratification, determined by the interplay of their
Diffusion

temperature and concentration profiles. The microgravity conditions on platforms like the International Space
Station (ISS) provide a unique environment to research multicomponent mixtures under stable conditions,
minimizing convective motions. Projects like IVIDIL, SCCO, and GRADFLEX have advanced the understanding

Soret effect
Cross-diffusion

Diffusiophoresis
DCMIX P of diffusion and thermal diffusion in binary mixtures, triggering the development of specialized research
NEUF-DIX facilities needed for the investigation of multi-component mixtures. The DCMIX project was pivotal in this area

because the investigation of thermodiffusion in ternary mixtures demonstrated the importance of microgravity
for a precise determination of the transport coefficients. Based on DCMIX’s success, the Giant Fluctuations
project (also called NEUF-DIX) will investigate diffusion processes in complex fluids at the mesoscopic scale,
including polymers, colloids, and proteins. A significant revelation from these space projects is the emergence
of the role of phenomena like cross-diffusion and diffusiophoresis in ternary mixtures. In fact, these phenomena
are especially pertinent to space exploration, where understanding the stability of liquid mixtures is crucial for
the endurance of pharmaceuticals, food ingredients, and construction materials during missions to the Moon
and Mars. Control over the stability of these mixtures is essential to prevent phase separation and aggregation
in complex fluids and to process these substances in space under defined conditions.

1. Introduction the Soret coefficient is positive or negative. The case of a negative

Soret coefficient is of particular interest, because when the system is

Liquid mixtures represent an important model system for the inves-
tigation of non-equilibrium processes [1]. The non-equilibrium condi-
tion is typically represented by the presence of a concentration profile
inside the mixture. This concentration profile is associated to a density
stratification of the mixture, which in the presence of gravity can be
either stable or unstable. In the stable case, the density of the mixture
decreases monotonically with height and the system undergoes a purely
diffusive process. Conversely, the unstable case corresponds to the
configuration where the density profile is top-heavy, which can lead
to the onset of a convective instability. The presence of a temperature
gradient inside the mixture determines a further control parameter that
significantly alters the stability of the mixture. This is due to the fact
that the temperature gradient induces a mass flow j; = pDS;w;(1 —
w;)VT inside the mixture due to the Soret effect. Here p is the density
of the mixture, D the diffusion coefficient, w the weight fraction, Sy
the Soret coefficient and T the absolute temperature. Under these
conditions, the stability of the mixture largely depends on whether
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heated from above, a configuration that would be stable in a single
component fluid, the Soret effect can determine the formation of a
top-heavy density profile, leading to the onset of a solutal convective
instability [2].

1.1. The microgravity era of space research

Multicomponent mixtures in the presence and in the absence of
thermal gradients are an important model system for the fundamen-
tal understanding of how the competition between antagonist effects
affects the stability of the system. At the same time, they are largely rel-
evant for practical applications such as the oil recovery and petroleum
industry, chemical engineering, the food and beverage industry, the
pharmaceutical industry, and material science. During the micrograv-
ity era of research in space, the fact that their stability is largely
affected by the presence of gravity made them largely investigated
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under reduced gravity conditions on Low Earth Orbit (LEO) plat-
forms such as sounding rockets, unmanned satellites, and platforms
like the International Space Station [3]. These platforms allowed to
perform experiments under conditions where the transport of mass
inside the mixture is entirely determined by diffusion and thermodiffu-
sion processes, in the absence of convective instabilities generated by
terrestrial gravity. Within this framework, the IVIDIL project investi-
gated the interaction between diffusion and vibrations in microgravity
settings, and revealed that high-frequency periodic forcing leads to
time-averaged flows, profoundly impacting diffusive mass transfer [4].
The SCCO project, supported by petrochemical industries such as TO-
TAL, PETROCHINA, and RIPED, encompassed numerous experiments
across various space platforms with the primary objective of examining
thermodiffusion in multicomponent mixtures under reservoir thermo-
dynamic conditions relevant to the petroleum industry [5-7]. The
GRADFLEX project investigated heat and mass transfer at the meso-
scopic scale aboard the FOTON M3 spacecraft, and provided compelling
evidence that under microgravity conditions these processes involve
significant non-equilibrium fluctuations, limited only by the size of
the sample [8,9]. These space experiments allowed to reach a deep
understanding of diffusive processes under ideal conditions.

To go beyond these ideal conditions, further complexity can be
added to the system by increasing the number of components inside the
mixture. On Earth, this additional degree of freedom of the system can
determine the onset of convective instabilities even in isothermal sys-
tems prepared in the initial condition where the density profile is stable,
either through a double diffusion process where one of the solutes has a
higher diffusion rate than the other, or through a cross-diffusion process
where the concentration gradient of one of the solutes determines a
mass flow of the other. For these reasons, experiments on multicompo-
nent mixtures aimed at the determination of their transport coefficients
can only be performed under microgravity conditions. This was the case
of the DCMIX project backed by ESA and ROSCOSMOS, which aimed to
explore thermodiffusion in ternary liquid mixtures through four space
missions on the International Space Station from 2012 to 2018. DCMIX
enabled a systematic exploration of thermodiffusion in several model
ternary mixtures, expanding the Fontainebleu benchmark previously
established for binary systems [10] and pioneering the establishment
of the first benchmark for ternary mixtures [11].

The DCMIX campaigns allowed to establish the importance of mi-
crogravity conditions for the investigation of multicomponent mixtures
under non-equilibrium conditions, and laid the grounds for the Giant
Fluctuations project (NEUF-DIX) of ESA, which will investigate diffu-
sion processes occurring in complex fluids at the mesoscopic scale. The
Giant Fluctuations project envisions 20 different experiments on mul-
ticomponent polymer solutions, colloidal suspensions and biological
samples under non-equilibrium conditions [12,13].

1.2. The space exploration era

During the last ten years, the priorities of research in space have
been largely modified. While microgravity experiments are still deemed
important to achieve a fundamental understanding of physical pro-
cesses affected by gravity, much of the attention has been shifted to
the exploration of space.

The new vision for the robotic and manned exploration of space
led to the development of the Terranovae 30+ Strategy Roadmap of
ESA [14], which aims to continue experiments in Low Earth Orbit,
land European astronauts on the Moon by 2030, and send Europeans to
Mars by 2040. To identify the new priorities of space research needed
for the definition of the Terranovae 30+ program, the European Space
Agency collaborated with teams of scientists on the preparation of
White Paper summarizing outstanding research topics that could be
tackled with Low Earth Orbit platform, or during long term missions
on Moon and Mars [15]. The White Paper on Soft Matter and Bio-
physics covered topics such as diffusion in liquid mixtures, nucleation
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and structures, soft particles dispersions, granular materials, complex
plasmas, active matter, and the physical and biophysical aspects of
morphogenesis [16]. Among these, the understanding of diffusion in
liquid mixtures in the presence and in the absence of external fields
and reactions represents a challenging topic of strategic relevance for
space exploration. The investigation of diffusive processes, including
thermodiffusion, cross-diffusion and double diffusion, at the meso-
scopic scale is becoming increasingly important for the understanding
of mass transfer in confined systems [17]. The White Papers served as
input to identify outstanding scientific questions. However, addressing
all these questions would require a huge amount of resources and is
not feasible in practice. For this reason, the European Space Agency
collaborated with an interdisciplinary team of scientists to work on
the identification of a few Spotlights of general relevance that could
represent the backbone of future plans. This led to the identification of
two scientific questions of wide relevance in the fields of Soft Matter-
Biophysics: (i) How does matter mobilize, move, settle and arrest in
space environment and how do these processes affect its transport,
processing and storage? (ii) What principles govern the transition from
small to large and from short-term to long-term scales in complex
systems (such as planetary atmospheres, biological ecosystems, soft
matter)?

Within this context, the DCMIX and Giant Fluctuations projects have
paved the way for a new era of experiments on liquids of crucial
relevance for the exploration of space. Indeed, the understanding of the
stability of liquid mixtures under various gravity conditions represents
an important strategic factor to guarantee a long shelf life of phar-
maceuticals, ingredients for foods, chemicals for fuel and construction
materials needed during long term space missions on the Moon and
Mars. With this respect, the control of the stability of liquid mixtures
would allow to avoid phase separation and aggregation in complex
fluids. At the same time, these fluid materials will have to be processed
in space when needed, and the ability of controlling mixing in the
presence of external fields assume pivotal relevance for long term
exploration missions.

In the following we will briefly outline the DCMIX and Giant
Fluctuations projects. These two projects have investigated and will in-
vestigate in detail thermodiffusion processes in ternary liquid mixtures,
both at the microscopic and mesoscopic length scales. An important
result of these studies on multicomponent systems is the emergence
of a new phenomenology determined by cross-diffusion and diffu-
siophoresis. In cross-diffusion a gradient in the concentration of one
component of the mixture induces a flux of another component, while
in diffusiophoresis the concentration gradient of a molecular solute
induces a flux of colloidal particles or macromolecules dispersed in
a multi component solvent. Both these processes significantly alter
the gravitational stability of a multicomponent mixture with respect
to the case of a binary one, where rather generally a gravitationally
stable mixture remains stable in time, with a few notable exceptions
such as the carbonation process. Since multicomponent mixtures under
nonequilibrium conditions are ubiquitous in geological and biolog-
ical systems, we think that the investigation of cross-diffusion and
diffusiophoresis represents a new important scientific frontier largely
relevant for space exploration, where multicomponent fluids present
in organisms, in technological materials, food and in the destinations
of the space travels will be subjected to various levels of gravity, and
we will dedicate part of this manuscript to the presentation of recent
results in these fields.

2. DCMIX as the cornerstone of ternary mixture research

A substantial part of the information regarding thermodiffusion in
ternary mixtures available in the literature originates from research
carried out within the DCMIX project. This project included conduct-
ing measurements of transport coefficients in microgravity aboard the
International Space Station (ISS). The European Space Agency (ESA)
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played a leading role throughout the project. The Russian space agency
was actively involved in the project, while Canada’s participation was
limited to the initial stage. The experiments on the ISS were carried
out between 2012 and 2018 and the DCMIX project was closed by the
end of 2021. Four campaigns of the DCMIX experiment were targeting
several different ternary mixtures. The systems investigated on the
ISS comprised hydrocarbons (DCMIX1) [18], highly nonideal mixtures
with demixing zone (DCMIX2) [19], and hydrogen-bonding systems
(DCMIX3) [20]. An exploratory campaign (DCMIX4) [21] included
three cells of DCMIX2 mixture at compositions closer to the demixing
zone and complex fluids; one cell with the solution of C60 fullerene in
tetralin-toluene solvent; while another two cells (ternary and binary)
fluid consisted of a solution of polystyrene in toluene-hexane solvent.
The acquired knowledge indicates the general research direction for
investigating ternary mixtures through several pathways. These paths
include determining optical contrast factors and the mass diffusion
matrix, as well as measuring the Soret coefficients using different
techniques. The initial two paths serve as prerequisites for pursuing the
third. While the condition number of the optical contrast factors matrix
determines the feasible mixture compositions for measurement [22],
the diffusion matrix enables obtaining the definitive values of the Soret
coefficients. Conducting systematic thermodiffusion experiments in mi-
crogravity is constrained by the limited availability of experimental
time and the significant costs associated with such efforts. The DCMIX
experiments carried out onboard the ISS have stimulated ground-based
research, and ternary systems have been studied from a combined
experimental, numerical and theoretical perspective.

3. Giant fluctuations: understanding diffusion in complex systems
at the mesoscopic scale in microgravity

The ESA’s GRADFLEX experiment demonstrated that under micro-
gravity condition, a stationary thermodiffusion process exhibits large
non-equilibrium fluctuations, with sizes comparable to the sample it-
self [9,23,24]. While small concentration gradients can be described
using linearized hydrodynamics, these linear models are inadequate
for most practical applications and are limited to ideal conditions.
Therefore, a key objective of the Giant Fluctuations project of ESA is
to explore these fluctuations under non-ideal conditions, such as large
gradients, transient processes, and concentrated samples. Additionally,
the project aims to understand how these fluctuations influence the
interactions between macromolecules, which may be affected by ther-
mal forces resulting from the confinement of non-equilibrium fluctua-
tions [25,26]. The project will investigate non-equilibrium fluctuations
in complex fluids, including multicomponent mixtures with a polymer,
colloidal suspensions, and protein solutions. To support this research,
a dedicated facility has been developed, featuring an array of four
shadowgraph optical instruments operating in parallel, each equipped
with a thermal gradient cell and a two-color shadowgraph setup [12,
13]. Each cell allows to apply to the sample a temperature gradient
up to 25 k/mm. The shadowgraphy optical diagnostics illuminates the
sample with the collimated violet and red radiation emitted by two
super-luminous light sources. Local maxima and minima in the index
of refraction determined by temperature and concentration fluctuations
give rise to bright and dark regions in the shadowgraph images. The
processing of sequences of shadowgraph images allows to attain a fully
quantitative statistical characterization of the static and dynamic prop-
erties of the fluctuations [27]. Similarly to what has been achieved with
two-color interferometry in DCMIX, the utilization of two light sources
with well separated wavelengths allows to separate the contributions
of the different component of the mixture to the optical signal, due to
the different dependence of the components from the wavelength of
the radiation. The processing of the large number of images acquired
during each experiment will take advantage of innovative parallel
algorithms that allow to achieve real time processing [28].
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On Earth, the stable density stratification of the mixtures deter-
mined by gravity determines a rich phenomenology of the non-
equilibrium fluctuations. In fact, long wavelength fluctuations are
quenched by the gravity force, which can lead to oscillations and
propagating modes that can be also studied using macroscopic model
systems [29]. The fact that the amplitude and the relaxation times of
the non-equilibrium fluctuations are related to the transport coefficients
allows to achieve a reliable determination of the latter by means of a
statistical characterization of the fluctuations [30,31]. In the presence
of a strong stratification of the mixture, nonlinear behavior can emerge
during isothermal diffusion [32] and thermodiffusion [33]. Under these
conditions, the distribution of relaxation times of the fluctuations deter-
mines a non-exponential relaxation of their time correlation function,
requiring the developments of suitable interpretative models where
the nonlinear effects are considered. A case of particular interest is
represented by binary and ternary mixtures characterized by at least
one negative Soret coefficient. In these cases, when heating the sample
from above, the unstable solutal contribution to the density gradient
competes with the stable thermal contribution, giving rise to nontrivial
dynamics. In the case of colloidal suspensions with negative Soret
coefficient, this competition between the solutal and thermal mode can
give rise to a bistability of the heat transferred [34,35] accompanied
by transient localized rotating patterns [36]. In the case of ternary
mixtures, two solutal modes with opposite Soret coefficients can also
compete and give rise to transient convection [37]. Due to the complex
interplay between the thermal and solutal modes, ternary mixtures are
characterized by a rich stability diagram and the theoretical description
of non-equilibrium becomes challenging. With this respect, a complete
theoretical description has been achieved for the nonequilibrium fluctu-
ations in a ternary mixture under the action of a stationary temperature
gradient, when the quiescent non-convective state is stable [38].

4. Role of cross-diffusion on emergence of instabilities in ternary
mixtures

Most existing research primarily deals with straightforward cases
involving regular diffusion. However, cross-diffusion represents a sig-
nificant phenomenon to understand the dynamic behavior of multicom-
ponent systems. This is due to the fact that it reveals the directional
movement of species, and is widely observed in chemical, biologi-
cal, and physical systems. In perspective, understanding the impact
of cross-diffusion on mass transport in mixtures containing multiple
components is an important area for future study. In this section,
we will briefly discuss recent discoveries regarding cross-diffusion and
suggest possible avenues for further research.

In ternary mixtures, three species interact through cross-diffusion,
where each species is not only transported by its own concentration gra-
dient, which actually serves as the driving force for transport, but also
influenced by the concentration gradients of the other two species. The
focus of our research is on the toluene (T)-methanol (M)-cyclohexane
(Ch) ternary mixture, studied both on-board the ISS (DCMIX2 mixture)
and in ground laboratories, see Fig. 1. The integral studies revealed that
depending on composition, the cross-diffusion coefficients D; ;,i,j =
1,2 can be as large as the main ones D,;,i = 1,2. This mixture
also exhibits the Soret effect and the studies showed that the Soret
coefficients of the denser components are negative in a wide range
of compositions that result in the hydrodynamic instability in non-
isothermal gravity field. In addition, in the region of compositions with
large cross-diffusion, the Soret and thermodiffusion coefficients exhibit
opposite signs. This is the first mixture where such disparity was found
due to on-orbit experiments. Note that in binary mixtures, the signs of
the Soret and thermodiffusion coefficients are the same. Our attention
lies on the state point A with composition T-M-Ch=[(0.62 - 0.31 - 0.07]
in mass fractions, which are located on the border of hydrodynamic
stability and its surroundings. Such point is characterized by a nearly
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Fig. 1. The toluene-methanol-cyclohexane mixture. (a) Investigated points to detect the Soret effect: during DCMIX2 (red circles) [19,39], during DCMIX4 (blue circles) [21] and
in the laboratory (small gray circles) [40]. The shaded area represents the demixing zone. (b) The color map representing the cross-diffusion coefficient D,,, important for this
study, is derived from the experiments in [41,42]. Present analysis focuses on instabilities at point A with composition T-M-Ch=(0.62 - 0.31 - 0.07) kg/kg and its surroundings.
The arrow indicates the direction of the major change in D, near point A, primarily influenced by variations in methanol content. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

zero net separation ratio ¥ [43], while individual separation ratios y;
are typical,

Y=y +y,, y; = _(ﬁwi/ﬂT)S;",,-’ (€H)
g =1 9p __1lop
w T T s Pr=———% .
pow; To,wo por To,wo

Here, §,,, and pr and are the solutal and thermal expansion coefficients,
respectively. S’T’i = w;(1 —w;)Sr is the modified Soret coefficient. The
T-M-Ch system was explored in the vicinity of point A under three
different conditions. In particular, we discuss the response of the system
under thermal gradient conditions, when the Soret effect becomes
important, i.e., in a thermogravitational column (TGC) [44,45] and
the Soret cell [46]. Under isothermal conditions, the diffusion of two
layers of a mixture of slightly different composition may result in
fascinating pattern formation, influenced by both diffusion and cross-
diffusion processes [47]. In the gravitational field, diffusion can cause
convective patterns in an initially stable system. In this case, diffusion
induces interfacial destabilization either when the component of the
lower layer diffuses faster than the upper one, or vice versa. The most
well-known example describing a double diffusive (DD) instability is
when warmer salt water is over cold fresh water and salt fingers can
occur. The presence of cross-diffusion complicates the phenomenon. In
each of these three cases, the emerging instability exhibits intriguingly
distinct behavior.

4.1. Thermogravitational column (TGC)

The experiments with ternary mixtures were conducted using the
TGC, revealing oscillatory behavior that remained unexplained for sev-
eral months. The absence of supporting numerical studies was primarily
due to the lack of data on diffusion and especially thermodiffusion
coefficients, since the latter can only be measured in a stable system.
This problem has been resolved thanks to the recent DCMIX experi-
ments conducted in space, with particular emphasis on the DCMIX2
experiment relevant to this study [19].

The TGC is a side-heated narrow vertical slot, the sketch of it is
shown in Fig. 2. The horizontal separation of components due to the
Soret effect combined with the vertical convective current leads to
the appearance of vertical concentration gradients. These gradients
reach constant values at the steady state. The establishment of a stable
vertical distribution of heavier components allows the measurement of
thermodiffusion coefficients [48]. However, the hydrodynamic stability
of the system can be violated depending on the characteristics of the
mixture, in particular on the separation ratio [49]. Previous theoretical

Ty T

Fig. 2. The geometry of thermogravitational column and sketch of its working
principle. The liquid is placed in a narrow vertical column, the two opposite walls
of which are maintained at different temperatures. The presence of a horizontal
temperature gradient causes the Soret effect, leading in the separation of components
along the horizontal axis and transported in vertical direction by convection.

studies [50-52] have shown that instabilities can occur in ternary
mixtures regardless of whether the net separation ratio (¥) is positive
or negative. However, the precise nature of instability depends on
the combination of the y; signs of the individual components in the
mixture.

The ground experiments [44], followed by numerical simulations
using the coefficients measured on-orbit [44,45], have revealed the ex-
istence of longwave instability in the M-T-Ch mixture. It was elucidated
that a large cross-diffusion is responsible for its occurrence. Further
analysis has unveiled the emergence of a secondary instability in the
form of a swinging pattern, alongside the dominant large-scale standing
wave.

Fig. 3 illustrates these results and provides evidence of the insta-
bility occurring in the transverse direction in the form of a standing
wave. The system requires some time to attain sustained periodic
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Fig. 3. (Numerical results [44].) Oscillatory behavior of (a) mass fractions w; = (w; = wy) and (b) vertical net mass fluxes J,. of toluene and methanol at point P (shown in
Fig. 2) at D;, = 1.34- 107 m?/s. The green color on the curves for w,,J; illustrates the diffusion phase of a standing wave. The blue color on curves indicates the regions with
the occurrence of swinging instability. Panels (c) and (d) present the evolution of mass fractions w; over the half of a period in transversal direction, consisting of two phases:
fast and slow. To highlight the disparity in the duration different phases, the snapshots at r = 4250, 4450, 4650 and 5450s are not equidistant. The timing of snapshots is shown
by vertical gray lines in panel (a). The first and fourth snapshots constitute half of the period. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

behavior, during which the instability gradually sets in. The waveforms
of curves for toluene (w,;) and methanol (w,) are noticeably different,
with methanol (red curve) clearly displaying two phases of oscillations.
These phases consist of long intervals where the mass fraction (wé)
remains practically unchanged (e.g. at 3400s < ¢ <4000s), followed
by shorter intervals characterized by rapid changes. The observed
rapid changes are associated with swinging instability, which occurs
within the context of a standing wave. The latter takes a longer time
to establish. To highlight different instability modes, the regions of
occurrence of swinging instability are shown in blue on the w,,J;
curves, and the diffusion phase of a standing wave is illustrated in
green.

The feature of a standing wave is the change of rich/poor areas of
analyzed quantity every half of a period. The existence of a standing
wave in the considered system is confirmed by the presence of red
and blue colors on opposite sides in the first and fourth snapshots
(panels (c) and (d)), which constitute half of the period. The difference
in the patterns between the toluene and methanol shown in 2nd and
3rd snapshots indicates that the toluene drives the swinging instabil-
ity. Furthermore, a strong contribution of cross-diffusion effect (D,,)
causes the toluene flux to be opposite to the methanol flux (see panel
b), and this leads to the development of instability. Thus, the large
cross-diffusion D, leading to a mismatch in signs between Soret and
thermodiffuion coefficients, is responsible for a swinging motion of w,
pattern, and, in addition, this is the motor of the entire oscillatory
instability.

Cross-diffusion also plays an important role in determining the
oscillation period. For the state point A with D, = 1.3 -10™° m?/s
(see Fig. 1)(b), the numerical simulations [44,45] yielded a period
of I = 2740s, while experiments [44] exhibited IT =~ 4000s. It
was noticed that the oscillation period increases significantly with de-
creasing D;,. Correspondingly, the discrepancy between experimental
and numerical values was attributed to the inherent challenges in
accurately measuring cross-diffusion coefficients. Subsequent studies
have shown that this difference can be explained by the dependence
of cross-diffusion values on composition of a mixture.

4.1.1. Concentration-dependent cross-diffusion

To further highlight the role of cross-diffusion, we present new
results obtained by conducting simulations incorporating composition-
dependent cross-diffusion. We utilized the numerical code developed
in [44,45]. In order to isolate the effect of cross-diffusion, the remaining
parameters of the system are considered constant. The simulations were

Table 1

List of cases to study the influence of variable diffusion: the mean value D,,, the
arbitrary coefficients « and y in Eq. (2), the amplitude of variation AD, and period
of oscillations 7, when available.

# Dy,/107° a/107° 7/107° AD,,/107° m
m?/s m2/s m?/s m2/s s

1 1.0 16 3.96 0.8-1.2 No Osc
2 1.05 50 14.45 0.425-1.675 4500
2a 1.05 -50 1.655 1.675-0.425 4500

3 1.05 16 3.91 0.85-1.25 No Osc
4 1.08 18 4.505 0.85-1.3 No Osc
5 1.10 20 5.1 0.85-1.35 6000

6 1.30 24 6.14 1.0-1.6 2800

7 1.30 48 13.58 0.7-1.9 3000

8 1.9 32 8.02 1.5-2.3 1200

carried out for different amplitudes of D, variation while maintaining
the mean value constant, and for several mean values

Dp=aw,+y (2)

The coefficients « and y are selected in such a way (see Table 1) that
this equation reflects the dependence observed in the real experimental
data shown in Fig. 1(b). The cross-diffusion coefficient essentially
changes in the direction indicated by the arrow, and this change is
primarily affected by the methanol content. The set of parameters
used in the simulations is listed in Table 1. The w, mass fraction
changes around its original value of w, = 0.31 kg/kg depending on
the considered amplitude of D,, variation. This range of w, values is
outlined on the Gibbs triangle in Fig. 1(b).

Fig. 4 illustrates the impact of variable cross-diffusion on the emer-
gence of instability within the system. The dotted vertical lines indicate
the analyzed amplitude of variation of D, at given mean value of D,.
The blue inclined line marks the region where oscillatory instability is
observed at a constant D;,. From these new results, two conclusions
can be drawn:

(1) Variable cross-diffusion extends the range of oscillatory regime.
Previous findings [44] had shown that under constant cross-diffusion
coefficients, oscillatory instability occurs only within a limited range
of the D, values, i.e. 1.15-10™° m?/s < D, < 2.1 - 107 m?/s.
Beyond this range, the system transitions to a stationary pattern of
either Turing-like or monotonic instability. The intriguing behavior is
observed considering new cases 1-4 in Fig. 4. While under constant D,
or its small variations, this region corresponds to Turing like instability,
when the amplitude of D, is large (as depicted by the green line in case
2) the system is capable of exciting oscillations.
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Fig. 4. Impact of variable cross-diffusion on emerging instability. The vertical lines
show the amplitude of D,, variation at given mean value of D,,, among which
the dashed lines corresponds to oscillatory regime and solid line to the Turing like
instability. The blue dash-dotted line marks the region where oscillatory instability is
observed at a constant cross-diffusion coefficient. The exact values of parameters are
listed in Table 1.

(2) The period of oscillations depends on the amplitude of D,
variations. For example, for constant D;, = 1.3 - 10™° m?/s, the
computed oscillation period is IT = 2740s and for the same mean
value but for small amplitude variation (case 6) I = 2800s and for
larger amplitude variation (case 7) IT = 3000s approaching to the
experimental value T' ~ 4000s [44]. This dynamics is more evident at
smaller D, where the oscillation period showed strong increase on its
variation even at constant value. For example, for D;, = 1.1-107° m?/s
(case 5), the period is IT = 6000 while for extreme value of constant
where oscillation existed (D, = 1.15 - 10~ m?/s), the period was IT ~
4000s.

4.2. Soret cell

Experiments and numerical simulations for the same T-M-Ch system
were carried out in the Soret cell geometry [46]. Unlike observations
using TGC, the system behavior in the Soret cell shows the prevailing
effect of the small net separation ratio over cross-diffusion. The sys-
tem dynamics depends on initial conditions or external perturbations,
revealing metastable behavior. In the case of weak perturbations, the
mixture remains motionless, facilitating the measurement of transport
coefficients, while strong perturbations lead to the development of
convective flow [46]. Fig. 5 illustrates these observations. In panel (a),
the separation of component Aw,; due to the Soret effect is depicted.
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Under weak perturbations (lower branch), the Soret separation reaches
a certain asymptotic value, enabling the determination of the Soret
coefficient. Conversely, under strong perturbations (upper branch),
stationary convection ensues, and the component separation diminishes
to the level of background noise. The emergence of convective flow can
be attributed to local density variations along the gravitational field, fa-
cilitated by the initial perturbation. Panels (b) and (c) illustrate density
variations across the cell for the first two components, elucidating this
behavior.

In the absence of disturbances, both profiles 4p,; and 4p,, are
linear, but have opposite slopes, as shown in panel (b). They effectively
cancel each other out along the entire height of the cell, resulting
in a sum close to zero. Therefore, the hydrodynamic stability of the
system is primarily determined by the thermal field. In the perturbed
solution, panel (c), the stationary convection flow sets in the system,
and the density distribution becomes non-monotonic with height. The
overall density variation (red curve) is much smaller than individual
contributions, but is also affected by flow. The resulting convection
excludes the measurement of Soret coefficients [46].

4.3. Isothermal diffusion

In this section, we briefly discuss the behavior of the same ternary
system with large cross-diffusion under isothermal conditions with the
aim of providing a perspective about new possible research routes.
The diffusion process was studied between two liquids, forming a two-
layered system with a well-defined interface between them [47]. The
initial difference in mass fraction between the layers is denoted as
Aw; = (Wi pottom — Wijtop)- Starting from a less dense solution above
a denser one, two types of diffusion instabilities can be identified.
In the case of double-diffusive convection (DD), a distinctive finger-
like pattern emerges, significantly disrupting the diffusive interface.
Conversely, in the case of diffusion-layer convection (DLC), the initial
contact line maintains its sharp and narrow profile for a considerably
longer duration compared to what would be expected from simple
diffusion.

The presence of cross-diffusion can drive an alternative path to
buoyancy-driven convection in an initially stable system. An example
of such a scenario in the T-M-Ch ternary system is shown in Fig. 6. The
lower part of the graphs corresponds to an instability pattern according
to the Rayleigh-Taylor mechanism, which is delimited from the rest of
the space by the neutral stability curve corresponding to the equation:

3

This curve can be determined using solutal expansions alone, without
the need to solve diffusion equations [47]. Panel (a) illustrates instabil-
ity patterns in the absence of cross-diffusion, showcasing the formation

Ap=Ap +4p, = Aw]ﬂwl + Aw2ﬂw2 =0.
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Fig. 5. (a) Time evolution of heavier component (methanol) separation between hot and cold wall due to the Soret effect in the case of weak and strong perturbations of the
system introduced in the form of a given vorticity value at one point at t = 0; (b,c) Changes in the density across the cell at = 1000s caused by the Soret effect in the first
component 4p,, (blue), in the second component 4p,, (black curve) and their sum 4p = 4p,,, + 4p,, (red curve). (b) no initial perturbations;(c) with initial perturbation. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. The impact of cross-diffusion on the instability patterns occurring in the T-M-Ch system at point A. The map of states (either fingers or diffusion layer convection) in a
ternary system (a) without cross-diffusion; (b) with cross-diffusion. The presence of cross-diffusion switches the location of instabilities between left and right sides.
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Fig. 7. The influence of constant versus variable cross-diffusion on the emerging diffusion patterns shown through the evolution of the toluene and methanol mass fractions
and densities in the T-M-X system a) Cross-diffusion coefficients are constant; (b) D, varies according to Eq. (2). The pictures are taken at + = 600s; the mixture composition
corresponds to the end point of the arrow in Fig. 1(b) (between green and blue regions); the white lines indicate the initial position of the interface. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

of fingers in a large region on the left part of the composition space
and diffusion-layer convection (DLC) in a smaller region on the right.
In panel (b), a similar map is presented with cross-diffusion taken into
account. The instability patterns switch locations: the region of DLC is
on the right, while the increased region of fingers (DD) is on the left.

4.3.1. Concentration-dependent cross-diffusion

In this section we present new results aimed at suggesting potential
research directions and highlighting analogies in dynamics of systems
with cross-diffusion and chemical reactions. We use the same numerical
code as in Ref. [47]. The inclusion of composition-dependent cross-
diffusion further enriches the variety of observed patterns. In this
context, the variable cross-diffusion was incorporated into simulations
using the same approach as in the case with temperature gradients case,
i.e. according to Eq.(2).

Fig. 7 illustrates the contrasting instabilities resulting from constant
and variable cross-diffusion scenarios. Panel (a) gives insight into the

dynamic diffusion behavior in a system characterized by constant
cross-diffusion coefficients. The mass fraction patterns show symmetric
fingers (DD) crossing the initial contact line, creating a wavy structure
in the spatial domain. The central fingers exhibit comparable ampli-
tudes, which gradually increase towards the sidewalls. The observed
convection appears to be quite powerful, and the effects of convective
mass transfer are clearly visible in the density picture.

The diffusion patterns in the system with variable cross-diffusion
display distinct characteristics. First, the mass fraction patterns appear
as two layers of fingers, each with differing amplitudes and featuring
mushroom-shaped heads. Second, these fingers propagate predomi-
nantly in one direction — upwards. Despite this upward growth, the
lower edge of the fingers intersects the initial contact line and descends.

A more detail analysis shows that this pattern emerges due to the
convergence of two depleted zones of low density around the interface.
Such a phenomenon has been observed in systems with chemical reac-
tions and downward displacement was dubbed as a shockwave [53].
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This ‘shockwave’ comprises two density levels separated by a thin
transition region and progresses towards a denser lower layer.

The observation of the downward movement of the lower edge of
the fingers in the ternary system with variable cross-diffusion is par-
ticularly intriguing. It underscores the parallels between such ternary
systems and reaction—diffusion systems concerning the emergence of
instabilities. This phenomenon mirrors aspects of reaction-diffusion
dynamics where similar patterns arise from the interplay of diffusive
and reactive processes. The resemblance suggests a common underlying
mechanism governing the evolution of complex spatial structures in
both types of systems.

5. Role of diffusiophoresis on emergence of instabilities in col-
loidal suspensions

In the presence of a concentration gradient of the solvent deter-
mined by a molecular solute, colloidal particles move in the direction of
the gradient, a phenomenon known as diffusiophoretic flow, which rep-
resents a cross-diffusion effects acting on macromolecules and colloidal
particles. Diffusiophoresis has several similarities with thermophoresis
and it has been proposed that both these two phoretic mechanisms
are driven by an interfacial gradient at the surface of the colloid [54].
The diffusiophoretic drift is not easily explained by classical mechanics
and hydrodynamics because, theoretically, the particles should remain
stationary due to the absence of a global force and due to the no-
slip condition imposed by classical fluid dynamics at the solid-liquid
interface of each particle [55].

Microscopic theoretical models of diffusiophoresis indicate that the
finite thickness of the colloid-solvent interface results in a diffusio-
osmotic process within this layer. This process causes a solvent flow
at the particle surface, leading to particle migration in the opposite
direction [55-57]. Interestingly, the microscopic models are compatible
with a coarse-grained macroscopic description of the process when the
size ratio between the solvent and colloidal particles is small [58].
While phoretic processes like electrophoresis and thermophoresis have
given rise to well-established technological tools for studying and char-
acterizing macromolecules, diffusiophoresis is a relatively new method,
recently gaining attention for technological applications such as mi-
crofluidic colloid separation [59] and three-dimensional particle ma-
nipulation [60]. Furthermore, the ability to modify the surface of Janus
nanoparticles to promote a local solvent reaction has shown poten-
tial for developing self-propelled swimmers driven by a local solvent
concentration gradient [61-63].

To date, most research on diffusiophoretic processes has focused
on understanding the particle motion by modeling the hydrodynamic
processes in the thin Debye layer surrounding them. However, there
has been limited exploration of emergent phenomena resulting from
diffusiophoresis at the macroscopic scale. Understanding the grav-
itational stability of colloidal suspensions is becoming increasingly
important due to their numerous industrial applications and the strate-
gic need to handle and process complex fluids under various gravity
conditions for long-term human space missions to destinations like
Mars and the Moon [17]. While convective instabilities induced by
other phoretic processes, such as thermophoresis, have been exten-
sively studied [64-69], the investigation of convective instabilities
induced by diffusiophoresis has been limited. Within this context,
recently diffusiophoresis has been shown to play an important role
in reaction—diffusion processes, because it provides a mechanism for
the formation and sharpening of concentration gradients, which are
fundamental to the generation of patterns in biological systems [70].
In the context of Turing patterns, which are reaction—diffusion systems
proposed by Alan Turing to explain pattern formation in biological
systems, diffusive transport mechanisms have traditionally been relied
upon to generate these concentration gradients. However, the diffusive
mechanism alone often suffers from poor robustness due to various
complicating factors [71]. Diffusiophoresis offers a more robust and
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effective alternative due to the fact that the propulsion of colloids
by a chemical gradient promotes the sharpening of color observed in
natural patterns and introduces an independent control parameter for
this sharpness, thereby improving the robustness of the models used to
simulate Turing patterns. Furthermore, diffusiophoresis is observed to
operate effectively under conditions of high Péclet numbers, where con-
vective transport dominates over diffusive transport. For these reasons,
diffusiophoresis represents a fundamental process to consider when
studying biological pattern formation and other phenomena governed
by reaction-diffusion mechanisms.

6. Conclusions and further perspectives

As humanity ventures further into space with the goal of establish-
ing long-term missions on planets like the Moon and Mars, understand-
ing the behavior of fluids and particles in low-gravity and hypergravity
environments becomes crucial. In this context, cross-diffusion and diffu-
siophoresis emerge as phenomena with promising implications for both
scientific exploration and practical applications.

Similarly to what happened for separation methods based on ther-
modiffusion, cross-diffusion holds the potential to improve molecular
separation techniques under isothermal conditions. By enhancing the
efficiency of separating multi-component mixtures, cross diffusion can
significantly improve the capabilities of filtration systems. This ad-
vancement could enable the precise separation of various molecular
species, with potential applications to water purification and the sep-
aration of complex chemical mixtures on Earth and in space. More-
over, cross-diffusion can play a pivotal role in innovating material
processing techniques. By enabling more precise control over the dis-
tribution and segregation of molecular species, processing methods
based on cross diffusion could lead to breakthroughs in industries
such as pharmaceuticals, chemicals, and environmental engineering,
facilitating the development of new materials and processes tailored
for specific applications.

Diffusiophoresis offers unique advantages for the development of
technologies suitable for space exploration. It can potentially be used
for microfluidic separation of colloids and three-dimensional manip-
ulation of particles, critical for resource extraction and recycling on
space missions. In particular, the insights gained from investigating
convective instabilities induced by diffusiophoresis could offer valuable
information for designing effective fluid management systems in space.
Furthermore, the ability to design Janus nanoparticles with specific sur-
face properties opens the door to developing self-propelled swimmers,
which can navigate and interact with their environment driven solely
by local solvent concentration gradients.

In conclusion, cross-diffusion and diffusiophoresis hold a practical
relevance for the success of long-term space missions, and can con-
tribute to the development of innovative technologies, materials, and
strategies that are essential for sustaining life and ensuring the success
of human exploration beyond Earth. Thus, investing in research and
exploration of these phenomena is not just a scientific endeavor but a
strategic necessity for the future of space exploration.
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