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Abstract – We employ the state-of-the-art molecular dynamics simulations to study the kinetics
of phase separation and aging phenomena of segregating binary fluid mixtures imbibed in porous
materials. Different random porous structures are considered to understand the effect of pore
morphology on coarsening dynamics. We find the effect of complex geometrical confinement
resulting in the dramatic slowing down in the phase separation dynamics. The domain growth
follows the power law with an exponent dependent on the porous host structure. After the
transient period, a crossover to a slower domain growth is observed when the domain size becomes
comparable to the pore size. Due to the geometric confinement, the correlation function and
structure factor modify to a non-Porod behavior and violate the superuniversality hypothesis.
The role of porous host structure on the nonequilibrium aging dynamics is studied qualitatively
by computing the two-time order-parameter autocorrelation function. This quantity exhibits
scaling laws with respect to the ratio of the domain length at the observation time and the age of
the system. We find the scaling laws hold well for such confined segregating fluid mixtures.

Copyright c© 2022 EPLA

Introduction. – The phase separation of liquids im-
bibed in porous material has enjoyed increased theoretical
and experimental attention because of their great scien-
tific interest [1–4] and industrial applications [5] especially
in the oil recovery process [6]. The geometric confinement
and the porous host structure play an important role in the
demixing behavior. The effect of pore size on the coars-
ening process is well studied and can be classified into
two broad categories depending on the ratio of two major
length scales involved in the system: the thermal correla-
tion length ξ of the liquid comparable to the domain inter-
face thickness to the average pore diameter dp. If ξ ≤ dp,
the pores act as a quenched random field, analogous to
magnets with random impurities [1,2]. Therefore, the sys-
tem is well described by the random field Ising model. In
the case where ξ > dp, the pore size, and topology are
expected to dictate the demixing process.

Systems with ξ > dp appear to be relevant for in-
dustrial application purposes. Attempts were made to
understand the role of the pore size in the coarsening pro-
cess using cylindrical pore geometry [7–9]. However, the
effect of the complex topology of the pore structure is
still in its infancy. The reason can be attributed to the

(a)E-mail: bhaskar.sengupta@vit.ac.in (corresponding author)

experimental limitations in probing the real space geome-
try using scattering experiments. Also, the theoretical and
numerical studies are impeded by the complex topology
of the material. Only fewer experiments were carried out
to investigate the impact of complex geometry on phase
separation [5,10,11]. Computer simulations employed us-
ing the standard Molecular Dynamics algorithm [12], lat-
tice Boltzmann [13] and phase-field method [14] revealed
rather an early stage of phase separation only in 2d porous
material. It is expected that the geometrical randomness
and the absence of translational invariance on long-length
scales will play an important role in altering the phase
separation kinetics of fluid mixtures imbibed in porous
materials. However, this topic is less explored and poorly
understood. In particular, the long-time growth dynamics
during the coarsening and the aging properties of these
nonequilibrium processes are completely unexplored.

The main aim of this work is to investigate the ef-
fect of the complex pore topology of the host material
on the phase separation kinetics and aging phenomena of
the fluid. We address these topics on phase separation
by employing extensive computer simulations of immisci-
ble symmetric binary fluid mixtures embedded in random
porous materials in 3d. The materials with a wide range
of pore structures are formed analogously to vycor glasses.
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Numerical model and method. – To study coars-
ening dynamics, we resort to molecular dynamics (MD)
simulations in the NVT ensemble. For the binary liquid,
a 50 : 50 mixture of A and B particles is considered at
high density ρ = N/V = 1, where N and V represent
the total number of particles and volume of the system,
respectively. The two species interact via the Lennard-
Jones (LJ) potential given by

Uαβ(r) = 4εαβ

[(
σαβ

r

)12

−
(
σαβ

r

)6]
, (1)

where rij = |�ri − �rj | and α, β ∈ A,B. Here ε and σ
are the strength of the potential and the effective diame-
ter of the particles, respectively. To ensure energetically
favorable phase separation, the parameters in the LJ po-
tential are chosen as follows: σAA = σBB = σAB = 1.0
and εAA = εBB = 1.0, εAB = 0.5. The choice of our in-
teraction strength corresponds to the critical temperature
Tc = 1.42, outlying the possible liquid-solid and gas-liquid
transition point [15]. The temperature is measured in
units of ε/kB , where kB is Boltzmann’s constant. Length
and time are measured in units of σ and (mσ2/ε)1/2, re-
spectively. For simplicity, we set the mass m0 of A and B
particles and kB equal to unity. For the sake of computa-
tional efficiency, the interaction potential is truncated to
zero at rc = 2.5σ. Periodic boundary condition is applied
in all three directions.
The following method is adopted to form the porous

media. We begin our simulation by preparing a well equi-
librated homogeneous mixture of N = 262144 (643) par-
ticles at high temperature T = 10.0 followed by a quench
to T = 0.77Tc. The system is then allowed to phase sep-
arate for a time period τ whereby interconnected domain
structures of the same species form. At this juncture, the
domains formed by one of the species are considered as
porous host structure and the particles are relabeled as P
type. The P type particles are kept frozen throughout the
rest of the simulation. The particles of the other species
are then randomly relabeled as A and B type keeping their
number ratio 50 : 50. The interaction potential for the P
particles is truncated at rc = 2

1
6σ to exclude any attrac-

tive force with A and B. The sample is then heated up
again to T = 10.0 for equilibration to annihilate any mem-
ory effect. Finally, the system is quenched to T = 0.77Tc

at t = 0 and is allowed to evolve to the thermodynami-
cally favored state until the phase separation is achieved.
Temperature is controlled by the Nose-Hoover thermostat,
which preserves the hydrodynamic effect.

Results and discussion. – As follows from the simu-
lation protocol, the time period τ is directly related to the
average pore size which translates to the mean size of the
interconnected domains of P type particles. In our present
study, we consider three different porous host structures
which correspond to τ = 500, 800, and 1500 as shown
in fig. 1(a). From the figure, it is evident that the aver-
age pore size increases with an increase in τ . The effect

Fig. 1: (a) Three different porous host structures used in our
simulations. (b) Typical snapshots of the phase-separating bi-
nary liquid system at time t = 3000. The A and B particles
are marked as green and orange, respectively.

of porous media on the phase separation dynamics is de-
picted in fig. 1(b). For all the cases bicontinuous A-rich
and B-rich domains are observed. It is apparent from the
snapshots that the same species cluster sizes get larger
with an increase in the average pore size at a given time.
This indicates the kinetics of ordering are strongly depen-
dent on the pore size.

We begin our study by analyzing the pore size distribu-
tion of the host structures shown in fig. 1. It is computed
using the open source Zeo++ software [16–18]. Themodus
operandi of Zeo++ is based on the computational geom-
etry technique, the Voronoi decomposition of the simula-
tion box into periodic Voronoi cells. The algorithm maps
the network of Voronoi nodes and edges (vertices) cor-
responding to each particle with the void space. The
decomposition is performed around the area of each par-
ticle and the space gets divided into polyhedral cells. The
nodes and edges carry the information about the location
of the neighboring particles. This Voronoi network pro-
vides us with information about the void space geometry
and topology characterization. Further, the pore channels
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Fig. 2: The averaged pore size distributions 〈P (d)〉 for τ = 500,
800, and 1500 are shown by points. The solid curves represent
fits to the Gaussian function.

are probed using a modified version of Dijkstra shortest
path algorithm using Monte Carlo simulation with 5000
Monte Carlo samples per particle. Note that the Zeo++
software enables us to obtain the pore structure and distri-
bution for multicomponent systems with periodic bound-
ary conditions. The probe radius chosen in this study to
compute the pore size distribution is 0.3σ.

In fig. 2 we show the averaged pore size distributions
〈P (d)〉 for the three different porous host structures cor-
responding to τ = 500, 800, and 1500. Here d stands
for the pore diameter and the angular brackets represent
the ensemble average over 40 samples. As expected, the
〈P (d)〉 shifts towards the higher d value with increasing τ .
Careful examination reveals that the distribution curves
are symmetric around the peak and exhibit a Gaussian
nature. This is demonstrated by fitting the data with a
Gaussian distribution. Our results are consistent with the
experimental observations [19].
To characterize the domain morphology and study the

domain growth of the segregating mixture imbibed into
these porous media we introduce the two-point equal time
correlation function Cψψ(�r, t) given by

Cψψ(�r, t) = 〈ψ(0, t)ψ(�r, t)〉/〈ψ(0, t)〉2, (2)

where the order parameter ψ(�r, t) is obtained as follows:
we compute the local density difference δρ = ρA − ρB be-
tween the two species A and B, calculated over a box of
size (2σ)3 located at �r. The ψ(�r, t) is assigned a value
+1 when δρ > 0, and −1 otherwise. The angular brack-
ets stand for statistical averaging. The structure factor
S(�k, t) is computed by taking the Fourier transform of

the correlation function given by S(�k, t) =
∫
d�r exp (i�k ·

Fig. 3: (a) Scaled correlation function CP
ψψ(r, t) vs. r/�(t) for

the P type particles constituting three different porous host
structures. (b) The scaling plot of Cψψ(r, t) vs. r/�(t) for the
liquid mixture inside the porous material with dp = 14.0. (c)
The same scaling plot in panel (b) for the liquid in bulk and
confined in porous media with dp = 14.0 and 23.0. (d) The
scaled structure factor S(k)�−3 vs. �k is plotted for the bulk
liquid and inside the porous material with dp = 14.0 and 23.0.

�r) Cψψ(�r, t). Finally for the isotropic system, spherically
averaged Cψψ(r, t), and S(k, t) are calculated.

To gain a qualitative understanding of the average do-
main size we resort to the correlation function given by
eq. (2). We first measure the average pore size of differ-
ent host materials shown in fig. 1(a) which is quantified
as the average domain size of the P particles. For that
we plot in fig. 3(a) the correlation function CP

ψψ(r, τ) for
the P particles vs. r/�(τ) for τ = 500, 800, and 1500. Here
�(τ) is the average domain size, measured through the first
zero of CP

ψψ(r, τ). From the figure we obtain the average
domain size (dp) as 14.0(τ = 500), 19.0(τ = 800) and
23.0(τ = 1500).

In fig. 3(b) we show the scaling plot of the correlation
function for the binary fluid Cψψ(r, t) vs. r/�(t) confined
in one of the pore structures dp = 14.0. An excellent data
collapse is observed for different times. A similar scaling
behavior is observed for other pore structures (dp = 19.0
and 23.0) also (not shown). This suggests that even be-
ing imbibed in the porous media, the segregating systems
belong to the same dynamical universality class [20]. How-
ever, the correlation functions corresponding to different
pore morphology do not overlap with each other when
plotted at a fixed time t. This is shown in fig. 3(c). For
the bulk system, the Cψψ(r, t) exhibits a linear decay at
short length scale following the Porod law [21], which re-
sults from scattering off sharp interfaces. However, inside
the porous structure, a nonlinear or cusp nature is ob-
served, which can be attributed to the scattering from the
modified domain boundaries [22–24]. Therefore, the pres-
ence of porous medium results in breaking down the Porod
law in the correlation function.

An important question in this regard is the validity
of the so-called superuniversality (SU), i.e., whether the
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effect of porous media is limited to the domain growth law
only, or there is also an explicit pore structure dependence.
We, therefore, verify whether the spatial autocorrelation
function Cψψ(r, t) corresponding to different pore mor-
phology scales to a master curve when the length is
rescaled with respect to the domain size �(t) [25,26]. From
fig. 3(c) it is clear that the correlation functions do not
scale onto a master curve. Therefore, the systems into
consideration do not belong to the SU class. The violation
of SU hypothesis is further confirmed from the structure
factor as shown in fig. 3(d) where we show the scaled
S(k, t)�−3 vs. �k in log-log scale. We observe the de-
caying part of the tail of S(k, t) for the liquid inside
the porous system deviates from the Porod law behavior
S(k, t) ∼ k−4 seen in the bulk [20].
To understand the evolution quantitatively, we focus

on the time dependence of the domain size �(t). In
fig. 4 we show the �(t) for different pore sizes (dp =
14.0, 19.0, and 23.0) with time. Our simulation is able
to access the viscous hydrodynamic regime after an ini-
tial transient period. For the bulk system, the average
domain size is expected to grow with time as �(t) ∼ tα

with the exponent α = 1 in the viscous hydrodynamic
regime [27,28]. The slight deviation from this can be at-
tributed to the nonzero off-sets at the crossovers which
can be subtracted from �(t) to recover the proper linear
behavior [29]. Inside the porous media, the coarsening dy-
namics of the segregating liquid slows down and the total
time taken for the system to be phase-separated increases
significantly with decreasing pore size. This is consistent
with the observations in fig. 1.
Careful observation reveals two different growth regimes

in fig. 4. At the early stage, the average domain size is
smaller than the pore size dp and the growth is relatively
faster. Note that in this regime also spatial confinement
plays an important role and the growth is slower com-
pared to the bulk. As the average domain size becomes
comparable with dp, the growth slows down further. This
crossover happens at an earlier time for the systems with
smaller dp. The slowing down of the coarsening dynamics
inside the porous medium compared to the bulk can be
comprehended as follows. In the bulk, the driving force of
coalescence depends on the difference in curvature of the
neighboring domain interfaces. In the presence of porous
material, as the domain size tries to exceed the pore size,
the curvature of the domain interface gets modified by
the confining pore-wall structure. Therefore, the confin-
ing geometry slows down the phase separation dynamics
significantly. We find the diffusive coalition process con-
tinuing steadily during our simulation time without any
pause. The slowest growth for the system under con-
sideration (dp = 14.0) corresponds to α = 1/5. Note
that, for the choice of smaller pore size (dp < 14.0), the
growth will further slow down accordingly. The robust-
ness of these results is verified by repeating the whole
exercise using the non-additive Weeks-Chandler-Andersen
(WCA) potential [30,31]. The WCA potential is defined

Fig. 4: The time evolution of the average domain size �(t)
for the bulk system and the mixture inside different porous
structures characterized by the average pore diameter dp in
the log-log scale. The dashed lines represent the guideline for
the slope.

by truncating and shifting the LJ potential at its minimum
given by

Uαβ(r) = 4εαβ

[(
σαβ

r

)12

−
(
σαβ

r

)6

+
1

4

]
, r ≤ rc

= 0, r > rc, (3)

where rc = 21/6σ. We find the results (not shown here) are
qualitatively similar and the phase separation dynamics
exhibits the same growth exponent α. Note that the phase
separation scenario observed inside our random porous
media is very different from the ordered porous system.
For the latter, the phase separation of binary liquid was
studied inside the cylindrical pores [32,33]. At an early
state, the domain growth can be well characterized by the
growth exponent of the bulk system. As the domain size
becomes comparable with the pore diameter, a series of
pluglike domains form and the growth process slows down
dramatically. The coarsening process eventually freezes
at some thermodynamically stable average domain size.
The size of the domain is found to vary linearly with the
pore diameter. Therefore, a complete phase separation is
never achieved in such systems. A detailed representa-
tion of the phase diagram for the complex phase behavior
inside different ordered pore structures can be found in
refs. [7,34–36].
One important topic related to the phase separation

process is the aging phenomenon. Aging means the ab-
sence of time translation invariance and the older system
relaxes slowly. This subject is well studied for the bulk [37]
but remained completely unexplored in the porous media.
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Fig. 5: (a) The two-point order parameter autocorrelation
function Cψψ(r, t, tw) vs. t − tw plot for the liquid mixture
inside the porous structure with dp = 19.0 at three different
waiting times tw = 12000, 15000, and 18000. In the inset, we
show the same data after rescaling the time with tw. (b) The
plot of Cψψ(r, t, tw) vs. t − tw for the binary system inside
different pore structures at tw = 6000.

For the aging-related studies during the non-equilibrium
coarsening dynamics we resort to the so-called spherically
averaged two-time order-parameter correlation function
Cψψ(r, t, tw) as follows [38]:

Cψψ(r, t, tw) = 〈ψ(�r, t)ψ(�r, tw)〉 − 〈ψ(�r, t)〉〈ψ(�r, tw)〉, (4)

where t is the observation time and tw is the waiting time
or the age of the system after the quench. For our present
study, we always focus on the longer time regime after the
crossover where the effect of spatial confinement is appar-
ent (as reflected in fig. 4), and the tw’s are chosen accord-
ingly. In fig. 5(a) we show the variation of Cψψ(r, t, tw)
with t − tw for the porous host structure with dp = 19.0.
Clearly, the correlation curves corresponding to different
tw do not overlap, demonstrating the violation of time
translation invariance. Following Fisher and Huse [39] we
attempt to scale the abscissa as t/tw and a nice data col-
lapse is obtained as shown in the inset of fig. 5(a). We
repeated the same exercise for the systems confined into
other pore structures dp = 14.0 and 23.0 (not shown) and
observed the same behavior. Therefore, the Fisher and
Huse scaling law remains vindicated for the segregating
systems imbibed in the porous media. To gain further
insight in the aging dynamics the Cψψ(r, t, tw) is plotted
in fig. 5(b) at a fixed tw = 6000 for different pore mor-
phologies. The slowing down of the coarsening dynamics
is evident with decreasing average pore size dp of the ma-
terial and is consistent with the observation in fig. 4.
In fig. 6 we show the Cψψ(r, t, tw) as a function of �/�w

for the pore structures with dp = 14.0 and 23.0. Here �
and �w are the average domain size at time t and tw, re-
spectively. An excellent data collapse is found for both
the systems. To tally the nature of the master curve with
the previously found exponential decay in the bulk sys-
tem [37], we plot the data on the semi-log scale. The data
set appears to be linear confirming the exponential nature.
Therefore, we find the scaling law in the hydrodynamic
regime is very generic, insensitive to the pore topology.

Fig. 6: (a) The scaling of the correlation function Cψψ(r, t, tw)
plotted as a function of l/lw for the liquid system with porous
host dp = 14.0 for different values of tw in the semi-log scale.
(b) Same result as in (a) for the pore structure dp = 23.0. The
solid lines are guide for the eye.

The exponential decay of the correlation function is at-
tributed to the advective hydrodynamic flows under the
hydrodynamic effect that causes large displacement of par-
ticles [37].

Summary and conclusion. – In summary, we have
studied the phase separation of segregating binary fluid
imbibed in porous media using extensive MD simulations.
Three different random porous structures were considered
to understand the effect of pore morphology on coarsen-
ing dynamics. We observe a dramatic slowing down in
the phase separation dynamics with decreasing average
pore size. The spatial correlation functions scaled with
domain size showed pore size dependence and non-Porod
behavior. A similar behavior is manifested by the decay-
ing part of the tail of the structure factor. This can be
attributed to the modification of domain boundaries due
to geometrical confinement. After an initial period of do-
main growth, when the domain size becomes comparable
with dp, a crossover to a slow-growth regime is observed.

We have also investigated the nonequilibrium aging dy-
namics in terms of the two-time order-parameter auto-
correlation function Cψψ(r, t, tw). We demonstrated that
Cψψ(r, t, tw) follows the scaling law with respect to t/tw
proposed by Fisher and Huse in the disordered system.
But the aging process slows down significantly as reflected
in the decay of Cψψ(r, t, tw) with time. We have also ex-
amined the scaling law with respect to �/�w and obtained
an excellent data collapse for all the cases in hand. The
scaling function showed an exponential decay in the hydro-
dynamic regime. We, therefore, conclude that the scaling
laws are very robust and generic for the aging dynamics
in these systems. It will be worth extending the current
framework to explore additional aspects by incorporating
the wetting interaction, where the porous medium prefers
either of the components of the liquid mixture. It is ex-
pected that the wetting species will move towards the wall
and the other species will aggregate at the centre of the
pore, resulting in a further slowing down of the phase sep-
aration process. Finally, it will be interesting to study
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the scaling laws of the domain coarsening and the aging
dynamics under different wetting conditions.
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