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Stochastic model for the transfer of gaseous particles in polymer-carbon-nanotube
nanocomposites with interfacial regions
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In this work, a stochastic model of gaseous transfer in polymer—carbon-nanotube (CNT) nanocomposites is
presented. The model takes into account interfacial areas, i.e., polymer depletion regions. The local regime
of transport is controlled by the density of the polymer. In a dense polymer, this regime corresponds to the
ordinary diffusion, while in free volume regions, it corresponds to the ballistic transport. The introduction
of a free volume and/or a depleted polymer layer near to a CNT wall leads to the emergence of anomalous
diffusion. We have demonstrated how the anomalous diffusion regime changes in the presence of nanotubes for
different distributions of polymer density. The presented approach allows us to describe the threshold effect in
the diffusion coefficient as a function of CNTs density in polymer-CNT nanocomposites.
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I. INTRODUCTION

The study of particle transfer processes in inhomogeneous
systems of complex geometry is an importance problem in
various fields such as nanoelectronics, chemical and mem-
brane technologies, geology, aerospace, and medical fields.
Examples of such systems are heterogeneous geological for-
mations, oxide films growing on metal surfaces in aggressive
media, cell membranes, and various composite materials, in-
cluding polymer-based composites.

Polymers are widely used promising materials. They are
robust, light, and resistant to various chemical phenomena,
which has led to their ubiquitous use today. However, as has
been repeatedly demonstrated experimentally, the properties
of polymers (including transport properties) can be signif-
icantly improved. This can be achieved by adding carbon
nanofillers to the polymer, for example, carbon nanotubes
(CNTs).

Transfer processes in polymer-CNT systems are directly
related to their structure. As experimental and theoretical
studies show, changes in the geometry of such systems are
often expressed in a nonlinear increase or decrease in the
coefficients of electrical conductivity, diffusion, permeability,
etc. [1-11]. Therefore, this leads to an efficient acceleration or
deceleration of the transfer process. Obviously, it is extremely
important for the manufacturing processes.

One of the practically important areas where polymer-
CNTs are applied is the field of membrane technologies.
Here, so-called mixed matrix membranes, designed for the
separation and purification of light gases, are used. In this
work, we limited ourselves to considering specific systems:
polyvinyl trimethyl silane (PVTMS)-CNT experiments [2,7].
Researchers have studied permeability as a function of the
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CNT fraction in the system and have suggested the presence
of a highly permeable layer of the modified polymer near the
CNT surface, with a characteristic size of the order of the
diameter of nanotubes. In Ref. [7], the thickness of the mem-
branes is ~25 um, the average CNT length is about 2 wm, and
average outer CNT diameter is about 20-70 nm. However,
our model can be easily adapted to analogous systems—for
example, with polysulfone [1,8] or polymethyl methacrylate
(PMMA) [6].

The transport properties of such systems depend on many
factors: the type of polymer, the density of the carbon fillers,
the type of CNTs, and their distribution within the polymer.
Dependence on a large number of parameters leads to the
fact that the transport properties vary over a very wide range.
Under these conditions, experimental studies aimed at finding
nanocomposites with optimal properties can be very time con-
suming and expensive. As a result, there is a need to develop
an apparatus for the quantitative and qualitative prediction of
the characteristics of nanocomposites.

In this article, we consider the process of diffusion transfer
in polymeric CNT composites, namely, the transfer of light
gases (Hp, N, CHy4, C3Hg, CO,, etc.). It is known that there
are three ways to transfer gas particles: through the polymer
matrix, through open CNTs (internal channel), and through
interfacial regions resulting from poor adhesion between the
polymer matrix and CNTs [1,2,8,12]. In cases when the char-
acteristic size of the interfacial voids significantly exceeds the
characteristic size of the CNT internal channels or when CNTs
are closed, transport through CNTs can be neglected. Then,
interfacial regions are a key element to explain the change in
the mechanism of transport processes.

The incorporation of CNTs into a polymer, as noted above,
is accompanied by an increase in the free volume due to poor
adhesion between the polymer matrix and CNTs. This makes
these volume elements easily permeable to gas particles. This
assumption will be valid if the mean free path of a particle
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in a polymer is much smaller than the characteristic size of
such a region [13-15]. Then the regime of particle transfer
will be determined both by their collisions with the CNT walls
and by directional particle jumps between collisions, which
should lead to a faster regime of particle transfer. Similar
considerations regarding the change in the transport regime
upon collision with CNT walls are given, for example, in [14]
and [16], in terms of Knudsen number. In [14], the effect of
superdiffusion of propane transport in open CNTs is demon-
strated by the molecular dynamics method. As it was shown in
[16], the hydrogen transfer regime depends on both the pore
diameter and the particle loading and changes from single-file
diffusion to ballistic.

The complexity of developing a gas transfer model is
mainly due to the spatial heterogeneity of the system: under
conditions of a strongly inhomogeneous medium, problems
arise in the correct formulation and solution of transport equa-
tions. Methods such as [19], based on spatial homogenization,
are associated with difficulties in numerically partitioning
space. Also, various two-phase models, such as the Maxwell
model [20], do not allow us to describe the nonlinear threshold
effect mentioned above. In some other works, for example,
Refs. [13-18], they try to model the transfer processes by
the methods of molecular dynamics. However, all these works
make it possible to reveal only local effects affecting transport,
but do not allow one to describe transport in micron-size
systems as a whole.

Existing theoretical models for various heterogeneous me-
dia [21-27] (as far as the authors know, there are no such
models for polymer-CNT systems), based on the use of the
apparatus of random processes, almost always include some a
priori assumptions associated with the use of the apparatus of
non-Gaussian statistics. These assumptions are about a stable
type of distribution of particles over jumps and/or waiting
times between them, associated with the further use of the
fractional differential apparatus. Such a priori assumptions
have no physical justification, at least for our chosen system.
Therefore, issues related to the appearance of stable distribu-
tions, namely, the physical mechanism leading to this type of
distribution, in the polymer-CNT systems require a separate
study.

In the present study, we have developed a mathematical
model with a complex particle transfer mechanism, which is a
further development of the experience of the previous works
[28-30]. This mechanism combines the regimes of ballistic
transfer, normal diffusion, and multiple collisions of a particle
with CNT walls, depending on the localization of a particle
in one or another region of the heterogeneous medium. The
proposed model introduces a spatial function that corresponds
to the change in polymer density from the CNT wall to the
polymer region (see Sec. II for details). Then a system of
stochastic equations is solved to find the increments of ve-
locities and coordinates of a particle. Its solution corresponds
to different transport regimes depending on the localization
of the particle: ordinary diffusion in the polymer, reflection
upon collision with the CNT wall, and directional transfer
near the CNT wall. The latter smoothly turns into ordinary
diffusion as the particle moves away from a nanotube wall.
Such a transfer mechanism seems to be physically justified
based on the considerations outlined above.

II. STOCHASTIC MODEL

In our previous work on particle transport in polymer-CNT
systems [28], we considered a one-dimensional formulation,
where the following transfer mechanism was regarded. If the
particle is in the polymer region, normal diffusion occurs, and
in the regions corresponding to CNTs, ballistic diffusion takes
place. In this approach, it was impossible to take into account
the reflection of particles from the tubes and related effects.
Therefore, only the transfer of particles in the system, where
the usual polymer alternates with free volume regions, was
modeled. To simulate it, we considered the following system
of stochastic differential equations (SDEs):

dx = vdt,
dv = x(x)(—yvdt + ocSW), (1)

where v is the particle velocity y is the attenuation coefficient
that is inversely proportional to the characteristic decay time,
W is the Wiener process, and ¢ = const is the dispersion;
the function y takes the value of one for the polymer and
smoothly but sharply goes to values close to zero for the free
volume. A size of a transferred gaseous molecule is included
in the parameter o. The function x regulates the change of
transfer regime. At y = 0, this is the ballistic transfer; x = 1
corresponds to the usual diffusion. With this formulation of
the problem, the anomalous diffusion was observed.

The generalization of the system (1) to the multidimen-
sional case is quite obvious. However, to describe a real
system, CNTs and elastic collisions of particles with their
walls must be added to the model (see, also, [31-33]). Af-
ter a collision with a wall, a particle will acquire velocity
v/ = v — 2n(v - n), where v is the velocity before the collision
and n is normal to a CNT wall. Since SDEs were supposed to
be solved numerically, we have introduced the term 2n(v - n)
into the expression for the velocity increment with a certain
coefficient p,. This coefficient can be considered as an in-
verse time of the particle interaction with a wall. During the
numerical calculations, u, was taken as an inverse time step,
while the vector field n was set to be different from zero
only in a small vicinity of the CNTs (see below). Thus, we
wrote down a system of SDEs that is convenient for numerical
calculations,

dr = vdt,
dv = x(r)(—yvdt +c6W) — 2n(v - n)u,dt, 2)

where x (r) is the function corresponding to the polymer den-
sity and W are the independent Wiener processes. Here and
below, we consider a two-dimensional problem in Cartesian
coordinates (x, y).

The SDEs (2) describe the complex transfer mechanism
of a particle in a heterogeneous polymer-CNT system, taking
into account the reflection of a particle from the outer sur-
face of a tube. The transition regions of polymer depletion
are also considered: as a particle approaches a CNT wall
from polymer, the rate of its velocity change decreases. Thus,
the transfer regime is related to the definition of the spatial
function x. In contrast to [15,29], we do not assume any
priority direction of particle motion near the tubes.
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Usually, in 3D-geometry authors used cylindrical form for
describing CNTs. Its projection onto the two-dimensional
(2D) plane is a rectangle. However, since we want to de-
fine an everywhere continuous function, we introduce an
approximation—a rectangle with smooth corners, that is, a
superellipse. This step is necessary to correctly define the
normal field used in our approach.

In this work, superellipses were chosen for the geomet-
ric representation of CNTs. The choice of the superellipses
(instead of rectangles) is connected with the need to define
a smooth contour function. It allows us to define the normal
vector field correctly.

First, we defined the contour function f(x, y, xo, Yo, 6p) for
any tube,

fe ((x —xp)cosBy — (y —yo)sin00>2m

a

. 2m
4 ((x Xo) sinfy + (y yo)coseo> TR
b

where (xg, yo) is a geometrical center of a tube, 6 is a tilt
angle, a is a half length of a tube and b its half-width, and m
is an integer number characterizing the roundness of the tube
corners. The relation f = 1 with fixed xg, yg, 6y, m determines
a superellipse.

Next, we introduced an auxiliary function which is a
smooth approximation of the Heaviside step function,

1 1
8= 27 o arctan[k f (x, y, xo, Yo, 60)], 4@

where k is a coefficient that characterizes its sharpness. The
function E takes the maximum value equal to one inside a
tube and zero outside.

The yx function from (2) should be defined in such a way
that regions of polymer depletion appear near the outer surface
of a nanotube. The x function should be designed so that
x =0 at a CNT boundary and 0 < x < 1 outside a tube
(see Fig. 1). Inside a CNT, —1 < x < 0; however, this is not
significant because, due to the reflection from the walls, the
particle cannot enter there. As mentioned earlier, we consider
only the case of closed CNTs, so internal channels are not
taken into account. Then, y may be determined by the product
of the E functions for all tubes,

N
xGe.y) =21 = 8ix. y. x0i. yor. i k)1 = 1. (5)

i=1

where N is the number of CNTs and k, is a sharpness pa-
rameter specific of . In the limiting case of large values of
ky, x is a step function and changes from 0 to 1 at a CNT
boundary. Physically, this case corresponds to the absence
of a free volume or to the strong adhesion of the polymer
to a CNT. By varying the parameter k,, one can introduce
a transition region corresponding to a smooth change of the
polymer density from the value O to 1 as one moves away
from a CNT. We can also shift the transition region in such
a way that voids remain near the walls (x = 0), and at some
distance from the wall, x approaches 1.
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FIG. 1. Schematic representation of CNTs, transition layer, and
field of normals. The black contours correspond to the outer bound-
ary of CNTs. The transition layer is shown with green shades. The
normal vectors are shown by arrows.

To solve SDEs (2), it is necessary to define a normal vector
field n. For each tube, we defined a normal field as follows:

_ Vi
77

where parameter knom 1S responsible for the distance from
the CNT boundary on which the normal field acts. To get the
cumulative normal field n, it is necessary to take the sum of
n; over all CNTs (see Fig. 1). Thus, when a particle is away
from a tube, the vector field n has no effect on it. When it
approaches a tube, the function x becomes zero and only the
second term in (2) works, due to which the reflection occurs,
because in the numerical calculations we chose values of the
coefficient u to be equal to the inverse time step.

Given the details described above, we solved (2) using the
Monte Carlo method. In the presented approach, a particle
moves in a heterogeneous system: the CNT—transition region—
polymer and its mechanism of motion changes in accordance
with its spatial position, as shown above.

. Ei(xa Y5 X0i> Y0i» 901‘» knorm)v (6)

n;

III. DETAILS OF NUMERICAL MODELING

To solve SDEs (2), we used dimensionless quantities
! and 7, which are the characteristic parameters of the
length and time, respectively. Dimensionless space param-
eters were chosen in accordance with the work [7], where
the CNT’s length is about 2x 10~* cm, the outer CNT’s di-
ameter is about (2—7)x107° cm, the membrane’s thickness
is about (2.5—-3)x 1073 cm, and the typical diffusion coeffi-
cient in the PVTMS polymer is about D = 10~7 cm?/s [34].
Thus, we have chosen parameters [ = 2x10™* cm and 7 =
1.25%x1072 s. Further, we work in dimensionless quantities.
In the SDEs (2), we took y = 10 and o = 2.5 to satisfy
the relations for the timescale t in the diffusion coefficient
D =o?/2y2.
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FIG. 2. Two-dimensional distribution of the final positions of a
particle at t = 10* for n = 0.18.

Calculations were performed on a square system with the
linear dimension L = 15 with periodic boundary conditions.
First, the system is randomly filled with superellipses uni-
formly distributed in 2D space. All superellipses have an
impermeable solid core with dimensions a = 0.5, b = 0.025
and parameter m = 7 (see Fig. 3). The CNT’s density may be
defined as n = S - NV, /L2, where L is the size of the system, N
is the number of objects, and Sj, is area of superellipse, which
can be expressed via the gamma function T,

r(1 4 1/m)?
L(l+2/m)’

For each density, we have generated 100 random input
configurations of nanotubes, where the superellipse density
was varied in the range of 0 to 0.324. For a given configu-
ration, the following trajectory implementation scheme was
used. Initially, a particle is located at (L/2, L/2). If this point
is inside a CNT, then the algorithm searches for a point near
the starting point that does not belong to the CNT. Then the
particle moves according to the system of equations (2) until
the time t = 10* is reached. In total, we performed 5x 103
simulations: 5x 10? trajectories for each of 100 spatial config-
urations of the superellipses.

At the output, we get an offset vector from the start-
ing point (X — Xgart, ¥ — Vstart), by Which we build a two-
dimensional distribution. The random process described by
the system of Eq. (2) must be axisymmetric on a large statis-
tics (see Fig. 2). Therefore, we made a slice at x = 0 and
analyzed it. The obtained distribution was fitted as a stable
one, which has the following characteristic function [35]:

Sse = 4ab @)

o(s) = exp {iSs _ |cs|°‘|:1 — iB sgn(s) tan (?)] } ®)

where —o0 <8 <00, ¢c>20,0<a <2, and -1 < B K1
are the distribution parameters. The characteristic exponent
o determines the form of the distribution function, location
parameter § is the position of the maximum of the distribution,
scale parameter ¢ is the width of the distribution, and the
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FIG. 3. Stable distribution parameter « as a function of the
CNT’s density n for cases A (solid line), B (dashed line), and C
(dotted line).

skewness parameter § determines the distribution asymmetry.
Further, we analyzed the distribution fitting parameters for
different types of the transition functions x to estimate the
influence of the local regime in near-wall areas and their size
on the overall transfer regime.

IV. RESULTS AND DISCUSSION

Since we consider a symmetric random process, the fitting
of the obtained distributions shows that both parameters of
skewness 8 and location § are about zero. The scale parameter
¢ does not influence the form of a distribution. Therefore, the
most interesting parameter is o, which is responsible for a dif-
ference of transfer regime from the ordinary diffusion. Thus,
to investigate the influence of the polymer depleted regions on
the transfer regime, we have calculated « as a function of the
CNT’s density 5 for three different functions .

In the first case (case A), we considered a sharp form of x
with a shift. It was defined to be zero on the distance about
three CNT diameters from a tube wall. Then it becomes unity,
which corresponds to a huge value of k,. In this case, for
high densities 7, almost all the space which is not occupied by
CNTs has x = 0. Hence, the transfer regime is mostly deter-
mined by collisions with the walls and ballistics. It is similar
to a billiard ball moving in the geometry of random corridors.
Then a particle should fly through these free volume corri-
dors for distances much greater than those it would pass in
the ordinary diffusion. This leads to the strongly pronounced
anomalous diffusion and a decreasing o with »n increasing,
which is a consequence of (r?) growth. At low densities, the
transfer regime is limited to the normal diffusion due to the
lack of free volume changing the local regime. This can be
clearly seen in Fig. 3, where these results are presented.
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In case B, we decreased the size of the near-wall area,
setting x to be zero at one CNT diameter. As can be seen
from Fig. 3, o decreases with increasing the CNT’s density 7,
reaching a value of about 1.8. However, this decrease is quite
lower than in the case A. It is related to the fact that the particle
spends more time in the polymer, where it moves according to
the normal diffusion.

In contrast to the first two cases, in case C, a smooth tran-
sition from the diffusion to ballistics regimes (smooth x) was
considered. Here the free volume areas are absent; instead,
there are sparse regions whose density smoothly changes [see
Eq. (5)]. It reduces the effect of anomalous transfer for a fixed
density of tubes compared to the above cases.

We deliberately defined the density of the tubes in terms of
“hard cores” without a permeable shell, as is done in many
percolation problems. It allowed us to estimate the effect
of the size of the permeable region on transfer for identical
structures. It is important to note that as can be seen from
Fig. 3, the inflection point shifts to the right for each sub-
sequent case (A, B, C). Apparently, the largest drop of «
is related to the percolation effect. A percolation cluster of
free volume creates perforating ways for the particle transfer.
According to percolation theory, this leads to the threshold
effect. It cannot be described with a simple linear dependence
(as in many two-phase models such as in Ref. [20]) D(¢) =
¢ - D 4+ (1 —¢) - Dy, where D, is the diffusion coefficient in
polymer and D, is the diffusion coefficient in free volume.

The Einstein’s relation is usually used to define the dif-
fusion coefficient from experiments, (r?) ~ 2nDegt, Where
n is the space dimension (n = 2 in our case). However, for
anomalous transfer, the diffusion coefficient must be defined
in another way. For example, in [36], it is suggested to use
(r?) ~ 4Dt (t/T)*, where u = 28/« and B, = 1 is a param-
eter responsible for the effects of memory. If we taker = 1255
(a typical time of an experiment [34]) and T = 1.25x 1072 s
(see Sec. IIT), then Deg/D ~ (¢/T)*~'. For cases A and B, «
changes from 2 to the minimum values ¢« = 1 and o = 1.8,
respectively. It corresponds to the change of Deg/D within
the entire range of the CNT’s density 7 in 10* and 2.8 times,
respectively. As far as case A is concerned, such a low value
of o = 1 is barely achievable in real experiments, while the
second value 2.8 from case B agrees well with the experimen-
tal data for the oxygen molecules [7]. Moreover, this ratio is
controlled by the parameter o and can be changed for different
molecules sizes (see Sec. II). Thus, we can carry out similar
calculations for other gas molecules.

This result is quite expected. Of all the cases we con-
sidered, it is case B, in which agreement with experiment
was obtained, that best reflects the structure of the sample
[7]: when the size of the highly permeable channels is ap-
proximately equal to the diameter of the CNT (see Sec. I).
Thus, the presented 2D model allows us not only to qualita-
tively describe the nonlinear threshold effect in the diffusion
(permeability) coefficient, but also to approach quantitative
estimates, taking into account the transition layer at the CNT
interface.

More accurate quantitative results may be obtained by con-
sidering a 3D problem and choosing ¢ appropriately. Also, the
w exponent in 3D should differ from a 2D case. According to
our preliminary estimates, when moving from a 2D to a 3D

model, the resulting effect should become less pronounced.
However, this estimation must be tested in detail.

However, even using the two-dimensional model, we can
claim a rough quantitative assessment of the transport charac-
teristics. The use of the two-dimensional model in this work
is associated with two aspects. First, in the work [7], the
sizes of the composite sample were the following: the film
thickness is about 25 um and the area is about 3.5 cm?, ie.,
a thin film is used, which in a rough approximation can be
considered as a 2D system. Second, numerical calculations of
a similar three-dimensional model are possible at this stage of
the implementation of our model; however, they will still be
quite expensive.

V. CONCLUSION

We have investigated the diffusion of gases in a hetero-
geneous environment, which reflects the transport properties
of polymer-CNT nanocomposites. The transfer regime of a
particle is related to the complex geometry of the system
and controlled by the CNT’s density n and a spatial func-
tion . This function determines the density of the polymer
and makes it possible to introduce a transition layer at the
CNT interface and, therefore, take into account free volume
regions (see Fig. 1). Our model is constructed to change the
particle transfer regime when the value of x changes. The
limiting cases of the particle transfer are the ordinary diffusion
in the polymer and the ballistic regime in the free volume
regions.

The influence of the three different shapes of function x
was analyzed. The results show the nonlinear dependence of
the parameter o on the CNT’s density, which characterizes
the deviation of the transfer regime from ordinary diffusion.
The change of this regime is most pronounced for case A,
where the free volume regions have a size about three CNT
diameters. For case B, when the size of the free volume area
is about one CNT diameter, this effect of transfer change is
less than in case A. Free volume regions were not considered
in case C. Here, the near-wall regions are represented by a
soft transition of polymer density at the CNT boundaries,
due to which « drop occurs at higher CNT densities (see
Fig. 3). Thus, in each of the three cases, anomalous diffusion
is observed with an increase in the CNT’s density.

The presented approach allows us to explain the threshold
effect in a diffusion coefficient as a function of the CNT’s
density (see bottom of Sec. IV) and agrees well with the exper-
imental data [7] for the transport of oxygen in PVTMS-CNTs.
This model can be easily extended in a number of directions.
First, it can be expanded to the three-dimensional case. We
believe that the appropriate 3D model will allow us to obtain
more accurate quantitative results for gaseous mass transfer in
polymer-CNT nanocomposites. These results may be directly
compared to experimental data. Also, agglomeration effects
[37] can be included in our model. It is a quite important
aspect for the real experiments because usually they cannot be
fully avoided. Moreover, the presented model may be applied
to the other polymer types with incorporated CNTs, where the
threshold effect for the diffusion coefficient or permeability
takes place [6,8,38].

054128-5



KALASHNIKOVA, KALASHNIKOV, AND KHROMOV

PHYSICAL REVIEW E 108, 054128 (2023)

ACKNOWLEDGMENTS

The authors are grateful to K. V. Chukbar, L. V. Mat-
eveev, and R. T. Sibatov for helpful discussions of the work.
The work of P. A. Kalashnikova and K. Yu. Khromov was

carried out within the state assignment of the NRC “Kurcha-
tov Institute”. This work has been carried out using computing
resources of the federal collective usage center Complex for
Simulation and Data Processing for Mega-science Facilities
at NRC “Kurchatov Institute” [39].

[1] S. Kim, High permeability/high diffusivity mixed matrix mem-
branes for gas separations, Ph.D. thesis, Virginia Polytechnic
Institute and State University, 2007.

[2] A. M. Grekhov, Yu. S. Eremin, D. Bakhtin, and V. V. Volkov,
J. Phys.: Conf. Ser. 751, 012048 (2016).

[3]1 J. K. Holt, H. G. Park, Y. Wang, M. Stadermann, A. B.
Artyukhin, C. P. Grigoropoulos, A. Noy, and O. Bakajin,
Science 312, 1034 (20006).

[4] W. S. Bao, S. A. Meguid, Z. H. Zhu, and M. J. Meguid,
Nanotechnology 22, 485704 (2011).

[5] Q.Zhang, S. Li, C. Wang, H.-Ch. Chang, and R. Guo, J. Membr.
Sci. 598, 117794 (2020).

[6] Yu. S. Eremin, D. Bakhtin, S. V. Pavlov, and A. M. Grekhov,
J. Phys.: Conf. Ser. 1099, 012036 (2018).

[7] D. Bakhtin, Yu. S. Eremin, A. M. Grekhov, and V. V. Volkov,
Phys. Procedia 72, 166 (2015).

[8] S. Kim, L. Chen, J. K. Johnson, and E. Marand, J. Membr. Sci.
294, 147 (2007).

[9] M. M. Khan, V. Filiz, G. Bengtson, S. Shishatskiy, Md. M.
Rahman, J. Lillepaerg, and V. Abetz, J. Membr. Sci. 436, 109
(2013).

[10] S. V. Larin, S. V. Lyulin, P. A. Likhomanova, K. Yu. Khromov,
A. A. Knizhnik, and B. V. Potapkin, Phys. Rev. Mater. 5,
066002 (2021).

[11] 1. O. Yavtushenko, M. Yu. Makhmud-Akhunov, R. T. Sibatov,
E. P. Kitsyuk, and V. V. Svetukhin, Nanomaterials 12, 739
(2022).

[12] T. D. Kusworo, A. F. Ismail, Budiyono, I. N. Widiasa, S. Johari,
and Sunarso, Intl. J. Waste Resour. 2, 5 (2012).

[13] Z. Mao and S. B. Sinnott, J. Phys. Chem. B 104, 4618
(2000).

[14] H. Liu, Phys. Chem. Chem. Phys. 16, 24697 (2014).

[15] D. Mantzalis, N. Asproulis, and D. Drikakis, Chem. Phys. Lett.
608, 244 (2014).

[16] B. H. Chen, C. Kung, and I. P. Chu, J. Nanomater. 2015, 7
(2015).

[17] D. Mantzalis, N. Asproulis, and D. Drikakis, Chem. Phys. Lett.
506, 81 (2011).

[18] A. Ghoufi, A. Szymczyk, and P. Malfreyt, Sci. Rep. 6, 28518
(2016).

[19] J. Kérger, Adv. Colloid Interface Sci. 23, 129 (1985).

[20] J. H. Petropoulos, J. Polym. Sci. Polym. Phys. Ed. 23, 1309
(1985).

[21] A. G. Cherstvy, A. V. Chechkin, and R. Metzler, New J. Phys.
15, 083039 (2013).

[22] R. Metzler, and J. Klafter, Phys. Rep. 339, 1 (2000).

[23] S. K. Ghosh, A. G. Cherstvy, and R. Metzler, Phys. Chem.
Chem. Phys. 17, 1847 (2015).

[24] A. G. Cherstvy and R. Metzler, J. Stat. Mech. (2015) P05010.

[25] W. Wang, R. Metzler, and A. G. Cherstvy, Phys. Chem. Chem.
Phys. 24, 18482 (2022).

[26] T. Miyaguchi, Phys. Rev. Res. 4, 043062 (2022).

[27] T. Akimoto and E. Yamamoto, J. Stat. Mech. (2016) 123201.

[28] P. Likhomanova and I. Kalashnikov, Phys. Rev. E 102, 022108
(2020).

[29] P. A. Likhomanova, I. V. Tronin, A. M. Grekhov, V. N.
Tronin, and V. D. Borman, J. Phys.: Conf. Ser. 1099, 012019
(2018).

[30] P. A. Likhomanova, Yu. S. Eremin, I. V. Tronin, and A. M.
Grekhov, Phys. Proc. 72, 47 (2015).

[31] F. Hofling, T. Munk, E. Frey, and Th. Franosch, J. Chem. Phys.
128, 164517 (2008).

[32] A. Bodrova, A. V. Chechkin, A. G. Cherstvy, and R. Metzler,
Phys. Chem. Chem. Phys. 17, 21791 (2015).

[33] A.Bodrova, A. K. Dubey, S. Puri, and N. Brilliantov, Phys. Rev.
Lett. 109, 178001 (2012).

[34] 1. N. Beckman, D. A. Syrtsova, M. G. Shalygin, P. Kandasamy,
and V. V. Teplyakov, J. Membr. Sci. 601, 117737 (2020).

[35] J. P. Nolan, Stable Distributions: Models for Heavy-Tailed Data
(Springer, New York, 2016).

[36] L. M. Zelenyi and A. V. Milovanov, Phys.-Usp. 47, 749 (2004).

[37] A. Zhokh, T. Serebrii, P. Strizhak, Chem. Phys. Lett. 805,
139935 (2022).

[38] Yu. S. Eremin, and A. M. Grekhov, J. Phys.: Conf. Ser. 1696,
012037 (2020).

[39] http://ckp.nrcki.ru/

054128-6


https://doi.org/10.1088/1742-6596/751/1/012048
https://doi.org/10.1126/science.1126298
https://doi.org/10.1088/0957-4484/22/48/485704
https://doi.org/10.1016/j.memsci.2019.117794
https://doi.org/10.1088/1742-6596/1099/1/012036
https://doi.org/10.1016/j.phpro.2015.09.049
https://doi.org/10.1016/j.memsci.2007.02.028
https://doi.org/10.1016/j.memsci.2013.02.032
https://doi.org/10.1103/PhysRevMaterials.5.066002
https://doi.org/10.3390/nano12050739
https://doi.org/10.12777/ijwr.2.1.2012.5-10
https://doi.org/10.1021/jp9944280
https://doi.org/10.1039/C4CP03881A
https://doi.org/10.1016/j.cplett.2014.05.093
https://doi.org/10.1016/j.cplett.2011.02.054
https://doi.org/10.1038/srep28518
https://doi.org/10.1016/0001-8686(85)80018-X
https://doi.org/10.1002/pol.1985.180230703
https://doi.org/10.1088/1367-2630/15/8/083039
https://doi.org/10.1016/S0370-1573(00)00070-3
https://doi.org/10.1039/C4CP03599B
https://doi.org/10.1088/1742-5468/2015/05/P05010
https://doi.org/10.1039/D2CP01741E
https://doi.org/10.1103/PhysRevResearch.4.043062
https://doi.org/10.1088/1742-5468/2016/12/123201
https://doi.org/10.1103/PhysRevE.102.022108
https://doi.org/10.1088/1742-6596/1099/1/012019
https://doi.org/10.1016/j.phpro.2015.09.012
https://doi.org/10.1063/1.2901170
https://doi.org/10.1039/C5CP02824H
https://doi.org/10.1103/PhysRevLett.109.178001
https://doi.org/10.1016/j.memsci.2019.117737
https://doi.org/10.1070/PU2004v047n08ABEH001705
https://doi.org/10.1016/j.cplett.2022.139935
https://doi.org/10.1088/1742-6596/1696/1/012037
http://ckp.nrcki.ru/

