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Abstract: Based on the results of research works reflected in the scientific literature, the main examples,
methods and approaches to the development of polymer inorganic nanocomposite materials for
target membranes are considered. The focus is on membranes for critical technologies with improved
mechanical, thermal properties that have the necessary capabilities to solve the problems of a selective
pervaporation. For the purpose of directional changes in the parameters of membranes, effects on their
properties of the type, amount and conditions of nanoparticle incorporation into the polymer matrix
were analyzed. An influence of nanoparticles on the structural and morphological characteristics
of the nanocomposite film is considered, as well as possibilities of forming transport channels
for separated liquids are analyzed. Particular attention is paid to a correlation of nanocomposite
structure-transport properties of membranes, whose separation characteristics are usually considered
within the framework of the diffusion-sorption mechanism.
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1. Introduction

Nanotechnology in Polymer Science. Nanocomposites

Nanotechnology, it is assumed, will play a greater role in the near future. In the review [1],
the most exact statement was given, that nano-scale relates to the transition zone between the
macro-level and the molecular level. Polymer science has always been associated with nanotechnology,
as many polymer objects, functionally significant or used in practice, are nano-scale. For example,
separated phases in heterogeneous polymer systems often have nanoscale dimensions, besides that,
inter-polymer layers and morphological domains in polymer blends, asymmetric membranes or
multilayer films in some cases have nano-sized functionally-active fragments of their structure [1].
Among the tasks of breakthrough polymer science, e.g., the tasks of fundamental importance
in the coming decades—the creation of hybrid polymeric materials has been allocated by many
specialists [2,3]. One reason for the great importance and prospects of this field of research is the
possibility of the development of composites with new or enhanced properties as compared to the
initial components [4,5]. New approaches (new sight) for the development of effective and low-cost
polymer composites are needed [6].

Significant improvements in the properties of polymer systems can be a consequence of their
structural and morphological changes induced by nano-fillers. Introduction of nano-fillers could
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lead to the improvement of structural and morphological properties of polymer matrixes. So,
the relationship between synthesis, structure and properties of nanocomposites must be established for
the enhancement of mechanical parameters of new materials, such as toughness and strength [7–10].

A mechanical performance of the composite of a polymer-nano-filler type depends both on
the type of filler and on the polymer matrix used. Influence of a nano-level of a composite
system on a macroscopic behavior (mechanical, dynamical, dielectric and transport) is reviewed
in Reference [11]. The main attempts were devoted to find the correlation between a dimension
of nano-fillers, their orientation, content, or dispersibility in a matrix, and the physical-chemical
properties of nanocomposites based on it. In the papers of the scientific group of authors named
above, the mechanical properties of polyimide (PI) films with nanoparticles of different morphology
types (plates, nanotubes and sphere) were presented. Authors concluded that PI nanocomposites
filled with silicate nanotubes (SNT) and tubular vapor-grown carbon nanofibers (VGCF) nanoparticles
showed an increased tensile modulus with increasing volume concentration of the nanoparticles
without a catastrophic decrease in the elongation at the break. The effects of various nanoparticles
introduced into polyetherimide Ultem-1000—such as carbon nanofibers, nanocones/discs, halloysite
hydrosilicate nanotubes (NT), and quasi-spherical zirconia particles doped with yttrium—on the
mechanical behavior of nanocomposites were performed [12]. The introduction of nanoparticles into
the polymer increases the Young’s moduli and yield stress of block materials relative to those of the
unfilled polymeric material.

Polyimide nanocomposite films (PI-PM) prepared from the poly(amic acid) of poly(pyromellitic
dianhydride-co-4,4′-oxydianiline) (PM) containing the optimized concentration of nanoparticles
(montmorillonite (MMT), SNT, ZrO2 particles) showed an increase in tensile modulus with increasing
nanoparticle concentration in the order MMT > SNT > ZrO2. The PI-PM films containing 10 vol % of
SNT and ZrO2 showed higher sample failure strains, in contrast to the PI-PM/MMT films. This effect
suggests that the SNT and ZrO2 may be more effective in improving the ductility of the polyimide
nanocomposites, when the relatively brittle polyimide-MMT films are not useable. The results confirm
our expectation that the morphology of the nanoparticles (platelets, tubes or isometric form) and
especially their aspect ratios strongly influences the viscoelastic properties of the nanocomposites in
both their solid and liquid states. Therefore, understanding the role of the nano-filler variables such as
morphology, aspect ratio and composition on the properties of polymer nanocomposites could lead to
development of new materials with optimal properties for targeted application areas. It was shown
that tensile strength and deformation-at-break of the PI-PM-based nanocomposite films decreased
slightly with increasing concentrations of the nano-filler used to an extent that depends on the specific
characteristics of the nano-filler used, in particular, on its ability to aggregate. This decrease in tensile
strength may be attributed to the less than optimum adhesion between the nano-fillers and the matrix
and the possible formation of an inhomogeneous network structure density in the nanocomposite.
Despite the reduction of the tensile strength caused by the incorporation of the nano-fillers in the
polyimide nanocomposites, authors noted that the incorporation of relatively high concentrations of
SNT and ZrO2 (up to 10 vol %) do not lead to a drastic decrease of elongation-at-break (εt) that is widely
reported in the literature for a number of PI nanocomposites containing organo-clay nano-fillers [13,14].
This important benefit offered by the SNT and ZrO2 was believed to be due to the desirable intrinsic
properties of these particles that can be prepared with the prescribed properties for specific applications
including polymer nanocomposites, as already mentioned [11,15].

It was shown that an improvement in the mechanical characteristics of the material was
achieved by introducing into the polymer matrix (poly{1,3-bis(3,4-dicarboxyphenoxy)benzene
[4,4-bis(4”-N-phenoxy)-diphenyl sulfone]imide} (PI P-SOD)) about 10% MMT [16]. For this purpose,
the MMT has been pre-modified (aminoethylaminomethyl)phenethyltrimethoxysilane. After the filling
of PI P-SOD with magnesium silicate nanoparticles modified with silane (10 wt %), the nanocomposite
strength increased by 15%, bending elastic modulus and shear elastic modulus by a factor of 1.4.
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Incorporation of magnesium hydrosilicate NTs in polymer films improved their mechanical
properties without notable increasing of brittleness. It was shown that the average increase in the
modulus value of a nanocomposite was equal 0.15 GPa per 1 wt % of incorporated NTs. Increasing
in mechanical properties was observed in composites containing up to 15 wt % of magnesium NTs,
simultaneously with increasing of thermo-stability. These nanocomposites possessed low dielectric
constants also (~2.0) [4].

A number of other properties and potential applications are of interest including thermal stability,
flammability resistance, electrical/electronic properties, barrier properties, membrane properties and
others [1,2,4,11,17,18].

Normally, the addition of low-permeability fillers (such as silica) into non-porous polymer film
reduces penetrant diffusion simply by volume-fraction effects [19]. The free volume decreases in these
types of composites and leads to decreased molecular transport of permeate, because their molecules
do not dissolve in the crystalline region of a polymer. The development of polymer membranes
with inorganic crystalline fillers was considered for increasing their barrier properties with respect to
gases and liquid medium [20–22]. In some cases, when nano-particles are intercalated into polymeric
matrices, they are known to increase the overall mechanical strength and barrier properties [23].

Since the issue of the transport properties optimization of nanocomposite polymer membranes
remains relevant to this day, there have been attempts to make some generalizations known; review
papers [1,5,13,24–29]. These studies raises general questions [1,30], but in most cases the analytical
generalizations were made for solving specific problems of a separation [31–36] or other tasks
including fuel cells or catalytic membrane reactors applications [37–43]. In general, it is necessary
to highlight review articles in which information is collected on the introduction of a certain type of
nanoparticles in polymer films of different morphologies, for example membranes-containing 0D to
2D nano-fillers [37,44,45]. Much attention was paid to the effects of introducing carbon nanoparticles
into the polymer matrix [46,47]. There is a lot of information about the choice of zeolite to form
polymer-inorganic membranes [48–50]. It was interesting to review the search for ways of forming
an optimized membrane due to filling with nanoparticles of polymers of a certain class, for example,
polyimides or polysulfones [26,27,47,51–53]. Separately, we would like to mention review works
aimed at developing techniques for the target formation of membranes of certain structural and
morphological characteristics, notably, taking into account the existing ideas about the mechanism of
selective transport of penetrants [15,29,34,36,39,47,51,54].

This publication presents an analytical review that takes into account the main aspects outlined
in the above summarizing publications, but additionally, original studies that provide valuable
information for understanding processes involving nanoparticle-loaded polymeric membranes.
A critical analysis of the available information is directed to the identification of the most significant
factors influencing the gas separation and pervaporation properties of composite membranes of this
type. Particular attention is of the influence of structural and morphological characteristics on the
transport properties of diffusion nanocomposite membranes on the example of composite materials
containing hydrothermal magnesium silicate nanoparticles.

2. Polymer Nanocomposites for Membranes Applications

Recently, polymeric nanocomposite membranes have been widely used in various applications,
such as gas separation, water purification, desalination, fuel cells, etc. [10,32,34,40,55,56]. Most
of the currently used membranes are polymeric, and their production is highly developed [57],
but they are usually not suitable for critical technologies, in particular for very high temperature
applications [58]. The trade-off between flow and selectivity underlies the optimization of the
diffusion membrane. Improving the functional properties of polymer membranes and developing
new composite membranes by structural modification of the polymer matrix plays an important
role in membrane science and technology. The modified membrane can have excellent stability in a
wide range of process conditions, high selectivity for the target chemicals, and can also have a large
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molecular flux of penetrants with a small driving force. Polymeric nanocomposite membranes with
enhanced performances such as high selectivity, fluxes and favorable surface morphology have been
prepared by incorporating nano-size fillers into a polymer matrix [59–61].

Rheology properties of solvents or melts of polymer nanocomposites were investigated [4,16].
By including nano-size fillers into the polymer solution (melt) prior to the membrane fabrication,
one can change its rheology (depending on the nature of the distribution of nanoparticles in casting
dispersed mixtures). This makes it possible to form membranes of a different morphology, as follows:

(i) The principle named ‘particle-assisted wetting’, based on the templating process with the
introduction of nanoparticles into the acrylate-based reaction mixture, was the basis for a new method
for preparing membranes with high porosity and uniform pore distribution [62–64]. A typical example
of the preparation of membranes for the size-based separation is set forth below. A mixture of a
hydrophobic monomer, monodisperse silica nanoparticles hydrophobized by a silanization, and a
photoinitiator, formed a monolayer of particles on the water surface. After curing with UV irradiation
and the subsequent removal of the particles with hydrofluoric acid, a thin porous membrane was
obtained. Results of further experiments of authors [64] showed that these membranes on suitable
support can be effectively used for the separation of substances in size.

(ii) Multi-walled carbon nanotubes (MWCNTs)/polysulfone blend membranes were prepared
by a phase inversion process, using N-methyl-2-pyrrolidinone as a solvent and water as a coagulant.
For the formation of blend membranes, MWCNTs were first treated with strong acid to make them
well dispersed in organic solvents with the preparation of homogeneous MWCNTs/polysulfone
dispersions. Because of the hydrophilic MWCNTs, the surface of the MWCNTs/polysulfone blend
membranes appeared to be more hydrophilic than in the case of just a polysulfone membrane. The pore
size of the blend membranes increased along with the contents of MWCNTs up to 1.5%, then decreased,
and at 4.0% of MWCNTs it became even smaller than that of polysulfone membrane. The polysulfone
membrane with 4.0% of MWCNTs showed higher flux and rejection than the polysulfone membrane
without MWCNTs [65].

(iii) The organic-inorganic nanocomposites obtained on sol-gel chemistry can underlie both porous
and non-porous diffusion membranes. For nanocomposite membranes based on glassy polymers
with low free volume prepared by a sol-gel process in a polymer matrix, improvements in selectivity
and permeability were reported [66,67]. For other cases, an increase in selectivity but a decrease in
permeability [68] and vice-versa [69] were observed. In these studies, the results were related to an
improvement in the solubility of the nanocomposite membrane [67], the change in chain packing
and segmental mobility of the polymer and the type of alkoxide used [66]. New polyether imide
hybrid films were prepared by a sol-gel process followed by thermal imidization using MTEOS and
a poly(amic acid) containing ether linkages and isopropylidene groups [70]. Experiments on the
penetration of small gas molecules (He, N2, O2 and CO2) have shown that hybrid films with a higher
silica content exhibit a higher permeability for all test gases. The hybrid films exhibited a trade-off
between permeability and selectivity. An increase in the membrane permeability, depending on the
concentration of silica, was accompanied by a slight reduction in selectivity (Figure 1. The highest
gas permeability was found for the sample filled with 10% silica. These films have good O2/N2 and
CO2/N2 separation properties.

(IV) The most often used methods are the formation of non-porous (the dimensions of the voids
correspond to the transport channels of gases or liquids by the mechanism of sorption-diffusion)
and microporous mixed matrix membranes (MMM). Mixing of molecular sieving particles with
polymers for the production of MMM makes it possible to combine the excellent properties of gas
separation of molecular sieving materials with the processability of polymers [71]. For example,
zeolite-filled microporous MMM (Zeo TIPS) were formed using the thermally induced phase separation
(TIPS) process and consisted of zeolite particles in a microporous polymer matrix [72]. Zeo TIPS
membranes are designed to improve upon the performance of dense polymer membranes for gas
or/and liquid separations and to approach the performance of zeolite membranes avoiding their
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drawbacks. The model demonstrating the potential of these membranes in gas separation applications
was presented in the paper. Modeling the structure shown in Figure 2 [72], it is complicated and
outside the scope of this work. Instead, the membrane structure was modelled as a mixture from
polymer, voids, and zeolite particles in a parallel arrangement. This model takes into account the
loading of the zeolite, the ratio of the volume of voids to the volume of the polymer in the membrane,
as well as the permeability properties inherent in each of the membrane components (Figure 3).

Appl. Sci. 2018, 8, x FOR PEER REVIEW  5 of 40 

mixture from polymer, voids, and zeolite particles in a parallel arrangement. This model takes into 
account the loading of the zeolite, the ratio of the volume of voids to the volume of the polymer in 
the membrane, as well as the permeability properties inherent in each of the membrane components 
(Figure 3). 

 
Figure 1. Dependence of the permeability (a) and the selectivity (b) of PI on silica content of 0% 
(PI-0), 5% (PI-5) and 10% (PI-10) [70]. 

 
Figure 2. Separation schematic for the permeation of two species from the top to the bottom of the 
Zeo TIPS membrane. The dashed lines represent the path of the larger component. The solid lines 
represent the path of the smaller component [72]. 

 
Figure 3. Performance of ideal Zeo TIPS membranes with an arrow indicating increasing polymer 
permeability (•), non-ideal Zeo TIPS membranes with an arrow indicating increasing β (□), and 
dense mixed matrix membranes (MMM) with an arrow indicating increasing polymer permeability 
(▲), plotted with Robeson’s 1991 upper bound and region of commercial attractiveness [73]. All 
points correspond to 25 vol % zeolite loading and all Zeo TIPS membrane points correspond to a 3:1 
ratio of void volume to polymer volume. 

Figure 1. Dependence of the permeability (a) and the selectivity (b) of PI on silica content of 0% (PI-0),
5% (PI-5) and 10% (PI-10) [70].

Appl. Sci. 2018, 8, x FOR PEER REVIEW  5 of 40 

mixture from polymer, voids, and zeolite particles in a parallel arrangement. This model takes into 
account the loading of the zeolite, the ratio of the volume of voids to the volume of the polymer in 
the membrane, as well as the permeability properties inherent in each of the membrane components 
(Figure 3). 

 
Figure 1. Dependence of the permeability (a) and the selectivity (b) of PI on silica content of 0% 
(PI-0), 5% (PI-5) and 10% (PI-10) [70]. 

 
Figure 2. Separation schematic for the permeation of two species from the top to the bottom of the 
Zeo TIPS membrane. The dashed lines represent the path of the larger component. The solid lines 
represent the path of the smaller component [72]. 

 
Figure 3. Performance of ideal Zeo TIPS membranes with an arrow indicating increasing polymer 
permeability (•), non-ideal Zeo TIPS membranes with an arrow indicating increasing β (□), and 
dense mixed matrix membranes (MMM) with an arrow indicating increasing polymer permeability 
(▲), plotted with Robeson’s 1991 upper bound and region of commercial attractiveness [73]. All 
points correspond to 25 vol % zeolite loading and all Zeo TIPS membrane points correspond to a 3:1 
ratio of void volume to polymer volume. 

Figure 2. Separation schematic for the permeation of two species from the top to the bottom of the Zeo
TIPS membrane. The dashed lines represent the path of the larger component. The solid lines represent
the path of the smaller component [72].



Appl. Sci. 2018, 8, 1181 6 of 42

Appl. Sci. 2018, 8, x FOR PEER REVIEW  5 of 40 

mixture from polymer, voids, and zeolite particles in a parallel arrangement. This model takes into 
account the loading of the zeolite, the ratio of the volume of voids to the volume of the polymer in 
the membrane, as well as the permeability properties inherent in each of the membrane components 
(Figure 3). 

 
Figure 1. Dependence of the permeability (a) and the selectivity (b) of PI on silica content of 0% 
(PI-0), 5% (PI-5) and 10% (PI-10) [70]. 

 
Figure 2. Separation schematic for the permeation of two species from the top to the bottom of the 
Zeo TIPS membrane. The dashed lines represent the path of the larger component. The solid lines 
represent the path of the smaller component [72]. 

 
Figure 3. Performance of ideal Zeo TIPS membranes with an arrow indicating increasing polymer 
permeability (•), non-ideal Zeo TIPS membranes with an arrow indicating increasing β (□), and 
dense mixed matrix membranes (MMM) with an arrow indicating increasing polymer permeability 
(▲), plotted with Robeson’s 1991 upper bound and region of commercial attractiveness [73]. All 
points correspond to 25 vol % zeolite loading and all Zeo TIPS membrane points correspond to a 3:1 
ratio of void volume to polymer volume. 

Figure 3. Performance of ideal Zeo TIPS membranes with an arrow indicating increasing polymer
permeability (•), non-ideal Zeo TIPS membranes with an arrow indicating increasing β (�), and dense
mixed matrix membranes (MMM) with an arrow indicating increasing polymer permeability (N),
plotted with Robeson’s 1991 upper bound and region of commercial attractiveness [73]. All points
correspond to 25 vol % zeolite loading and all Zeo TIPS membrane points correspond to a 3:1 ratio of
void volume to polymer volume.

The correct choice of material for the matrix and sieve phases is fundamentally important for
the development of the MMM [74]. The molecular sieving phase, according to the authors, should
accurately distinguish the difference in size and shape of molecules. A successful example is given
that a 13X zeolite with an aperture of 10 Å is unlikely to act as molecular sieves for O2 and N2

molecules with lengths of 3.75 and 4.07 Å, respectively, while zeolite 4A with an effective aperture
size of 3.8 Å should be able to distinguish two molecules due to entropic factors [75]. Molecular sieve
membranes containing zeolite or CMS possess very attractive penetration properties because of their
steric, equilibrium and kinetic effects, leading to highly selective separation of molecules of similar
size [76]. Both types of particles were successfully used as fillers in the formation of MMM, and their
selective transport properties can be realized to varying degrees depending on the composition and
method of the membrane preparation [77].

Both components contribute to the properties of the membrane, where, in the absence of defects,
the selected polymer matrix corresponds to the minimum achievable characteristics, and the introduced
molecular sieves contribute to improving the selectivity of the membrane [74]. Polymers with a high
glass transition temperature that now dominate in gas separation membranes have high selectivity and
economically acceptable permeability, which makes them successful candidates for the polymer matrix.
Although the difficulties in forming a MMM using a rigid glassy polymer as a continuous phase are
evident, in particular because of poor polymer contact with the polymer sieve, some success has been
reached by searching for new particle introduction techniques. Good contact between the components
of the membrane is necessary. Otherwise, a lower resistance to the flow of gases is possible in the
interfacial region, hence, a decrease in selectivity with increasing permeability.

The great attention were attracted MMMs obtained in a result of the nanoparticles introduction
in a non-porous polymer matrix. This method makes it possible to develop membranes with the
improved complex of mechanical, thermo-physical properties with the maintenance of stability in the
aggressive media. In Reference [78], the reason was discussed why the introduction of zeolites into
a non-porous polymer matrix can really lead to an improvement in the MMM properties. In 1991,
Lloyd Robeson demonstrated that there is a correlation between permeability and selectivity that
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results in an upper bound for polymer membranes [79]. For actual polymer membranes, the data
points would appear below a so-called “upper bound trade-off curve” [80]. This suggests that
even with remarkable developments in polymer chemistry it is unlikely there will be significant
changes in the permeability/selectivity trade-off in the nearest future. Newly synthesized polymeric
membranes seem to obey the trade-off line between permeability and selectivity. As is known, the
problem encountered by the use of the gas separation membrane is the search for a higher selectivity
and permeability of the material with a high resistance to aggressive conditions. The price of the
material must be competitive, and this material can easily be made into a membrane [81]. Inorganic
membranes [82,83], for example, based on zeolites, may offer a solution to the permeability/selectivity
trade-off problem. Their selectivity and permeability data are often in the upper right quadrant of a
Robeson plot [78]. Thermally and chemically stable molecular sieve membranes with characteristics
significantly exceeding the upper boundary of the interconnection curve, however, are difficult and
expensive to manufacture. The development of new MMMs is considered to be the most practical
approach to overcoming objective limitations in obtaining economical materials for a gas separation
membrane [73,84].

An obvious strategy to bridge the gap between polymer and molecular sieve membranes is to
mix them in a single composite membrane. MMMs combine the advantages of flexible, processable
polymer membranes with the selectivity of inorganic membranes [25]. It would seem that to achieve
membrane performance above the upper bound of a Robeson plot [78] the content of the inorganic
additive should be high. Unfortunately, MMMs become brittle as the concentration of molecular sieves
in the membrane increases. Typical MMM loadings are <40 wt %.

The study of MMM was mainly related to the optimization in the selection of different
molecular sieves as dispersed particles in different polymers, both with high and low glass transition
temperatures [77].

According to Reference [49], the first attempt to study MMM was undertaken by Paul et al. in
1973. They used zeolite 5A in silicone rubber and observed delayed diffusional time lag but found
no improvement in gas separation properties [49]. The authors observed good contact between the
polymer and inorganic phases, linking this effect mainly with the soft and flexible structure of the
rubber-like polymer [75]. However, some researchers have shown that the advantage of including a
molecular sieves phase in a highly permeable rubbery polymer is in most cases minimal, since most
of the penetrant diffusion will be passing through a polymer phase that exhibits less flow resistance
than the molecular sieves. For example, poly (dimethylsiloxane) (PDMS) with high O2 permeability
(933 barrer) and low selectivity for O2/N2 (2.1) can only give a minimal gain in the transport properties
of a MMM, that by characteristics is much lower than the trade-off curve [75]. Large improvement
could only be observed at very high loading inorganic fractions. In this case, the mechanical properties
of the membrane approach to “the difficult-to-process membrane”.

After some reports of improved separation characteristics associated with the addition of zeolites
to rubber polymers, the focus of attention shifted to mixed zeolites with glassy polymers [71].
Most glassy polymers can provide commercially acceptable minimum matrix phase characteristics,
as compared to a rubber polymer. As mentioned above, the initial attempts to manufacture MMM using
glassy polymers and zeolites resulted in voids in the interfacial region. This reduces the characteristics
of the separation of the MMM relative to the polymer in its composition [72,85]. Efforts to eliminate
these non-selective sites were often focused on using binding agents to induce favorable interactions
between the polymer and the zeolite, on adding a plasticizer to increase the flexibility of the polymer
matrix, or on searching for ways of chemically linking two components [27,86,87]. As result of efforts
to eliminate these voids, the resulting permeability of the MMM was often sacrificed.

Thus, the MMM should ideally be a homogeneous mixture of polymer and molecular
sieve, but this is rarely realizable [28]. Adding a filler material such as zeolite (KA, NaA, CaA,
and NaX zeolites) to the polymer membrane network was reported to improve the PVA membrane
performance [88]. It was shown that in zeolite-PVA membranes the separation factor was unchanged
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at low zeolite content and it decreases at high zeolite content because the more zeolite particles in the
membrane, the more chances of creating a less selective leak around the zeolite particles.

Most zeolite membranes are composites with a medium pore size of 0.55 nm. It is shown that
ZSM-5 in the MMM is characterized by good contact between the nanoparticles and the polymer,
since the polymer chains can penetrate the mesopores of ZSM-5. The pores of ZSM-5 crystals provide
size and shape selectivity. The ideal H2/CH4 separation factor increased from 83.3 to 169 at 20%
loading [89]. In Reference [90], new polyimide (PI) films containing zeolite L and/or silica, having a
thickness of tens of micrometers, and their gas transport properties were studied with respect to the
film’s structure. The gas permeability (O2, N2 and CO2) increased with an increase in the inorganic
content in the composite film, while the selectivity was maintained constant in comparison with the PI
film. For the 10% filled samples, there was not any observation of the significant enhancement in the
gas transport characteristics. The results of the SEM cross section analysis of the film showed good
compatibility between the polymer and the inorganic phase, and also indicated a dense membrane
structure comparable to the structure of PI without nano-fillers (PI-0). The highest gas permeability
was found for the sample filled with 20% of zeolite (PI-20). The permeability of N2, O2, and CO2

through PI-20 film increased, compared to the reference PI film PI-0, while the selectivity for the O2/N2

and CO2/N2 gas pairs remained almost unchanged. Similar behavior was reported in the literature
for hyperbranched PI–silica hybrid membranes, when O2/N2 selectivities were maintained almost
constant although their O2 permeability increased with increasing silica content [91].

O2/N2 and CO2/CH4 selectivities of ODPA-TAPOB hyperbranched polyimide–silica hybrid
membranes are discussed in [91,92]. The O2/N2 selectivity depends on the diffusivity selectivity
rather than the solubility selectivity. The α (O2/N2) values of the hybrids were maintained almost
constant although their O2 permeability increased with increasing silica content. For CO2/CH4

separation, noticeable enhancement of CO2/CH4 selectivity was observed and the α (CO2/CH4) value
of the hybrids increased with increasing silica content. The ODPA-TAPOB-silica hybrid membranes
demonstrated α values that correspond to the α values of the upper boundary Robeson’s curve of
the CO2/CH4 separation with an increase in the silica content. According to the author, the high
CO2/CH4 selectivity of the membrane is due to the inclusion of silicon dioxide.

Suer et al. studied the preparation and pretreatment effect on the structure and performance
of MMM [2,50]. MMMs made from polyethersulfone (PES) with hydrophilic zeolites 13X or 4A
demonstrated the strong effect of the membrane preparation procedure on the permeability of the
gases. The rapid solvent release followed by slow drying resulted in relaxation of the molecular
package, increased homogeneity and less dense structure, hence the higher penetration. It was shown
that a significant improvement in permeability properties occurred at high loads. PES-13X membrane
was observed to show a better separation characteristic than PES-4A. It has been suggested that the
transport mechanism cannot be explained solely by the molecular sieving effect, since 13X has much
larger pores than 4A. The reason could be the appearance of a cavernous porous structure around the
fillers, leading to partial incompatibility of polymer chains and zeolite crystals. Differences in cave
structures between PES-13X and PES-4A are due to various interactions of the zeolite and polymer,
which directly affects the permeability of the MMM.

It should be noted that studies of MMM containing zeolites as nano-fillers of polymer matrix
(rubbery or glassy polymers) did not lead to unambiguous conclusions about how the presence of
micro- or nano-voids at the interface between the polymer and inorganic phases affects a selective
transport in composite membranes. Completely opposite results of the introduction of zeolite
nanoparticles into the polymer matrix, which affected the properties of the diffusion membrane, are
known. Surprising enhancement of both membrane permeability and selectivity for molecular species
as penetrants was also achieved by reinforcing the polymer membrane matrix with nano-fillers [9].
Synergetic advantage of nano-scale measurements (“nanoeffect”) was emphasized with respect to
larger scale modification. Understanding the changes in properties, when the size of the particles (or
fibers) was reduced to the level of nano-scale, is important for optimizing the resulting nanocomposite.
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A successful example is that the addition of silicalite to silicone rubber increases both the permeability
and selectivity of small gas molecules (CO2, O2, H2, He) relative to the initial polymer, but decreases
the permeability coefficients for large molecules (such as butane) [93].

As noted above, the type of nano-filler and its own features can play a decisive role in the
formation of MMM properties. Discussing the properties of MMMs above, it should be taken into
account that zeolite is defined as a member of a family of hydrated alumino-silicate minerals that
has a framework structure with interconnected cavities occupied by large metal cations and water
molecules. The nature of these void spaces and channels determine the gas transport properties of
zeolites. Zeolite molecular sieve typically has a uniform pore size within the range of 3–10 Å. Pores of
zeolites completely exclude molecules that are larger than their diameter. In comparison with natural
zeolites, synthetic zeolites are better suited for research and industrial applications because of their
greater homogeneity in composition and purity, which can provide a high degree of reproducibility.
More than 150 synthetic zeolites have been synthesized: Type A, Type X, Type Y, Type ZSM and so on.
According to IZA, the structures of zeolite are MFI (ZSM-5, silicalite), IFT, AFI (aluminophosphate
ALPO 4–5), LTA (Linden type A), MOR (mordenite) and FAU (faujasite) [94,95].

Many questions connected with the influence of the structural and morphological features of the
MMM on the mechanism of the gaseous or liquids transport through a mixed matrix, were stated
during studying zeolite-containing membranes. In spite of that, positive results were achieved for
quite different objects, including membranes with nano-fillers of other types.

(V) In Reference [96] “adsorbent-filled membranes” have been tested in pervaporation for three
applications: removal of organic compounds from an aqueous solution, dehydration of organic/water
azeotropic mixtures, and separation of an organic/organic mixture. Authors have concluded that
the potential industrial applications of these membranes depend on the properties of the adsorbents.
Different types of adsorbents have been evaluated: zeolites, activated carbon, and carbon molecular
sieves. Silicalite is currently considered the most promising adsorbent. It enhances, for example,
the selectivity and flow through the PDMS membrane when removing organic compounds from
water. The PDMS silicalite membranes can, for example, be effectively used to concentrate alcohols
and aromatic compounds from dilute aqueous solutions. Adsorbent-filled membranes provide the
opportunity to optimize the process of pervaporation in various applications. The conclusion was
made that with the development of new microporous adsorbents, an optimization of adsorbent-filled
membranes with better separation properties is expected [96].

Nano-fillers having prospects for polymer nanocomposite membrane fabrication are organic and
inorganic additives, metals and metal clusters, nanoparticles, nanofibers, and mineral sheets (carbon
NTs (CNTs), graphene oxide, TiO2, SiO2, Mg(OH)2, Al2O3, ZnO, clay etc.) of different structure and
morphology as, for example, in Figure 4.
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(VI) Nanoparticles themselves can form materials with interesting properties for practical use,
for example, in the development of novel water-purification functional materials (e.g., nano-sorbents,
redox and catalytically active nanoparticles, nanostructured membranes and bioactive nanoparticles)
and processes (e.g., dendrimer enhanced ultrafiltration) [97,98].

The possibility of using CNTs as membranes for gas separation was accepted some time ago.
The first verifications of this idea for single- and double-layer NTs were carried out using molecular
dynamics (MD) [59]. Similar experiments were made by Hinds and co-workers with membranes
from MWCNTs [99,100]. NTs were incorporated into a thin impermeable film: Holt et al. used a
silicon nitride matrix, whereas Hinds et al. used polymer. The pore diameters of NTs in membranes
made by Holt et al. vary from 1.3 to 2 nm, while those of NTs used by Hinds et al. lie in a much
wider range. Experimental data on the permeability of single-component simple gases, in both cases
demonstrate the rapid transport of penetrants. The penetration rate observed by Holt et al. for a
number of gases, is one or two orders of magnitude greater than could be predicted, according to
the Knudsen model [59,101]. Nanoparticles have been self-assembled, followed then by crosslinking
reactions at liquid interfaces so that ultrathin membranes arose. The interstitial space between these
nanoparticles should enable size-selective separations [97,102].

Carbon black reinforcement of elastomers, modification of polymers by colloidal silicon dioxide
and even reinforcement with natural fibers (for example, asbestos fibers of nano-sized diameters) are
typical examples of the formation of polymeric nanocomposites of practical significance. Nano-clays,
have been used as effective nano-fillers for the polymer nanocomposites [17,103,104].

With the use of montmorillonite (Na+MMT) clay, belonging to the class of smectite clays
(i.e., family of phyllosilicates 2:1), much effort has been made to use them as a filler for the development
of new polymer-inorganic materials [105,106]. Smectite clays are characterized by their properties
as cation exchange and intercalation of molecules, and Na+MMT will tend to swell in some polar
solvent [23].

(VII) Works with layered nano-materials were associated, first of all, with the search for ways of
creating polymer-inorganic composites with improved barrier characteristics. Much attention was
paid to processes of the exfoliation of clay nanoparticles in a polymer matrix (Figure 5). Two structural
types were possible when Na+MMT was involved in the PVA matrix. The first is an intercalated
structure in which one or two elongated polymer chains are inserted into the interlayer spaces of the
layered clay, and the second one is the exfoliated structure in which clay layers are dispersed in the
PVA matrix. In any case, the clay fillers provide a stable layer based on polymer [107].
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PDMS/MMT nanocomposites were obtained, in particular, by ultrasonic vibration, a mixture
of silanol-terminated PDMS and a commercial organosilicate. Results of a WAXD study of
nanocomposites detected the formation of exfoliated structures [13].

Figure 6a–d from Reference [108] are schematic diagrams illustrating a formation process of
an exfoliated structure in the MMT-PA6 nanocomposite using the clay slurry. The clay slurry is
first pumped under vigorous shear (Figure 6a). The slurry droplets tend to become finer during
mixing (Figure 6a). Water of the slurry drops begin to evaporate on contact with molten PA6
(Figure 6b,c). During water evaporation, some silicate layers are fixed into molten PA6 and dispersed
at the monolayer, and some dispersed as few stacking layers (Figure 6d). The tensile and flexural
modulus as well as tensile strength of the nanocomposite containing 1.6 wt % MMT are higher than
those of unfilled PA6 but the impact strength is 12% lower compared to PA6 [108].

Yano et al. have successfully used the technique for the preparation of polyimide/MMT
nanocomposites from solution dimethylacetamide (DMAC), a poly (amic acid), and a DMAC
dispersion of MMT modified with dodecylammonium cations [109]. In the case of 12CH3-MMT,
the MMT appears to be homogeneously dispersed and the average diameter of the dispersed MMT
particles was the smallest of all. The carbon number of the surfactant increases, the hydrophility of
particles decreases WAXD patterns of the nanocomposite containing 12CH3-MMT showed almost
exfoliated structure, while WAXD patterns of composites prepared with 12COOH-MMT or C10A-MMT
indicated the inhomogeneic dispersion of a part of MMT in the PI matrix [109].

In another report [110], PI/MMT nanocomposites were prepared by a cast method from solutions
of poly(amic acid) precursors and dodecyl-MMT in N-methyl-2-pyrrolidone as a solvent. The cured
films of the rigid-rod PI/MMT were characterized by FTIR, TEM and WAXD as nanocomposites,
being exfoliated at low MMT content and partially exfoliated at high MMT content. This method
was discussed also as suitable for the preparation of nanocomposites of a type of covalently bonded
layered silicate in PI.
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It was shown that the introduction of MMT into the matrix of glassy polymers could lead to a
decrease in the permeability of the MMM with respect to both gases and liquids [18,111,112].

Polystyrene (PS)/clay hybrid systems have been prepared via in situ polymerization of styrene in
the presence of (1) unmodified Na-MMT clay; (2) MMT modified with zwitter-ionic cationic surfactant
octadecyldimethyl betaine (C18DMB) and (3) MMT modified with polymerizable cationic surfactant
vinylbenzyldimethyldodecylammonium chloride (VDAC) [113]. For all composites, an accurately
proportional decrease in the permeability and diffusion of oxygen with the addition of clay was
noted. The effect of clay on the oxygen solubility was significantly less. Solubility data changes were
declared being within the range of experimental error of 10% with the addition of clay. These facts
are demonstrated in Figure 7, presenting a plot of relative oxygen permeability Pc/P0 versus relative
oxygen diffusivity Dc/D0, where Pc and Dc are the permeability and the diffusivity of the filled
polymer, and P0 and D0 are the permeability and the diffusivity of PS.

The assumption was made about the invariance of the internal solubility of the matrix S0 in the
presence of mineral layers. Therefore, the polymer/clay composite solubility Sc can be expressed
as Sc = S0 (1 − φm), where φm is the volume fraction of mineral phase. The authors suggested that
changes in the solubility of oxygen in composites were comparable, since composites containing
no more than 10% of the mineral phase were studied. The nanocomposites PS/VDAC-MMT and
PS/C18DMB-MMT showed significantly lower relative permeability (diffusion) comparing with the
PS/Na-MMT composite containing untreated clay in the case of samples with a similar clay content.
In about 3% wt/wt of clay, only 4% decrease of oxygen permeability was found by authors in the case of
PS/VDAC-MMT, 8% in the case of PS/C18DMB-MMT, and for PS/Na-MMT, changes of permeability
were negligible. With about 9% wt/wt of clay, 18% decrease of oxygen permeability was found, 42%
for PS/C18DMBMMT, and only about 2% for PS/Na-MMT conventional composite.

Different continuum models have been discussed to predict the permeability of plates-filled
composites. Many nanocomposite systems presented in the literature can be described using
models of this type, wherein only the shape and volume of the filler fraction are required to
predict the properties [1]. These models usually consider random placement (random only in two
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directions) parallel plates arranged perpendicularly to the direction of penetration of substances.
In Reference [114], the orientation factor was introduced. The prediction of a significant decrease
in permeability of nanocomposites was given for cases of the use of fillers with a high aspect ratio.
Transport properties of polymers can be significantly altered due to changes in the diffusion pathway
of penetrant molecules by introducing inorganic plates with a sufficient aspect ratio [1,106].Appl. Sci. 2018, 8, x FOR PEER REVIEW  12 of 40 
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Although composites based on nanoparticles are often subject to the predictions of continuum
mechanics, there are situations when nanocomposites can exhibit properties being not expect for the
filling with larger particles [1].

In the case of polymers loaded with plate-like inorganic fillers, including clays, semi-empirical
models proposed by Nielsen [115] and by Cussler [116,117] are used to describe the gas barrier [1].
Three model PS/clay hybrid systems presented above (Figure 7) with very different layer morphologies
were considered. Nazarenco et al. made a comparative analysis of the simulations of Nielsen and
Cussler [113].

It was demonstrated that Nielsen’s formula is more applicable to composite materials filled by
discs located at a distance greater than the radius of disk R (the dilute mode) [1]. In contrast, Cussler’s
equation is more convenient for materials containing disks placed at a distance that are comparable to
R or being less (the semi-dilute mode) [1,113,118]. At the semi-dilute mode, the volume fraction of
disks φm is much smaller than unity. According to Paul et al. [1], a semi-dilute mode is easier to realize
using disks with a large aspect ratio α. In both models, uniformly dispersed disks are arranging to
orient parallel to the film surface and perpendicular to the direction of the gas molecules penetration.
The models had an experimental basis, since in practice, the arrangement of the particles described
above (alignment of the plates in the flow) is carried out during the formation of composites.

It is important that the basis for this prediction was the assumption that the particles had no
influence on the gas solubility and the gas-diffusion characteristics of the polymer matrix.
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A sketch of Nielsen’s model is demonstrated in Figure 8. The main idea of the model was to
evaluate the variation in the path length of the scattering molecules, taking into account both the needs
to bypass obstacles (low permeability inorganic plates).

Appl. Sci. 2018, 8, x FOR PEER REVIEW  13 of 40 

It was demonstrated that Nielsen’s formula is more applicable to composite materials filled by 
discs located at a distance greater than the radius of disk R (the dilute mode) [1]. In contrast, 
Cussler’s equation is more convenient for materials containing disks placed at a distance that are 
comparable to R or being less (the semi-dilute mode) [1,113,118]. At the semi-dilute mode, the 
volume fraction of disks φm is much smaller than unity. According to Paul et al. [1], a semi-dilute 
mode is easier to realize using disks with a large aspect ratio α. In both models, uniformly dispersed 
disks are arranging to orient parallel to the film surface and perpendicular to the direction of the gas 
molecules penetration. The models had an experimental basis, since in practice, the arrangement of 
the particles described above (alignment of the plates in the flow) is carried out during the formation 
of composites. 

It is important that the basis for this prediction was the assumption that the particles had no 
influence on the gas solubility and the gas-diffusion characteristics of the polymer matrix. 

A sketch of Nielsen’s model is demonstrated in Figure 8. The main idea of the model was to 
evaluate the variation in the path length of the scattering molecules, taking into account both the 
needs to bypass obstacles (low permeability inorganic plates). 

 
Figure 8. Sketch illustrating the Nielsen tortuosity diffusion model for the nanocomposite structure 
consisting of oriented layers (disks) homogeneously dispersed in the polymer matrix [113]. 

Nielsen proposed an equation for relative permeability Pc/P0 = (Ac/A0)/τ, where Ac/A0 was the 
reduced cross section, and τ was the maximum tortuosity factor defined as a ratio of the length of the 
maximum tortuous path to the length of the direct path, that is τ = dτ/d. τ can be explained as 1 + φmα/2, 
where the disk aspect ratio a = 2R/hm (see Figure 8). The reduced cross section Ac/A0 was estimated 
via the Delesse principle used in stereological analysis [119]. The final form of the Nielsen equation 
follows: 𝑃 𝑃⁄ =  1 − 𝜙1 − 𝛼2  𝜙  (1) 

The authors [113] proposed extending Nielsen’s equation to take into account the random 
orientation of the disks in the material, and to use for this purpose a multiplied factor 1/3, as was 
done in Reference [114,118]. 𝐈𝐧 𝐭𝐡𝐢𝐬 𝐜𝐚𝐬𝐞, 𝑷𝑪 𝑷𝟎⁄ =  𝟏 − 𝝓𝐦𝟏 + 𝟏 𝟑 (𝜶𝟐 𝝓𝐦) (2) 

Figure 8. Sketch illustrating the Nielsen tortuosity diffusion model for the nanocomposite structure
consisting of oriented layers (disks) homogeneously dispersed in the polymer matrix [113].

Nielsen proposed an equation for relative permeability Pc/P0 = (Ac/A0)/τ, where Ac/A0 was the
reduced cross section, and τ was the maximum tortuosity factor defined as a ratio of the length of
the maximum tortuous path to the length of the direct path, that is τ = dτ/d. τ can be explained as
1 + φmα/2, where the disk aspect ratio a = 2R/hm (see Figure 8). The reduced cross section Ac/A0 was
estimated via the Delesse principle used in stereological analysis [119]. The final form of the Nielsen
equation follows:

PC/P0 =
1− φm

1− α
2 φm

(1)

The authors [113] proposed extending Nielsen’s equation to take into account the random
orientation of the disks in the material, and to use for this purpose a multiplied factor 1/3, as was done
in Reference [114,118].

In this case, PC/P0 =
1− φm

1 + 1/3( α
2 φm)

(2)

Cussler proposed the equation for the diffusion of gases in systems under discussion, that was
transformed by Nazarenco et al. taking into account additive contribution to solubility from the soluble
polymer matrix and insoluble disk phase, into

PC/P0 =
1− φm

1 + (φmα/2)2

1−φm

(3)

Accenting the importance of taking into account the repeated multiple scattering of the penetrant
between close pairs of disks, that is, the special physical meaning of the Cussler’s equation, the
authors of Reference [113] proposed the simplified morphological model and based on them simplified
transport model. A sketch of this model is shown in Figure 9.
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Unlike the morphological model, the number of layers in one stack (aggregate) N was assumed
to be the same for all aggregates, to simplify the analysis. The paper demonstrates good agreement
between the calculation results of the gas barrier characteristics using the proposed transport model
with all its assumptions and experimental data, for example, for the PS/VDAC-MMT nanocomposite.

The most interesting cases were the formation of composite MMT-containing membranes with
improved selective transport properties. The water separation factor, as shown in Reference [120] can
significantly increase in comparison with an unfilled PVA membrane, while the composite membrane
have a reasonable flux. For the membrane type of this paper, Na+MMT particles hardly form a
continuous phase, but are isolated and surrounded by PVA chains in the matrix. According to the
authors, in the mixed matrix membrane based on PVA, the mobility of the predominantly penetrating
component (water) of the separated mixture can increase due to the effects associated with the
introduced clay particles. These same effects contribute to a decrease in the mobility of the less
permeable component (isopropanol or 1,4-dioxane).

According to experimental data, it is possible to obtain layered crystal structures in the PVA matrix
due to strong intercalation when clay particles are included in the matrix [120]. The crystalline and
hydrophilic nature of Na+MMT particles was shown to hinder the transport of organic components
of the mixed aqueous media to provide an easy passage of water molecules through the MMM
(Figures 11 and 12). As the water content of the feed mixture increased, flux also increased due to
hydrophilic-hydrophilic interactions. In addition to the increased plasticization effect of the PVA
membrane in the presence of a large amount of water during the transport process, the separation
factor has decreased due to a decrease in crystallinity.
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Figure 11. Separation factor of 10 wt % of water in water +isopropanol (white box) and
water+ 1,4-dioxane (black box) feed mixtures vs. pristine PVA (M1), PVA/Na+MMT-5(M2) and
PVA/Na+MMT-10 (M3) mixed matrix membranes at 30 ◦C for (a) thermally crosslinked membranes
and (b) glutaraldehyde crosslinked membranes [120].
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(black box) feed mixtures vs. PVA (M1), PVA/Na+MMT-5(M2) and PVA/Na+MMT-10 (M3) mixed
matrix membranes at 30 ◦C for (a) thermally crosslinked membranes and (b) glutaraldehyde crosslinked
membranes [120].

Two MMMs were prepared by including 5 and 10 wt % of Na+MMT clay particles into PVA [120].
Membranes of this study have exhibited high separation factors and/or permeability to water from the
chosen feed mixtures in addition to having sufficient mechanical strength properties. Membranes of
this study showed high separation coefficients and/or permeability to water for various feed mixtures,
and demonstrate adequate mechanical strength properties. Thus, after incorporating Na+MMT
particles into PVA matrix, the membrane properties of PVA have greatly improved, including the
pervaporation performance, more exactly, a separation factor. However, flux values of the membranes
were somewhat lower in comparison with the unfilled PVA.

Generally, effects associated with the processes of the distribution of nanoscale inorganic particles
in a polymer matrix are determined by the following factors: The amount and nature of the active
groups in the polymer and in the filler, the presence in the polymer structure fragments—“potential
ligands” for the filler used, as well as its size and structure [13,111,121]. As a rule, the polymeric
components have not been specially designed to control interactions with the other ingredients.
There is also a need for a more “wholistic” design of nanocomposites, whereby both polymeric and
non-polymeric components should affect as reagents in solid-phase reactions [122,123].

Polyethersulfone (PES) with the incorporation of inorganic fillers of different shapes (Na-MMT
clays—layers with two silica tetrahedral sheets sandwiching a central alumina octahedral sheet, and
TiO2 nanoparticles-spherical) were prepared and tested for CO2/CH4 separation [124]. The study
shows that the permeability of PES/MMT MMM to both gases, CO2 and CH4, increased significantly
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with increasing MMT content, that was accompanied by a dramatic decrease in selectivity. The main
reason for this effect was called by authors as the appearance of voids and defects at the boundary of
the polymer and inorganic phases. This phenomenon should be attributed to the big gas transport
path created in the interface. Accordingly, the gas selectivity was far from the Robeson upper bounds
(Figure 13). In particular, with a MMT content of 10% or more, the predominant mechanism of
gas transport in these membranes is the Knudsen diffusion, so that CO2 and CH4 cannot actually
be separated.
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The membranes with high MMT contents (more than 10 wt %) have some defects and, therefore,
Knudsen diffusion with low separation ability became the predominant gas transport mechanism.
In the case of PES/TiO2 MMMs, the CO2/CH4 separation factor increased from 24.5 for pure PES
membrane to 38.5 for 4 wt % TiO2 MMM and then decreased with a further increase in TiO2 content
(17.3 for 20 wt %) (Figures 14 and 15). A reason is the same like in the case of MMT additive. SEM and
TEM images revealed the inorganic filler agglomeration in MMMs. The size of the agglomerate becomes
larger with a higher filler content, and at the interspace of the filler and the polymer, voids formed.

The conclusion was made that to improve the PES/MMT MMM performance, middle and micron
size agglomerates as well as interface voids should be avoided. Some methods proposed in the
literature may be useful for the production of MMMs with a more even distribution of MMT, less
aggregation of particles and without defects at the polymer-inorganic interface, such as the ultrasonic
treatment method for better distribution of the inorganic filler in the dispersion, the filler modification
to improve its adhesion to the polymer, the use of organo-clays, melt processing in the membrane
preparation, etc.
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The essential role of the particle/polymer boundary region was discussed in papers wherein
colloidal silica was used as a nano-filler. It has been experimentally proven that the introduction
of nano-sized colloidal silicon dioxide into the matrix of a highly permeable polymer significantly
increases (up to an order of magnitude) the material’s permeability in most cases [44,125–128]. In the
case of nano-sized silica, penetrant solubility is known to have been unchanged for filler concentrations
of up to 40–50 wt % [126]. Therefore, the observed increase in rate of penetration after incorporation
of these nanoparticles in the polymer matrix should be associated with an increased diffusion rate of
penetrants. An explanation was proposed [125] that the introduction of impermeable nanoparticles
disrupts the packing of polymer chains near the surface of the filler. This leads to an increase in the
free volume in the polymer-filler interphase region that was detected by positron annihilation life time
spectroscopy [127] and 129Xe NMR spectroscopy [128] on these highly permeable nanocomposites.
Increasing the available free volume leads to faster diffusion through the layers of the interfacial
polymer. Splicing interfacial layers with high penetration due to the clustering of nanoparticles can
lead to the formation of long, highly permeable, preferred ways for penetrating diffusion. It was found
that an increase in the surface area of the filler at its constant volume fraction in the composite, [125]
results in a monotonic increase in the penetrant diffusion rate. This is further confirmation that the
amount and properties of the polymer modified in the interphase region between the polymer and
the filler are key factors determining the amount of gain in the diffusion permeability rate due to the
addition of the filler to the polymeric membrane. The authors note that numerical methods, such
as finite element method (FEM) and the recently developed material point method (MPM) can be
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effective in the study of penetrant diffusion in heterogeneous media. In contrast to theoretical solutions
based on assumptions about geometric arrangements and distributions over the sizes of different
phases, numerical simulation can explicitly study the influence of shapes, sizes and effects of inclusion
distribution on the properties of composites [125]. The main assumption of the authors [125] based
on experimental data, was that the polymer membrane near the surface of nanoparticles enhances
a diffusion of penetrants in comparison with the polymer material. In the model, this region of
enhanced diffusion is treated as a “skin” on the nanoparticles which in themselves are considered to
be impenetrable and are heterogeneously distributed in the polymer matrix.

Technology of forming and transport properties of nanocomposites based on latex and layered
hydrosilicates depending on content of nano-fillers, surface treatment and nano-fillers distribution in
polymer matrix, were investigated in Reference [129]. Transport barrier properties of nanocomposites
relative to oxygen and nitrogen increased notably with the increasing of the nano-fillers content in
comparison with unfilled polymer. When nanoparticles aggregate then the polymer-inorganic system
became not the nano- but micro-composite with insignificant arising of barrier properties. Sometimes
the anomalous increase in gas permeability was observed that was explained by the increasing of free
volume owing to voids, as a result of nanoparticles aggregations.

It has been reported that, depending on the amount of filler used, the aspect ratio of the plates and
the state of dispersion of the silicate particles and their orientation, a gas permeability reduction of 20 to
90%, is observed compared to the control of unfilled polymer and of 20 to 60% for nanocomposites
based on MMT [113,130–134].

An obvious reduction in gas permeability was observed by the authors [4,130] in the study of
polymer-filled composite materials containing nanoparticles of MMTs or synthetic hydrosilicate NTs
with chrysotile structure (SNT, Figure 16a,b) [130,135]. SNTs (Mg3Si2O5(OH)4) synthesized under
hydrothermal conditions crystallographically and are morphologically similar to the nano-fibrils of a
natural asbestos but are considerably shorter [130,136]. SNTs containing polyimide nanocomposites
were prepared by solution mixing-casting method.
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Figure 16. (a) Scheme 1 of the chrysotile hollow tube structure: 85 × 53 mm (300 × 300 DPI) [130];
(b) lattice of chrysotile (Scheme 2 [135]).

The introduction of the inorganic phase into the polymer enhances the gas barrier of the polymer.
This fact, according to the authors, is associated with a more tortuous diffusion pathway. Oxygen
permeability decreased by 24% for PI PAA-PM/SNT containing 4.1 vol % SNT and by 40% for PI
PAA-PM/SNT containing 19.6 vol % SNTContrary to expectations, the decrease in water vapor
permeability due to the addition of SNT to the polymer was less than the decrease in oxygen
permeability. Permeability for water vapor decreased by 1.5% for PIPAA-PM/SNT with 4.7 vol % SNT
and 29% for PIPAA-PM/SNT with 19.6 vol % SNT.

The SEM micrograph of the surface of the PIPAA-PM/SNT nanocomposite films obtained
(Figure 17) shows a homogeneous dispersion of SNT in the polymer matrix and existence of
nanoparticles on the upper membrane surface.
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Figure 18 illustrates the relative permeability of oxygen as a function of the volume % SNT
in PIPAA-PM/SNT nanocomposite films. The curves represent the theoretical barrier behavior of
composites filled with particles of different geometries: Randomly distributed spheres (curve 1),
randomly distributed disks aligned perpendicular to the direction of penetration with aspect ratio
r/h = 10 (curve 2), uniformly distributed rods with a random and homogeneous distribution in the
plane, perpendicular to the direction of permeability with L/d = 1 (curve 3), 5 (curve 4) and 20 (curve
5). The relative gas permeability of composites filled with impermeable spheres was predicted using
the Maxwell equation, PNC/PM = (1 − φ)/(1 + φ/2), where PNC is the permeability of the composite
medium and PM is the matrix permeability, φ is volume fraction of impermeable phase.Appl. Sci. 2018, 8, x FOR PEER REVIEW  21 of 40 
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Figure 18. Relative oxygen permeability as a function of vol % of SNT in PIPAA-PM/SNT
nanocomposite films. The curves represent theoretical predictions of composites filled with fillers
exhibiting different geometries: spherical (1), disks with r/h j 10 (2), and rods with L/d j 1 (3), 5 (4) and
20 (5). Note that subscripts NC and M in the y-axis legend represent PIPAA-PM/SNT and PIPAA-PM,
respectively, as described in the text [4].

Relative permeability of composites filled with aligned disks was predicted using the Nielsen’s
equation, PNC/PM = (1 − φ)/(1 + (f × r/h)), where r is the disk radius and h is the disk thickness.
Relative permeability of rods was predicted using an expression derived by Fredrickson and Shaqfeh.
Figure 18 shows that theoretically the oxygen permeability for PIPAA-PM/SNT tends to decrease
between the value for a composite filled with random spheres and the value for a composite filled
with randomly distributed disks characterized by a r/h = 10 aspect ratio and aligned perpendicularly
to the direction of penetration. The authors emphasize that the ratio r/h ~5–10 is a characteristic
value of typical mineral additives such as talc, calcite and kaolin. It was found that the values of the
oxygen barrier for all the PIPAA-PM/SNT systems studied were significantly lower than the predicted
theoretical values, assuming that the rods were randomly dispersed, but aligned with the aspect ratio
20 (curve 5). The aspect ratio L/d = 20 represents the characteristic dimensions of SNT nanoparticles,
which were used in the work under discussion, L ~400 nm and d ~20 nm (Figure 18).

The question arises as to why the experimentally measured gas barrier PIPAA-PM/SNT turned
out to be lower than the theoretical prediction depicted by curve 5 in Figure 18? According to the
authors, one possible reason for this discrepancy is that the SNTs are not aligned exactly in a plane
perpendicular to the direction of penetration, which is one of the central assumptions of the model.
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Another reason for the discrepancy mentioned above is related to the probability of change in the
aspect ratio of the nanoparticles actually introduced into the polymer due to the selected conditions for
the formation of the composite. For example, brittle failure of CNT as a result of ultrasonic treatment
is possible.

The barrier of oxygen and water vapor of nanocomposite films was studied in Reference [130],
depending on the amount of chrysotile NTs, the degree of their dispersion, and the orientation in the
matrix (Table 1). The dispersion characteristics and orientation of NTs were examined by transmission
electron microscopy (TEM, Figures 19 and 20).

Table 1. Oxygen and water vapor barrier characteristics of polyimide/SNT nanocomposites [130].

P (Oxygen) P (Water) D (Oxygen) S (Oxygen)

wt % vol % [cc(STP) cm m−2 day−1 atm−1] [cc(STP) cm m−2 day−1 atm−1] [10−9 cm2 s−1] [cc(STP) cc−1 atm−1]

0 0 1.42 ± 0.06 2328 ± 116 2.3 ± 0.3 0.73 ± 0.07
2.9 1.6 1.16 ± 0.05 - 1.8 ± 0.2 0.73 ± 0.07
3.9 2.2 0.942 ± 0.04 1957 ± 80 1.6 ± 0.2 0.69 ± 0.07
4.8 2.7 0.905 ± 0.04 1443 ± 72 1.5 ± 0.2 0.72 ± 0.07
6.5 3.7 0.542 ± 0.02 1365 ± 68 1.2 ± 0.1 0.54 ± 0.05
7.0 4.0 0.539 ± 0.02 1209 ± 61 1.1 ± 0.1 0.55 ± 0.06
7.8 4.5 0.505 ± 0.02 965 ± 48 1.1 ± 0.1 0.56 ± 0.06
9.1 5.3 0.851 ± 0.03 1463 ± 73 1.6 ± 0.2 0.60 ± 0.06

13.0 7.7 0.849 ± 0.03 1363 ± 68 1.8 ± 0.2 0.55 ± 0.06
16.7 10.0 0.788 ± 0.08 1239 ± 62 2.0 ± 0.2 0.45 ± 0.05

The SNTs were well dispersed and oriented in the film plane in nanocomposites with a tube
concentration of up to 4.5% (v/v), which led to a gradual increase in the gas barrier. The lowest gas
permeability was 60% less than that of the original polyimide film. However, the microaggregation of
nanoparticles in dispersions and their orientation were initiated at high SNT loads, and the oxygen
barrier was reduced. The dependence of the permeability on the volume concentration of NT has an
extreme character and is presented in Figure 21.
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and (e) 7.7% (vol/vol)—high magnification [130].
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Figure 21. Chrysotile nanotubes (ChNTS = SNT) containing polyimide nanocomposites were prepared
by solution mixing-casting method [130].

At smaller SNT compositions, the NTs were nano-dispersed and in-plane orientated, thus leading
to higher gas barrier. The lowest oxygen permeability found for the nanocomposites was at 4.5%
(vol/vol) of NTs and it was 64% smaller than for the pristine polyimide. However, with the onset of
NT micro aggregation the NT dispersion and orientation were markedly compromised and the oxygen
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barrier was noticeably reduced. The reduction of the oxygen permeability at a smaller SNT content
was essentially due to diffusivity while the contribution of oxygen solubility was minor. At larger
SNT content, however, the relative contributions of oxygen diffusivity and solubility were comparable.
The solubility trend at larger NT compositions indicated the possibility of excluded, screened within
the nano—aggregates (bundles) and micro aggregates, and thus insoluble polymeric regions.

When two dependences of the relative permeability of oxygen and water (normalized to the
permeability of unfilled polyimide) were presented on one graph, relative to the volumetric SNT
composition, it was assumed that the observed penetration behavior is not specific for the gas (vapor)
and reflects a structural change only within the nanocomposites. In accordance with Nielsen’s formula,
nanocomposites based on SNT and nanocomposites with nanodispersed and randomly oriented layers
of silicate MMT showed comparable gas barriers at small concentrations of nanoparticles [130].

(VIII) It is known that the typical results of introduction of inorganic particles in the polymer
which leads to a decrease in mass transfer zone [112,130]. As was discussed above, structure of
NTs, their shape, length, ratio of inner and outer diameters, and surface chemistry can influence the
morphological features of the composites. Of particular interest in this context was the development
of new composite materials based on aromatic polyamide-imides (PAIs), with inorganic particles of a
chrysotile structure as fillers.

MMMs were prepared by a solution mixing-casting method using ultrasonic agitation of
poly(diphenyloxydeamide-N-phenyl phthalimide) (PAI-1) dispersions with SNT [112]. The duration of
the mixing process (up to 20 h) was determined by the required degree of homogeneity of the resulting
composites. The content of the inorganic components was varied from 2 to 10 wt % [112].

It should be pointed out that there is a significant difference between the composite material
PAI-1-SNT and typical composites “polymer-inorganic fillers of SNT type” in terms of selectively
increasing permeability of PAI-1 after incorporating NT [112]. The following inorganic fillers were
used in the composites: natural montmorillonite intercalated with quaternary aliphatic amine;
commercial product Cloisite 15A (Southern Clay Products, Inc., Gonzales, TX 78629 USA); and SNT
of Mg3Si2O5(OH)4 with a chrysotile structure. These SNTs were produced by hydrothermal
synthesis [137,138] and have a cylindrical morphology and various dimensions: (a) outer diameter
do = 10–15 nm, inner diameter di = 2–3 nm, and length L = 100–250 nm (SNT-I); (b) do = 20–25 nm,
di = 4 nm, and L = 500–1000 nm (SNT-II); and (c) do = 50–110 nm, di = 5–6 nm, and L = 300–700 nm
(SNT-III) (Figure 22a–c).
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Figure 22. Micrographs of Mg3Si2O5(OH)4 SNTs with a cylindrical morphology and various
dimensions: (a) SNT-I; (b) SNT-II; and (c) SNT-III [112].

The photomicrographs of the film’s surfaces showed that the surface relief of PAI-1-SNT is similar
to the corresponding reliefs of homogeneous film of PAI-1 (Figure 23). Both composite and PAI-1
homogeneous films are characterized by a smooth upper surface and finely granular lower one,
on which are viewed clearly expressed bands, not related to the presence of an inorganic component in
the composite.
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Figure 23. SEM micrographs of (a,b,e) upper and (c,d,f) lower surfaces of (a–d) PAI-NTII(10) and
(e,f) PAI-NTII(20) of thickness 20 µm [112].

A study of the transport properties of the corresponding films (homogeneous membranes) in
pervaporation demonstrated the following. Introduction into the polymeric matrix NTs of the SNT-I–III
types without their additional treatment (chemical or orienting) leads to an increase in the flux of
water across the corresponding film membrane (Table 2 sample nos. 2–4 [112]), which is the most
pronounced for SNT-II in the case of a good compatibility of components of the composite material
(Table 2, sample N 3).

Table 2. Permeate flux for water, Pw, and flux normalized to thickness for non-porous composite films
in comparison with a nonporous PAI film (sample No. 1) in pervaporation at 40 ◦C [112].

Sample No. Sample c, wt % l *, µm Pw, kg m−2 h−1 Pw l *, kg m−2 h−1 µm

1 PAI 0 15 0.043 0.645
2 PAI-SNT I 2 15 0.044 0.660
3 PAI-SNT II 10 15 0.084 1.260
4 PAI-SNT III 2 15 0.056 0.672

* l is the sample thickness, and Pw l is sample flux normalized to thickness.

Table 3 [112] compares the results of tests of PAI-1 and PAI-1-SNT-II(20) (20 min of ultrasonic
agitation, 2 wt %) films, and of a composite PAI-1-MMT-15A (2 wt %) film obtained under the
conditions in which PAI-1-SNT-II(20) was formed, in dehydration of an aqueous solution of ethanol
(48 wt % ethanol) in the course of pervaporation at 40 ◦C. As the content of NTs in the composite
increases from 2 to 10 wt % (Table 3, sample N 5 and Table 2, sample N 3, respectively), the permeability
of the material to polar liquids, such as water and ethanol, grows. A possible explanation of this effect
is that the permeability is affected by the appearance of microscopic inhomogeneities or defects (on the
nanosize level or coarser) in the nonporous matrix of the composite film upon introduction of the
inorganic component. However, this assumption is easily refuted by analysis of the data in Table 3,
because introduction of 2 wt % SNT-II into a PAI-1 film yields a composite for which the separation
factor of the water/ethanol mixture not only does not decrease, but even somewhat increases as
compared with that for the homogeneous PAI-1 film.
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Table 3. Permeability to water of nonporous films of PAI-SNT I-III composites, in comparison with the
nonporous PAI film, in pervaporation at 40 ◦C [112].

Sample No. Sample c, wt % l, µm P, kg m−2 h−1 Fw

1 PAI 0 15 3.20 5.5
5 PAI-NT II 2 15 3.75 7.9
6 PAI-MMT-15A 2 15 2.35 5.8

* l is the sample thickness, and P l, sample permeability normalized to thickness.

In this property (an increase in permeability to liquids upon introduction of inorganic nanotubular
additives), the PAI-1-SNT-II (20) composite material obtained strongly differs from typical composites
constituted by a polymer and an inorganic filler. As a rule, introduction of inorganic particles into
a polymeric matrix results in an inorganic phase impermeable to gases and liquid is formed in the
matrix and the mass-transfer zone becomes narrower. As a result, the permeability on nonporous
films falls. For this reason, introduction into the PAI-1 matrix of 2 wt % MMT-15A particles under the
same conditions yields a composite material with lowered permeability, as shown in Table 3. Because
inorganic MMT-15A particles and SNT are close in chemical composition, no other components
are present in the systems under consideration, and the formation conditions were similar, it can
be assumed that the nano-size structural features of the films exert a decisive influence on their
transport properties.

The properties of the filled polymers resulting from the processes of distribution of nano-sized
inorganic particles in them appear to be determined not only by the new structural characteristics of the
composites, but also by factors such as the number and nature of the reactive groups of the components,
and also the presence of fragments in the polymer structure that can serve as “potential ligands” for the
selected filler. Therefore, a comparative study was of interest of the structure and transport properties
of nanocomposites formed by the introduction of inorganic NTs into the polymers of different chemical
structure. The non-porous composite films based on the aromatic PAIs differing by the structure of
diamine component containing equal amounts of SNT were obtained and investigated in dependence
to the structure and transport properties [121].

The main reason for the choice of these nanoparticles was the chemical composition of their
surface, namely, the presence of the reactive polar hydroxyl groups. Moderately hydrophilic PAIs,
characterized by the ability to interact with the functional groups of magnesium-SNTs, as well as
to interact with the solvents used as penetrating substances, were studied in the pervaporation
process. It became possible to study the influence of functionalization of the polymer matrix on the
morphological and transport properties of formed nanocomposites.

In the paper [121], the transport properties of PAI-1 and PAI-1-SNT were examined at the
pervaporation in relation to a wide range of penetrating substances (water, methanol, cyclohexane,
and methyl-tert-butyl ether). It is unclear up today how is formed and where is located the “priority
transport channel” for the more polar components of the penetrating mixture. An assumption seems
correct about the special role of the hydroxyl-groups located on the outer surface of the used SNT,
that it is able to interact with both amide and imide groups of the PAI-1, and with the polar groups of
the transported molecules (water, alcohols). If this assumption was correct, then the introduction in
the polymer chain of the functional groups capable to form hydrogen bonds with hydroxyl-groups or
water dipoles should affect the transport properties of the composites.

To test this hypothesis, the composite PAI-2-SNT-II that differs from PAI-1-SNT-II by the structure
of the polymer diamine component and contains carboxy-groups of diaminobenzoic acid (PAI-2)
was obtained. Figure 24 shows microphotographs of (a) upper and (b) lower surfaces of the film
PAI-2-SNT-II. It was shown that, as in the case of PAI-1-SNT-II, the lower surface of the film
has a distinct grain structure, unlike the smoother upper surface. On both surfaces at the zoom
18,000 NTs were not found freely “lying”, nor their fragments. All NTs were in the inner layers of the
composite film.
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PAI-2 being more of a hydrophilic polymer is two times more permeable by water than PAI-1, like
in the case of PAI-1-SNT, compared to PAI-1. The introduction of NTs in the PAI-2 enhances the ability
of the film to pass water more than two-fold, which makes the material five-fold more permeable for
water than PAI-1-SNT. It should be noted that the permeability of PAI-2-SNT by a low polar penetrant
cyclohexane remain as low as the permeability of PAI-2, in contrast to PAI-1, for which the introduction
of NTs reduces the permeability of cyclohexane significantly (Figure 24).

Most important is the fact that the composites PAI-1-SNT and PAI-2-SNT are obtained under
similar conditions and containing NTs in equal amounts, they are similar by the trend of permeability
of polar and weakly polar liquids, but differ by their degree.

The effect obtained requires attention and explanation. It is obviously associated with the
appearance of a channel with facilitated transfer of the dipoles of water molecules or polar alcohols
in the moderately swelling matrix of the composite film. The nature of interaction of the polymer
matrix with the nanoparticles, which determines distribution of the latter in the nanocomposite film,
affects the transport channel formation. In other words, the difference in the structure of the films
on the nano-scale level leads to a difference in their transport properties. Figure 25 shows ultrafine
cross-sections of PAI-1-SNT and PAI-2-SNT films, allowing us to judge about the nature of NTs and
their agglomerates distribution in the inner layers of membranes. The image analysis shows that unlike
the PAI-1-SNT film, which is characterized by aggregates of 10 NTs randomly placed throughout the
thickness of the sample, in the PAI-2-NT the aggregates are observed of 2–3 NTs that are uniformly
distributed in the inner layers of the film. Aggregates containing the same numbers of NTs were
also observed by AFM methods [139]. These morphological features correlate well with the data on
pervaporation presented in this paper.

Selective increase in permeability, instead of barrier properties, for cases of introduction of SNT
into the polymer, but simultaneous decrease in permeability of PAI-1-SNT—these data indicate the
possible realization of the sieving effect due to the structural features of nano-fillers, as it was well
shown above on the example of zeolite-polymer systems. However, an increase in water permeability
and a decrease in cyclohexane permeability may be due to sieving (in terms of the size of the molecules)
or to physical interactions between the nanoparticles and the penetrant, and thus influencing the
transport of liquid penetrants by the sorption-diffusion mechanism (Figure 26). In the latter case, the
presence of OH groups in NT should influence the transport of water. It should be noted that these
groups are absent in the inner channel of the NT and are in the upper surface and interlayer space of
the tube-roll (Figure 16 [130]). In the MMT structure there are also OH groups available for interactions,
but in a smaller amount. However, water permeability only decreases when passing from non-porous
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PAI-1 films to PAI-1-MMT composite films, as is typical for many polymer-MMT systems and was
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The introduction of SNT into polyamide-imide films (PAI-1 or PAI-2) changes the properties of
these polymers, that was showed in Reference [29] and this effect was studied in References [140,141].
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It is important that the properties of PAI-1 change completely differently from the properties of PAI-2
when introducing the same nano-filler-SNT in the same quantities under the same conditions.

The data presented in the publications [29,112] show and clearly illustrate the differences in
properties given by the nano-filling. At the same time, there is no single-valued correlation between
these changes and transport properties. Thermal stability and Tg of composites based on PAI-1 with
2 wt % SNT were investigated by TGA and DSC [142]. It was shown that composites had a higher
glass transition temperature as compared with that of PAI-1 (275 and 291 ◦C).

Equally bright changes in the state of the polymer matrix were observed earlier in polymer-
nano-filler systems and are well described [1,143]. With inorganic particle and nanoparticle inclusions,
nucleation of crystallization can occur. Nanoparticles can replace the absence of primary nuclei,
thus promoting crystallization. At higher nanoparticle content, the increased viscosity (decreased
chain diffusion rate) can lead to decreased crystallization kinetics. In this case, the crystallization
process is influenced by several competing factors. For crystallization nanocomposites based on
layered clay silicate it was noted that the nucleation occurs in many systems to reduce the overall
crystallization rate, especially at higher amounts of nanoclay content [1,143]. The influence of different
types of carbon nanoparticles on the recrystallization process of polyimide R-BAPB was studied [144].
It was proved that the nucleating effect of carbon nanoparticles depends strongly on their inherent
crystallinity. Graphitic nanoparticles already at a low concentration of ~1 vol % induce the nucleation
of polyimide R-BAPB.

The polymer structure and dynamics are known to have a great influence on small penetrant
diffusion. The important question of the “nano-effect” of nanoparticles or fibers after their inclusion in
a polymer-based composite film is addressed relative to crystallization and glass transition behavior [1].
It was shown, in many the cases nanocomposites studied could be approximated using a model of a
continuous medium, thus “nano-effect” was not observed. This should not be surprising, since the
size of the gas molecules penetrating were still significantly lower than the modification of nanoscale.
Nanoscale is considered where the dimensions of the modifying particles, plates or fibers are in the
range of 1–100 nm. The differences would be expected in those cases where glass transition temperature
(Tg) of the matrix polymer changed. In other words, “nano-effect” noted in the literature has been the
change in the Tg of the polymer matrix with the addition of nano-sized particles. Both increasing and
decreasing in the Tg have been reported dependent upon the interaction between the matrix and the
particle [1].

The difference in the state of the PAI-1 and PAI-2 matrices after introducing the same (including
in size and morphology) SNT into the same conditions is also accompanied by a difference in the sizes
of the formed agglomerates (an average of 10 nanoparticles In the agglomerate From SNT is formed in
the case of PAI-1, and on average 2 NTs in the agglomerate—in the case of PAI-2) [112,142]. Of course,
the interaction between the SNT and the polymer of the matrix, perhaps connected with the formation
of hydrogen bonds, for example, –OH . . . HOOC– in the case of PAI-2, plays a role. This effect is well
manifested in the difference in adhesion between SNT and PAI and was illustrated in Reference [142].

It is important that a comparative study of nanocomposite properties was carried out for samples
with low concentration of nanoparticles, when nano-fillers were not observed on the upper surface.
Consequently, one could not speak of significant changes in the adsorption separation factor. At the
same time, changes were detected in the structural and morphological characteristics of the polymer
component of the composite film.

Thus, adhesion to SNTs in the transition from PAI-1 to PAI-2 increases. When SNTs appear on
the surface of films, the adhesion between the matrix and the filler is violated, which is confirmed
by the AFM data (Figure 27). In this case, both transport and strength properties of composites are
reduced [142]. At 2% SNT content, they are regularly distributed in the matrix in the form of small
groups. In the near-surface layers of the composite they are coated with a polymer as shown in
Figure 25c,d. Surfaces of the PAI-2 and the PAI-2-SNT composite films are significantly different.
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So instead of craters from the solvent on topography of the surface, the new formations in the form of
hills are observed [29].
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nano-filler content: topography (a); 3D image (b); phase contrast (c) and profile (d) [142].

The presence of micro-voids at the nano-filler-polymer interface can significantly affect the
transport properties of the composite material [124,127]. The transport properties of the polymer
nanocomposite membrane depend on the nature of the nano-filler distribution in the polymer matrix
and the interaction between the filler and the matrix along the interphase boundary [145]. Therefore,
an improvement in the permeability and selectivity of the nanocomposite membrane as compared to
the reinforced polymeric membrane can be associated with an additional volume at the interface or
with free volume arising as a result of disruption of polymer chain packing [1,146].

The Maxwell equation was successfully used to predict the permeability of some MMMs with
microsize particles. The shape and size of the particles were not taken into account, as was the
exponential growth of the permeability of polymer membranes with nanoparticles [130].

Despite the attempts to predict the transport properties presented above, the effective design
of nanocomposite membranes such as filled polymer films is impeded by the lack of a fundamental
understanding of the effect of nano-fillers on the penetrating diffusion in nanoparticle-polymer
composite (NP-PC) membranes. Studying membranes of NP-PC type, Merkel et al. focused their efforts
on understanding the three factors that they considered to be the most important for understanding
the transport of liquids or gases: The level of loading of nanoparticles, the interaction of nanoparticles,
and the distance from the surface of the particle above which the matrix material is perturbed (i.e., has
an increased penetrating diffusion) [127,128]. This approach is similar to those presented above and is
suggested for the study of MMM.
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Efforts have been made to influence the nature and course of this interface processes in two
ways: By choosing a matrix polymer with certain functional groups [121] and surface modification of
particles [37,123].

From this position, it is necessary to take into account that the effects brought by nanoparticles in
transport (in particular, barrier) characteristics of MMM depend primarily on the surface properties
of these nano-fillers. It is generally believed that the cause of the anomalous behavior observed
for nano-scale particles is a large specific interphase region compared to micron or larger fillers,
taking into account the same loading level. When the volume fraction of particles is added to the
polymer, a specific interphase region is formed. Therefore, in comparison with the introduction
of micron-sized particles to highly permeable membranes, leading to an adverse volume effect,
the addition of nanoparticles can create a specific interface with an area of a larger order of magnitude
and play a positive role. The addition of nanoparticles is a promising approach to controlling the
permeability of polymer membranes. A diffusion of gaseous or liquid penetrants in a composite
membrane of the filled polymer type, as mentioned earlier, is enhanced by the presence of a thin “skin”
of the matrix material near the nanoparticle surface with a penetrant diffusion coefficient 100 times
larger than the matrix. The influence of skin thickness, the fraction of the area of nanoparticles, and the
method of nanoparticle distribution in the membrane on the diffusion of the penetrating substance
was studied in Reference [147].

However, for the PAI nanocomposites under consideration, the water-permeability of PAI-2-SNT,
other things being equal, should be lower than the permeability of PAI-1-SNT [112,121]. We have
observed in the transition from PAI-1-SNT to PAI-2-SNT an increase in the permeability of polar
liquids and a decrease in permeability with cyclohexane. Apparently, the current research of the
gas transport properties of the composite films under consideration with respect to CO2 and CH4

(selectivity of diffusion) can bring useful information. Perhaps the determining factor is the aspect
number of particles introduced, which did not appear at the level of the transition in the SNT-I-III
series for PAI-1 composites, but can manifest itself in the transition to nanofibers? The structural
and morphological characteristics of nanoparticles, in particular, the presence of functional groups or
internal channels in their structure are essential, or not?

We proposed the formation and investigation of a new nanocomposite of the PAI type containing
triple chain Na–Mg-hydrosilicates synthesized under the hydrothermal conditions (nanofibers
with the ribbon form, SNF). The obtained fibrous Na2Mg4Si6O16(OH)2 hydrosilicate have the
structure built of three silicon-oxygen chains. Such nanoparticles significantly differed from the
earlier studied nanotubes by other morphology and size; SNF have never been used early to form
membrane nanocomposites.

SNF images obtained by SEM are presented in Figure 28. As seen, the prepared nanoparticles
were formed of the 0.05–0.2 mm long and 10–100 nm thick fibers arranged in bundles. Besides the triple
chain hydrosilicate fibers, admixture of thin needle-like nanoparticles (0.2–0.5 mm long and 10–50 nm
thick) was observed, assigned to the double chain Na–Mg hydrosilicate (the richterite amphibole).
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The introduction of these particles led to significant changes in the physical, chemical and
thermo-physical properties of the material [142,148], that probably, is in particular due to the increase
in the aspect ratio and the planar orientation of SNT in composite film. The morphology (Figure 29),
thermo-physical, and relaxation properties of the prepared materials have been studied and analyzed
accounting for the nanoparticles structure.
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Figure 29. Visualization of the film of polyamide-imide composite with triple chain hydrosilicate:
(a,b) the cross-section (SEM) and (d) phase contrast AFM; (c) the surface (topography mode AFM) [148].

The introduced SNF disrupts a supramolecular structure of polymer, and the small angle peak
observed in the X-ray pattern of the unfilled PAI-1 is thus absent in the X-ray diffractogram of the
nanocomposite film. At the same time, the reflexes related to SNF at θ = 9.67 and θ = 27.7 are
observed, that corresponds to the interplanar distances d/n = 9.15 and 3.20 Å, respectively. It should
be mentioned, that the same content of SNT in the PAI-1 does not disrupt the polymer matrix structure,
and no reflexes connected with SNT were not registered.

Compared to SNT, introduction of the SNF in PAI-1 film did not lead to increasing of Tg.
But sub-glass transition temperature (Tγ) connected with free volume (FFV) [148] is more sensitive to
nanoparticles introduction, which is very important for gas-separation membranes.

First results of the study of the pervaporation characteristics of PAI-1-SNF showed significant
differences in the properties of film samples of PAI-1-SNF and PAI-1-SNT composites, as well as the
initial PAI-1 [149].

Pervaporation properties of the formed membranes were studied at 40 ◦C relative to cyclohexane,
ethanol, methanol and water in different sequences of experiments. The data in Figure 30a,b shows
that the PAI-1 and PAI-1-SNF films have an equally low permeability of cyclohexane, almost equal to
ethanol permeability, and very high permeability for methanol. Interestingly, the introduction of SNFs
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into this polymer results in a decrease in methanol permeability and an increase to the permeability
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Figure 30. Pervaporation properties of (a) PAI-1 and (b) PAI-1-SNF films (Cyh—cyclohexane,
EtOH—ethanol, MeOH—methanol, HOH—water). The sequence of penetrants during the
pervaporation is as follows: direction 1: Cyh → EtOH →MeOH → HOH; direction 2: HOH →
MeOH→ EtOH→ Cyh [150].

The permeability to cyclohexane substantially reduced during the transition to PAI-1-SNT (the
embedding of a low permeable inorganic phase into the unperturbed anisotropic polymer matrix)
when inserting the same quantity of the SNF phase, resulting in the formation of the less ordered
PAI-1-SNF composite. The permeability to cyclohexane of the PAI-1-SNT film is significantly reduced
after its contact with polar solvents under pervaporation conditions due to the removal of excess
nano-sized voids, resulting in the formation of a characteristic PAI-1 structure. In the case of water
pervaporation, the permeability of PAI-1-SNT is approximately twice as high as in PAI-1, while the
permeability of PAI-1-SNF is somewhat reduced. The latter effect is most likely associated with the
specific properties of nano-fillers.

We assume that our experiments on the study of the liquid’s pervaporation transfer through
PAI-1,2-SNF composites, in comparison with PAI-1,2-SNT, will be fruitful to detect key factors affecting
transport characteristics of developed materials.

3. Conclusions and Future Recommendations

Factual data presented in this review proves once again how complex the systems are,
nanocomposites of the type of filled polymers and how the effects of nano-fillers on the transport
properties of the corresponding membranes are in some cases unpredictable. However, as a result
of the formation of nanocomposites of this type, unique membrane characteristics can be achieved.
This applies both to porous and to continuous polymer composites containing nano-fillers. Great
prospects in this field of membrane science are associated with the appearance of special techniques
for the inclusion of nanoparticles in the material [43,52,151], with the expansion of the spectrum of
nano-fillers from which a useful effect is expected [45,52,148,152,153], as well as with the appearance
of methods for analyzing and visualizing the distribution and the state of fillers in matrices of different
morphologies [29,51,135,154]. New polymeric materials are engaged in the synthesis of nanocomposite
membranes, including those responsive to stimuli, and are also capable of self-organization or forming
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compositionally heterogeneous films [92,97,102,155–157]. Their use makes it possible to influence the
nature of the distribution of nano-fillers in the matrix. Composite membranes obtained acquire a new
set of properties, in particular, for the pervaporation separation of liquids, as illustrated above, as well
as in a number of review papers [158,159].

An analysis of the results presented in the review shows that all cases under consideration can be
classified into three categories for which properties of composite materials are determined by:

(1) characteristics of nanoparticles introduced into the polymer matrix—their functional,
dimensionality, quantity and distribution pattern in a polymer medium;

(2) effects of nano-fillers on the polymer, which lead to a change in its supramolecular organization, in
particular, to the formation of films whose structural-morphological properties differ significantly
from those characteristic of the original polymer itself;

(3) characteristics of the region at the boundary of the inorganic and polymer phases. It is in this
area of the composite where each of the components manifests itself as a participant in most
processes, and that its functional groups may have a different reactive capacity under specific
spatial conditions, in particular under conditions of limited movement of molecules or fragments
thereof. In this connection, the question arises of the role of interaction between the polymer and
inorganic phases, the adhesion and formation of nano- or larger-sized voids.

Only an integrated approach and consideration of all three of these situations can lead to the
development of an algorithm for the directed change in the properties of membrane materials, taking
into account a special separation problem. Methods of studying in the variant “from the opposite”,
as well as the methods of gradual elimination of individual factors of influence can be used for the
investigation of such systems, which are not easily accessible for analysis by direct analytical methods.
Such methods include the technique of alternative choice that we have illustrated in our works with
an alternative choice of a polymer matrix or nanoparticles, other things being equal. The work in this
direction is expected to be promising for determination of base factors of the influence on transport
properties, especially in combination with the experimental attempts to change the conditions for
the introduction of nanoparticles into a polymer film (simple mixing of components, their mixing
with additional external action, introduction of particles at the stage of polymer synthesis in reaction
medium, etc.).
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