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The state-of-the-art progress on the use of clay for the gas barrier properties of polymer
nanocomposites have been summarized.
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Abstract:

In the field of nanotechnology, polymer nanocomposites (PNCs) have attracted both academic and
industrial interests due to their exceptional electrical, mechanical and permeability properties. In this
review, we summarize the state-of-the-art progress on the use of platelet-shaped fillers for the gas barrier
properties of PNCs. Layered silicate nanoclays (such as montmorillonite and kaolinite) appear to be the
most promising nanoscale fillers. These exfoliated nanofillers are able to form individual platelets when
dispersed in a polymer matrix. The nanoplatelets do not allow diffusion of small gases through them and
are able to produce a tortuous path which works as a barrier structure for gases. The utilization of clays
in the fabrication of PNCs with different polymer matrices is explored. Most synthesis methods of clay-
based PNCs are covered, including, solution blending, melt intercalation, in situ polymerization and
latex compounding. The structure, preparation and gas barrier properties of PNCs are discussed in
general along with detailed examples drawn from the scientific literature. Furthermore, details of
mathematical modeling approaches/methods of gas barrier properties of PNCs are also presented and

discussed.
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Abbreviations: phr, weight parts per 100 weight parts polymer; RH, relative humidity; AMO, amine-terminating
Mannich oligomers; ccPU, UV-curable polyurethane; CF, carbon fiber; CH, chitosan; C18DMB,
octadecyldimethyl betaine; DDA, dodecyl dimethylbenzyl ammonium; DMAc, dimethylacetamide; EP, epoxy
resin, EPDM, ethylene-propylene-diene rubber; EVA, poly(ethylene-co-vinyl acetate); EVOH, ethylene-vinyl
alcohol; HDPE, high-density polyethylene; HDPE-g-MA, high-density polyethylene grafted with maleic
anhydride; HEC, hydroxyethyl cellulose; HNBR, hydrogenated acrylonitrile butadiene rubber; IIR,
poly(isobutylene-isoprene) rubber; LAP, laponite; LbL, layer-by-layer; Li-Hec, lithium fluoro-hectorite; LDPE,
low density polyethylene; LLDPE, linear low density polyethylene; LLDPE-g-MA, linear low-density
polyethylene grafted with maleic anhydride; LNR, liquid natural rubber; MA-g-PP, maleic anhydride-modified
polypropylene; MEDA, N-methyl diethanol amine; MMT, montmorillonite; MPP, maleated polypropylene;
MXD6, poly(m-xylylene adipamide); NFC, nanofibrillated cellulose; NR, natural rubber; O-MMT, organo-
modified montmorillonite; OTA, octadecyl trimethyl ammonium; OTR, oxygen transmission rates; O-VER,
organo-vermiculite; OXPE, oxidized polyethylenes; PEO, polyethylene oxide; PET, poly(ethylene terephthalate);
PLA, polylactide or poly(lactic acid); PA, polyamide; PAA, poly(acrylic acid); PAAm, poly(allyl amine); PAI,
Poly(amide-imide); PALS, positron annihilation lifetime spectroscopy; PAM, polyacrylamide; PAN,
polyacrylonitrile; PANI, polyaniline; PC, polycarbonate; PCL, polycaprolactone; PNCs, polymer nanocomposites;
PE, polyethylene; PE-g-MA, polyethylene grafted maleic anhydride; PEI, polyethylenimine; PES,
polyethersulfone; PET, poly(ethylene terephthalate); PGD, polyglycidol; PI, polyimide; PLA, poly(lactic acid);
PMMA, poly(methyl methacrylate); P(MMA-co-AN), poly(methylmethacrylate-co-acrylonitrile); POE,
poly(oxyethylene); POP, poly(oxypropylene); PP, polypropylene; PPC, poly(propylene carbonate); PS,
polystyrene; PSBA, Poly(styrene-co-butyl acrylate); PU, polyurethane; PVA, poly(vinyl alcohol); PVAm,
polyvinylamine; PVC, poly(vinyl chloride); PVP, polyvinylpyrrolidone; SBR, styrene butadiene rubber; SMK,
silane modified kaolin; TEM, transmission electron microscopy; VDAC, vinylbenzyldimethyldodecylammonium

chloride; VER, vermiculite, XG, xyloglucan; XRD, X-ray diffraction.
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1. Introduction

The field of nanoscience has blossomed over the last two decades, and the importance for
nanotechnology will continue to increase as miniaturization becomes more important in many
applications. ! As one of the most important branches of current nanotechnology, fabrication of polymer
nanocomposites (PNCs) is critical to realizing new generation materials with high performances and
multi-functionalities. > PNCs are produced by dispersing inert fillers that have one or more dimensions
on the nanometer scale (<100 nm) into a polymeric matrix. > * Compared to their conventional polymer
composites and pure polymers, PNCs exhibit enormously enhanced properties and higher performance
due to high aspect ratio and surface area of nanofillers. Addition of nanofillers does not increase the
density of the polymer. Moreover, polymer’s optical properties and recyclability of PNCs remain

unaffected. ° The research on polymer/clay nanocomposites can be traced back to Toyota’s work in the

3
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latter part of the 1980s, in which PNCs were prepared by dispersing the exfoliated clay in nylon-6. °
Significant improvement in the mechanical properties and the discovery of new properties of the
composites have also been realized by reinforcing polymer with clay at nanoscale. " Since then, many
researchers have been exploring this emerging area of research and a huge number of papers have been
published. > ' Recent interest in polymer matrix based nanocomposites has emerged initially with
interesting observations involving exfoliated clay, carbon nanotubes, carbon nanofibers, exfoliated
graphite (graphene), nanocrystalline metals and a host of additional nanoscale inorganic fillers or fiber
modifications. '' PNCs represent exciting and promising composites owing to their markedly improved
performance in mechanical, thermal, electrical, optical, permeability and corrosion protection properties

of polymers. * > 11~

Due to their functionality, lightweight, ease of processing, and low cost, polymers have replaced
conventional materials (e.g., metals, ceramics and paper) in packaging applications over the last twenty
years. For instance, the food packaging industry is constantly searching for ways to reduce the gas
permeability rate of packaging materials so as to extend the shelf life of products. The use of synthetic
polymers is ubiquitous in food packaging where they provide mechanical, chemical, and microbial
protection from the environment and allow product display. According to global polymer market survey,
more than 40% of polymers have been used as packaging materials and almost half of them are used for

food packaging in the form of films, sheets, and bottles, etc. ***"*

Polymers most frequently used in
food packaging are polyethylene (PE), polypropylene (PP), polystyrene (PS), polyvinyl chloride (PVC),
and polyethylene terephthalate (PET), etc. '®*° However, despite their enormous versatility, a limiting
property of polymeric materials in food packaging is their inherent permeability to gases and vapors,
including oxygen, carbon dioxide, and organic vapors. '° The penetration of gas into polymer films has a
critical effect on their service performance. Permeability is a critical performance issue in many areas
such as, packaging, construction, water, gas transportation, electronics, aerospace, etc. Barrier polymers
have become more and more important in many packaging and protective applications, such as food

industry, pharmaceuticals and electronic devices (e.g., flexible displays). ' >4

The frequently used
strategies to improve barrier properties are the use of PNCs, polymer blends, coating with high barrier
materials and multilayer films containing a high barrier film. '® Compared to PNCs, polymer blends and
multilayer films have higher production and materials costs, require the use of additional additives and
adhesives that complicate their regulation by federal agencies, and entail added difficulty when it comes

to recycling. * Nevertheless, there is still a significant push in the polymer industry to generate PNC

4
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films with improved gas barrier properties. Therefore, considerable research effort has been devoted to
develop new strategies for enhancing barrier properties and to understand the structure—barrier

properties relationship of PNCs.> '+ 273435, 37.41-43

The barrier properties of polymers can be significantly enhanced by inclusion of impermeable lamellar
fillers, such as montmorillonite (MMT) and graphene, with sufficient aspect ratio to alter the diffusion
path of gas-penetrant molecules. ** The key challenge is to obtain an effective dispersion and exfoliation
of the nanofillers in the polymer matrix to yield well aligned high aspect ratio particles for mechanical
reinforcement and/or a tortuous diffusion pathway for improved barrier properties of PNCs. '° These
nanofillers can block gas molecules diffusion and increase the tortuosity. This results in an extended and
tortuous travelling pathway of the diffusing gas through the PNCs to improve the gas-barrier properties
of the composites (Figure 1). *> Moreover, addition of nanoplatelets results in modification of polymer
chain mobility via interfacial adhesion between nanoplatelets and polymer matrix, which consequently
provides lower available free volume for diffusing gas molecules and changes the solubility parameters.
* Mathematical models and empirical studies suggest that the keys to obtain PNCs with excellent
permeability are to maximize the aspect ratio of the nanoplatelets, to orient the surface of each
nanoplatelets perpendicular to the direction of the gas diffusion path and to enhance the interfacial

25, 38, 42, 46-48

adhesion between nanoplatelets and the polymer matrix. Nevertheless, it is an extremely

challenging task to achieve good dispersion as well as regular arrangement of the nanoplatelets within
polymer matrix. Therefore, PNCs with high barrier performance has been desired for a long time and

- o 2,9, 14, 16,42, 49-52
spurred intense research activity over the last twenty years. ~ " >

Conventional composites “Tortuous path” in polymer/clay nanocomposites
L 1 ¢
5
Y / Y Y Y Y
(a) (b)

Figure 1. “Torturous diffusion path” in polymer/clay nanocomposite. 14

Owing to their unique layered structure, rich intercalation chemistry and availability at low cost, clay

minerals are promising nanoparticle reinforcements for polymers to manufacture low-cost, lightweight

5
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and high performance nanocomposites. > Polymer/clay nanocomposites exhibit excellent properties
(high mechanical, gas barrier and thermal properties) even with the addition of a small amount of clay. °
In particular, talc and mica had been traditionally attracting the most interest. > Currently, Na'-
montmorillonite (Na'-MMT) clay is widely used in the preparation of PNCs because its lamellar
elements exhibit high in plane strength, stiffness, and high aspect ratio. > Although, a comprehensive
review on the enhanced and novel properties of polymer/clay nanocomposites (including mechanical,
thermal, barrier and electrical conductivity) have been reported by Zeng et al. in 2005, ° there is a lack
of extensive review on the gas barrier properties of PNCs. Moreover, the wide-range of ongoing
research activities in the area of barrier performance of polymer/clay nanocomposites encourages further
review in order to capture the trends, accomplishments and challenges. On account of emerging trend in
using nanoplatelets to improve the properties of PNCs, this review highlights the influence of clay on
the barrier properties of PNCs. First, current progress on the fabrication of polymer/clay nanocomposites
is reviewed. Then, the gas permeability of PNCs in relation to their structure and processing methods
(melt and solution intercalation, in situ polymerization, etc) are discussed. Lastly, the mathematical

modeling aspects of gas barrier properties of PNCs are delineated.

2. Clay-based polymer nanocomposites
2.1 Exfoliation of layered clay into individual platelets

The fabrication of PNCs, which are intended to provide a synergetic effect by taking advantage of the
high workability of polymers and nanofillers, is a useful method to significantly improve the physical
properties of polymers. >> Although several nanoplatelets have been recognized as possible additives to
enhance the performance of PNCs, the industry has focused its attention mainly on layered inorganic
fillers like clays and silicates, due to their richest intercalation chemistry, high strength and stiffness,
high aspect ratio of individual platelets, abundance in nature and low cost. > *° The incorporation of clay
platelets into polymers initially attracted attention because of improvements in mechanical properties of
polymer. **** Subsequent investigations addressed other properties, such as improved barrier properties

and resistance to solvents and flames. 3373

The most widely used clay filler for the enhancement of gas barrier property of PNCs is MMT as it has

40,70

large cation exchange capacity. MMT is a hydrated alumina-silicate layered clay (a 2:1 type) and its
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structure consists of an edge-shared octahedral sheet (in such a way that the oxygens from the octahedral
sheet also belong to the silica tetrahedra) of aluminum oxide (AlOg), sandwiching between two layers of
tetrahedral silicon oxide (SiO4) to form a platelet structure (see Figure 2). *>°* 7! Each platelet has an
average thickness of ~1 nm and a length or breadth from a few tens of nm up to 1 mm, which represents

filler with a significantly large aspect ratio. >

MMT is a naturally occurring form of clay in which
certain aluminum ions located between the plate-shaped layers exchange with other cations (typically Fe,
Mg, or Li) to create a negative charge at the platelet surface. > "> The negative charges are
counterbalanced by some cations, such as Na' in the gallery. 7 Because of the presence of cations
adsorbed on the silicate layer, the cations inside the gallery can be easily exchanged with organic ions,
such as ammonium, phosphonium and sulfonium, giving the MMT cation-exchange capabilities. > ™
MMT treated with an organic modifier is called organo-modified MMT (O-MMT) and it becomes

compatible with organic materials. °

Lateral dimension may be as large as Imm 4 .
Stack of A
ﬂ } clay platelets : N
AL <= Exchangeable
ity cationsgand water
(" ) S=7 5=
/ V
/ = E
o o oxygenor
/ p T\ hydroxyl
/ I P silicon
:/ ‘ i ¢ (tetrahedral)
. o o i
single platelet A e=d o aluminum, iron,
1 ~1 thick 9 magnesium
\_ — jnm - 2\ % o (oc?ahedral)

Figure 2. Structure of MMT (phyllosilicate clay).

It is well known that the morphology and dispersion of clay nanoplatelets in polymers is one of the key

factors affecting their gas barrier properties. '*"°

Therefore, the ability to incorporate clay nanoplatelets
into a polymeric matrix with a high level of exfoliation and orientation is one of the most important
challenges in the fabrication of polymer/clay nanocomposites with improved barrier performances. '°
There are three possible morphologies within polymer/clay nanocomposite systems: phase-separated,

intercalated, and exfoliated (see Figure 3). '***”7 Within phase-separated nanocomposites, clay tactoids

7



Page 9 of 52 RSC Advances

are formed throughout the matrix and no separation of clay nanoplatelets occurs. Polymer chains
surround clay nanoplatelets but do not penetrate between the clay layers. '° The lack of platelet
separation may result in large, micron-sized agglomerates. In intercalated nanocomposties, some of the
polymer molecular has penetrated the interlayer galleries of the clay tactoids. Due to the penetration of
polymer chains, the spacing between individual clay platelets will increase, but the overall order of the
clay layers is maintained. " In exfoliated nanocomposites, the clay layers are completely separated and
dispersed individually within the continuous polymer matrix. Exfoliated nanocomposites produce the
highest surface area interaction between clay nanoplatelets and fine polymer. '' Once exfoliation has
been achieved, the improvement in properties can be manifested in barrier properties, as well as
enhanced mechanical properties, decreased solvent uptake, increased thermal stability and flame
retardance. * However, homogeneous dispersion of most clays in organic polymers is not easy due to
the preferential parallel stacking of the clay nanoplatelets and hydrophilicity of its surface. '° The
drawback of clays is the incompatibility between hydrophilic clay and hydrophobic polymer, which
often causes agglomeration of clay mineral in the polymer matrix. '®® Therefore, surface modification
of clay minerals for a good compatibility with the polymer is the most important step to achieve
homogeneous dispersion of clay nanoplatelets in polymer matrix. > ' The Na and Ca®" residing in the
interlayer regions of clay nanoplatelets usually can be replaced by organic cations by a cationic-

exchange reaction to render the hydrophilic-layered silicate organophilic. > ®

A proper
organophilization is a key step for successful exfoliation of clay particles in polymeric matrices. The

organophilization reduces the energy of the clay and improves its compatibility with organic polymers.
40,67
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Figure 3. The possible morphologies of polymer/clay nanocomposites. '°

The layer structure of clay could be totally exfoliated into individual nanoplatelets using different
methods, such as the phase inversion of amphiphilic copolymer emulsifiers and phase transitions that
involve zigzag Mannich polyamines. ®' For example, the intercalation of the layered structure of Na'-
MMT by amphiphilic comb-like copolymers produce a low interlayer spacing of 19.5 A. > However,
the layered structure could be further exfoliated into randomization in a closed system at 120 °C and 36
atm of N, (Figure 4). ® The hydrophilic polyoxyethylene (POE)-amine pendants and the hydrophobic
PP backbone of the comb-like polymers afforded amphiphilic control of the exfoliation. The
transformation process from the initially layered silicates into randomized individual silicate platelets
was thermodynamically controlled and attributed to the phase inversion from a water-in-oil (W/O) to an
oil-in-water (O/W) type of randomization.®’ Chu ez al. synthesized exfoliating agent from the Mannich
reaction of polyoxypropylene (POP)-diamine (2000 My) with p-cresol and formaldehyde (Figure 5). ®*
By treating with different equivalents of hydrochloric acid, the hydrophilic poly-amines was converted
into quaternary ammonium salts and intercalated into clay interlayer galleries. The incorporated organics
were accumulated and phase separated in the confinement via the ion exchange reaction. With the varied
equivalent ratios of HCI to amine, the exfoliating agent possesses different numbers of ionic exchanging

sites onto the silicate surface and, then, generating different zigzag structural conformations of the
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Mannich polyamines between the neighboring silicate platelets. These zigzag conformations stretched

between the clay platelets and finally randomized the clay tactoid into single platelets.®!

o ONANY

POE2000 MPP

lgraﬂing

MPP-POE2000 (hydrophobic)

lonic exchanging

Na*-MMT (hydrophilic)

MPP-POE2000/MMT MPP-POE2000/MMT
oil-in-water (O/W) type water-in-oil (O/W) type

Figure 4. Amphiphilic Copolymer for Na"-MMT Exfoliation and Intercalation. *

O

POP-AMO (POP-segmented)

1. H”
2. Ionic exchange

Q Na=MMT

L 3

Amine/H =3/1 l Amine/H* = 6/1

d spacing 50 A
Intercalated Exfoliated

Figure 5. Conceptual representations of intercalated silicate stack and exfoliated platelets in association

with the polyamines at different amine/quart ratios.®
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By using polyvalent amine salts as intercalating agents, exfoliation of layered silicate clays, including
synthetic fluorinated mica (Mica) and natural MMT, were achieved through an ionic exchange reaction.
% The exfoliating amine agent was prepared from the oligomerization of POP-triamine and the
diglycidyl ether of bisphenol-A. The oligomeric polyamine was a viscous and slightly cross-linked
product that consisted of multiple amine and hydrophobic bisphenol-A groups. Partial acidification by
hydrochloric acid could produce different amine salts that expanded the intercalation of Mica in the
range of 15.2-60.0 A. At a specific acidification ratio (H /amine = 1/3 equiv ratio), polyamine enabled
the exfoliation of the layered structure of Mica. ®' Besides, processing at high shear or sonication
techniques are also necessary to deaggregate or exfoliate the clusters and increase the surface area of
clay platelets exposed to the polymer. "> For more details about the exfoliation strategies of layered clay,
we refer the reader to the extensive review of the intercalation and exfoliation of different clay species

by Chiu et al. ©'

2.2 Synthesis of polymer/clay nanocomposite

SWELLNG &—————7 POLYMERIZATION
a) i Ay -
— fw, T

inorganic filler (tactoid) monomer E / E

intercalated platelets

SHEAR

inorganic filler (tactoid)  molten polymer

platelets delamination

[—] SWELLING
[ ]
———9
—————

inorganic filler  solvent

C) (tactoid)

SOLUBILIZATION
+ —_—

polymer solvent intercalated platelets

Figure 6. Illustration of (a) in situ polymerization, (b) melt intercalation, (c¢) solution intercalation. 34

The manufacturing of PNCs involves choosing a proper method to reach a satisfactory dispersion of the

nanofillers throughout the polymer matrix. *' In general, polymer/clay nanocomposites can be formed

86-90

from clays or organoclays in one of the three main ways, including in situ polymerization, solution

11



Page 13 of 52 RSC Advances

1459 and melt intercalation methods (Figure 6). '*°' The greatest industry interest is in melt intercalation

processing °* because this is generally considered more economical, more flexible for formulation, more
compatible with many current commercial practices and suitable for mass production. ' 7" %% In
addition, absence of a solvent makes melt intercalation an environmentally favorable method for
industries from a waste perspective. > *® However, in this process, strong shear forces are required to
blend the highly viscous molten polymers and clay nanoplatelets. The other methods used to enhance
gas barrier properties of PNCs are the use of coating particles with high barrier materials and the use of
multilayered films containing a high barrier film. °"'° Coatings and multilayers are effective but their
application is limited by the adherence between the materials involved. '® Recently, layer-by-layer (LbL)
assembly process has also been proposed to construct alternating layers of nanoplatelets and polymer to

101-104

markedly enhanced gas barrier properties of the parent polymer. However, low production

efficiency and complex assembly process significantly limit its utility. **

2.2.1 Melt intercalation

Several studies have been focused on PNCs made up of MMT or O-MMT to thermoplastics using melt
intercalation process. '+ 2% 27 28 43 44105 Thig approach would allow nanocomposites to be formulated
directly using ordinary compounding devices such as extruders or other mixers. '*® The incorporation of
MMT into thermoplastic matrices by conventional polymer melt compounding processes would greatly
expand the commercial opportunities for this technology. The melt intercalation method involves
mixing of layered MMT with the polymer and heating the mixture above polymer's softening point. If
clay layer surfaces are sufficiently compatible with the polymer chains, the polymer can enter between
the interlayer spaces, forming an intercalated or exfoliated nanocomposite. ** Fornes et al. proposed the
mechanism of clay nanoplatelets exfoliation process in the melt intercalation processing (Figure 7). '
Commercial particles of an organoclay powder are about 8 mm in size and consist of aggregates of
tactoids, or stacks of platelets. The stresses imposed during melt mixing break up aggregates and can
shear the stack into smaller ones. If polymers and organoclay have an “affinity” to one another, the

contact between polymers and organoclay can be increased by peeling the platelets from these stacks

one by one until all the platelets are individually dispersed in polymer matrices. '’

12
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Figure 7. Mechanism of clay platelet exfoliation in the melt intercalation process: (a) organoclay

particle breakup, (b) clay tactoid breakup, and (c) platelet exfolication. '’

To melt-mix hydrophobic polymer matrix (e.g. polyolefin) with clay platelets, clay surface must be
modified by surfactant to reduce the difference of affinity between hydrophilic clay and hydrophobic
matrix. Besides, compatibilizing agent is also considered to help synthesizing polymer/clay
nanocomposites. In compatibilizing agent, the hydrophilic part is compatible with clay and the other part
provides hydrophobicity to blend with polymer matrix. The compatibilizing agent increases interfacial
interaction between organophilic clay and hydrophobic polymer matrix. ' In 1997, Usuki e al. reported
that a polyolefin polymer with hydroxyl groups could be intercalated into MMT. ' Then, a maleic
anhydride-modified polypropylene (MA-g-PP) was intercalated into MMT by melt compounding. '* '

The result indicates that MA-g-PP is intercalated between the layers of O-MMT and the silicate layers
are dispersed uniformly in the MA-g-PP matrix. ’

2.2.2 Solution intercalation

13
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In solution intercalation, layered clays are exfoliated into single platelets using a solvent in which the
polymer is soluble. The polymer is then mixed with the clay suspension and adsorbed onto the platelets.
The solvent is finally eliminated from the clay-polymer complex through evaporation, which triggers
multiple physical changes simultaneously. > These physical changes include evaporation-induced weight
loss and accompanying reduction in thickness while the polymers undergo planar reorientation with
their primary chain axes. °' However, the solution intercalation method is limited to certain
polymer/solvent pairs, in which the polymer is soluble and the silicate layers are swellable. ''" ''?

Compared with melt intercalation, the solution intercalation method is complex and sometimes

environmentally unfriendly because of the presence of solvents. '
2.2.3 In situ polymerization

The in situ polymerization techniques use polymerization reactions to produce delaminated clay platelets

in the polymer/clay nanocomposites. ** ''*

The clay is swollen with a suitable liquid monomer or
monomer solution before polymerization. Initiated by radiation, heat, pre-intercalated initiators or
catalysts, the onset of polymerization reaction can produce polymer chains within the clay gallery and
potentially force delamination. >  Although, in situ polymerization may form an exfoliated
nanocomposite but the clay platelets would recover the stacked structure in the subsequent melt forming

process. ''* In addition, the in situ polymerization method has a disadvantage that a suitable monomer is

not always available. ”’

3. Gas barrier properties of polymer/clay nanocomposites

The research on the gas barrier performance of polymer/clay nanocomposites concerns mostly oxygen,
carbon dioxide, and nitrogen for packaging, storage, and protection of electronic devices. ''® The
performance of diffusion barrier PNCs is determined by mainly three factors: filler properties (aspect
ratio, volume fraction), the intrinsic barrier property of the polymer matrix, and the ‘quality’ of
dispersion (agglomeration/specific interface, free volume and the orientation of filler platelets). "7 1t has
also been observed that the interaction between certain polymer matrices and nanoplatelets can affect
crystallinity, molecular orientation, and packing of the molecules near the nanoplatelets. ''® The
alteration of molecular packing around the nanoplatelets may further enhance the barrier properties of

PNCs. ¥

14
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Table 1 Gas permeability of polymer/clay nanocomposites

Polymer Types of Clay Filler Processing “ Permeant Permeability (m”/s Pa) Reduction
Loading
SBR'® O-MMT, CF 16 phr Melt 0, 2.75x107" 46%
PLA' O-MMT 7.9 wt% Melt 0, 2.85x10"° 24%
He 6.79x10"7 23%
PLA, PLA/PCL™! O-MMT 3 wt% Melt 0, 6.39x10" 26%
PA™? MMT 3 wt% Melt 0, 3.37x107" 14%
CO, 1.33x107"® 13%
PET'* O-MMT 5 wt% Melt 0, 1.69x10™" 55%
PET'* O-MMT 5 wt% Melt 0, 2.74x107" 69%
PET'® O-MMT 1 wt% Melt 0, 1.42x107"7 45%
ps'*® O-MMT 2 wt% Melt 0, N/A 66%
pp'¥ O-MMT 4 vol% Melt 0, 4.18x10°"® 46%
pp™*® O-MMT 7.5 wt% Melt 0, 2.59x10"° 56%
pp'¥ MMT, O-MMT 5 wt% Melt 0, ~6.00x10"® 77%
He ~2.25x107" 39%
N, ~2.25%x107"8 89%
HDPE™’ O-MMT 2.8 vol% Melt 0, 2.70x10"® 46%
HDPE"™! MMT, O-MMT 3 vol% Melt 0, 3.05x107"® 35%
LDPE" O-MMT 7 wt% Melt 0, 2.86x10™" 24%
LDPE'* O-MMT 0.5 wt% Melt 0, 4.39x10™"® (50% RH) 75%
CO, 9.9x107"'® 86%
LLDPE"” O-MMT 5 phr Melt 0, 1.81x107" 55%
LLDPE" VER, O-VER 3 wt% Melt 0, 1.07x107% 18%
PET, MMT 2 wt% Melt 0, 1.89x107"7 51.7%
MXD6'?? 3 wt% 6.89x10" 70.3%
PET-PA/MXD6"° O-MMT 3.5 wt% Melt 0, 2.27x107" 21%
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LLDPE MMT, O-MMT 5 wt% Melt 0, 1.25x107"7 58%
CO, 3.13x10™"7 67%
pvCly 10 wt% 0, 0.731x10"7 65%
CO, 3.671x107" 64%
Polyester O-MMT 2.5 wt% Melt 0, ~7.83x107° 63%
Paraffinic wax ">’ O-MMT 2.5 wt% Melt 0, 3.14x107"® 99.7%
PA 6 O-MMT 18 wt% Melt 0., H,, He N/A ~60%
EVOH" Kaolinite 8 wWt% Melt 0, N/A® N/A
EVOH, PLA'* Kaolinite 4 wt% Melt 0, <1x107 75%
5 wt% 6x10™" (40% RH) 45%
Rubber'*' Kaolinite 70 phr Melt N, ~5.0x10"7 40%
IR'" O-MMT 7 phr Melt, N, ~5.4x107"° 33%
Solution
pPCL” MMT, O-MMT 3 wt% Melt & In situ CO, 3.28x10™" 68%
He 8.40x107'® 64%
H, 8.93x107'® 64%
PI” O-MMT 3 wt% Solution 0, 2.33x107"° 30%
XG” MMT 20 wt% Solution 0, 5.79x107% 89%
PVA, NFC™ MMT 50 wt% Solution 0, 5.71x10% (90% RH) 99.8%
NEC®® MMT 50 wt% Solution 0, 4.00x10™" (95% RH) 80%
Chitosan’" MMT 5 wt% Solution 0, ~1.1x107"® ~50%
PP/EPDM'" O-MMT 5 wt% Solution 0, 2.55x107"7 62%
CO, 9.50x10"7 68%
Epoxy'* O-MMT 5 vol% Solution 0, 4.79x107° 75%
Chitosan'®” O-MMT 10 wt% Solution 0, N/A 92%
PLA' MMT 0.8 wt% Solution CO, ~9.00x10"® ~51%
0, ~2.48x107'® ~31%
N, ~4.50x10™"° ~40%
Acrylic Resin' ' Li-Hec 9.1 wt% Solution CO, 4.93x10™" 93.8%
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PVA* MMT 5 wt% Solution He N/A 70%
N, 1.1x107% 62%
PAT’ O-MMT 5 wt% Solution He ~1.74x10" ~79%
pU'™® MMT, O-MMT 8 Wt% Solution He N/A ~76%
EP> O-MMT 7 wt% In situ 0, 2.34x10"° 86.1%
pS'* MMT, O-MMT 16.7 wt% In situ 0, 5.03x10"® 64%
PAAm, PAA™ MMT N/A LbL 0, <1x10% 99.8%
PVAm, PEL, PAA™ MMT N/A LbL 0, <5%x10™° 99.94%,
Chitosan® MMT N/A LbL 0, 3x107 99.98%
pPVP® MMT N/A LbL 0, 6.2x107* 64%
PEL PAA™ MMT, N/A LbL 0, 8.3x107% 99.4%
LAP, 6.4x107% 93.2%
VER 3.3x107% 99.8%
PEL PAA ™ MMT 26.2 wt% LbL 0, <0.9x107% 99.94%,
PEL PAA™ MMT N/A LbL 0, 1.21x10% 99.94%,
PEI'™ MMT >84 wt% LbL 0, <2.28x107* 99.94%,
PEI'® MMT N/A LbL 0, <I1x107* 99.94%,
PGD, PEI'" MMT N/A LbL 0, 3.50x10° (10% strain) 71%
PAM™’ MMT N/A LbL 0, <6.51x10™" 99.94%,
PEO, HEC* MMT 60 wt% Filtration 0, 2.28x10" (80% RH) 99.2%
pu'"’ MMT, N/A Coating 0, 1.65x107% 96.5%
Li-Hec 9.80x107% 99.8%
pp'” MMT, N/A Coating 0, 1.29x107" 92.3%
VER, 2.02x107%° 98.6%
Li-Hec 6.68x10%! 99.6%

“ melt, solution and in situ in this column refers to melt intercalation, solution intercalation and in situ polymerization, respectively.

b the permeation rate measured for nanocomposites below the experimental error of the instrument.
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The influence of clay on the barrier properties of PNCs prepared by different processing methods is
given in Table 1. This list is not an exhaustive representation of the work that has been done in this area.
It should, however, be noted that the values of the permeability coefficients in the literature are often
given in different units of measurement. To facilitate the comparison of gas permeability, the values of

gas barrier properties reported in the literatures have been converted into same units (m?/s Pa). ** !> 12

122.129. 151152 The processing method of polymer/clay nanocomposite can play a key role in how the clay
platelets are distributed throughout the matrix and, therefore, the barrier properties of the resulting
materials. ® Different processing techniques may be more or less suitable for different filler/polymers
systems. Many approaches have been explored to prepare polymer/clay nanocomposites, including melt
and solution intercalation, in situ polymerization, layer-by-layer method, coating, impregnation and

latex coagulation, etc.
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Figure 8. Intercalation of catalyst into MMT interlayers. '

It is believed that an in situ polymerization is an effective method to obtain well-exfoliated clay
nanoplatelets in polymer matrix compared with melt and solution intercalation methods. ''' Dai et al.

prepared epoxy resin (EP)/O-MMT nanocomposites by in situ thermal ring-opening polymerization. The

18



RSC Advances Page 20 of 52

quaternary alkylphosphonium and alkylammonium salt were used as intercalating agents for the
preparation of organophilic clay through cationic exchange reactions with Na"-MMT clay. Then, the
organophilic clay was blended into EP through in situ thermal ring-opening polymerizations to prepare
polymer/clay nanocomposites. Compared to pure EP, the quaternary alkylphosphonium salt-modified
MMT clay and quaternary alkylammonium salt-modified MMT clay at 7 wt% clay loading showed 86.1%
and 66% reduction of oxygen permeability, respectively. > Kim et al. synthesized PET/clay
nanocomposites with N-methyl diethanol amine (MEDA)-based organoclays using in situ
polymerization. This composite was observed to form an intercalated and delaminated structure and was
found to exhibit a 2-fold reduction in permeability with only 1 wt% clay compared to pure PET. '**
PET/clay nanocomposites were also prepared via in situ polymerization with clay-supported catalyst
(Figure 8). These composites were found to show a 11.3-15.6 fold reduction in O, permeability with 1-5
wt% clay. '** Nazarenko et al. prepared PS/clay nanocomposites via in situ polymerization of styrene in
the presence of unmodified sodium MMT (Na'-MMT) clay, MMT modified with zwitterionic cationic
surfactant octadecyldimethyl betaine (C18DMB) and MMT modified with polymerizable cationic
surfactant vinylbenzyldimethyldodecylammonium chloride (VDAC). Both PS/VDAC-MMT and
PS/C18DMB-MMT nanocomposite systems exhibited noticeably smaller relative oxygen permeability
(diffusivity) than the conventional composite PS/Na'-MMT containing untreated clay, when comparing
samples with similar clay content. '*° Patra et al. synthesized the nanostructured hybrid materials of
poly(methylmethacrylate-co-acrylonitrile) (PMMA-co-AN) copolymer incorporating organically
modified clays by in situ intercalative emulsifier-free emulsion polymerization method. With 3% clay

content, the oxygen permeability was reduced by 51.5% when compared with the virgin copolymer. '*°

The melt intercalation technique is a very convenient process to make polymer/clay nanocomposites by
using a conventional polymer extrusion process widely used in the polymer processing industry, such as
extrusion and injection molding. *> '°® The nanocomposites prepared by melt intercalation process are
probably the most extensively studied nanocomposite system. In the melt intercalation, the layered clay
is intercalated and dispersed in the molten polymer matrix melt by applying shear forces during
compounding. > ’° Using O-MMT with modifications to both the basal and edge surfaces, Chaiko ez al.
prepared paraffin wax nanocomposites demonstrating significant improvements in oxygen barrier
properties. At 10 wt% loading of O-MMT, the oxygen permeability of paraffin wax/clay nanocoposites
reduced by a factor of 330 times relative to the clay-free system. However, continued increase in the O-

MMT concentration led to embrittlement of the film that was accompanied by a complete loss of any
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barrier improvement. '*° Krook es al. investigated the gas barrier properties of injection-molded
biodegradable polyesteramide composites containing 5 and 13 wt% octadecylammonium-treated MMT.
The oxygen transmission rates of the composites were 20% (13 wt% filler) and 40% (5 wt% filler) of

those of the unfilled material. ">’

PE films are commonly used (almost one-third of the world’s plastic production) because they offer a
strong barrier for humidity; however they suffer from high O, permeability. '* Osman et al. prepared
high-density polyethylene (HDPE) micro- and nano-composites with spherical and plate-like fillers by
melt processing. They found that the plate-like fillers strongly reduced the polymer permeability
coefficient, while spherical ones have no influence on it. At 3% volume loading of a suitable O-MMT,
the permeability coefficient of HDPE is reduced by 35% without using a compatibilizer. "'
Subsequently, Osman et al. obtained O-MMT with different surface coverage and alkyl chain packing
density and prepared nanocomposites of the O-MMTs and HDPE. The oxygen permeability of 2.8 vol%
composites decreased to almost half that of the neat HDPE. '*° To obtain a well exfoliated polymer/clay
nanocomposite structure for non-polar polymers, compatibilizers or interfacial agents should be
introduced in nanocomposite formulations to modify polymer with polar groups and then increase
interfacial interactions between the clay layers and non-polar polymer matrix. >° Arunvisut et al.
prepared low density polyethylene (LDPE)/clay nanocomposites by melt-mix organoclay with LDPE
and compatibilizer, polyethylene grafted maleic anhydride (PE-g-MA). They found that the oxygen
permeability of LDPE/clay nanocomposites decreased by 24% as the clay content increased to 7 wt %.
" HDPE was mixed in a twin-screw extruder with organophilic treated clay and a compatibility agent, a
HDPE grafted with maleic anhydride (HDPE-g-MA), as reported by Lotti et al. These composites were
found to have 60% reduction in O, permeability upon incorporation of 5 wt% O-MMT, compared to
pure HDPE. '* Durmus ef al. used low molecular weight oxidized polyethylenes (OxPE) with different
molecular weight and acid number as compatibilizer in linear low density polyethylene
(LLDPE)/organoclay nanocomposite. It was determined that addition of only oxidized polyethylene
compatibilizer to LLDPE reduces the permeability by 44%. The oxygen permeability of the
nanocomposites prepared with OxPE were lower than that of a sample prepared with conventional
compatibilizer (e.g., PE-g-MA). '** Carvalho et al. investigated the influence of ammonium quaternary
compounds as coupling agent in PE/clay nanocomposites. Among the coupling agents used,
cetylpropyldimethylammonium chloride yielded the best result for vermiculite exfoliation. At 3 wt%

loading of clay, oxygen permeability of the LLDPE-g-MA/vermiculite (VER) nanocomposties reduced
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up to 18%. "** Nanocomposites of LLDPE/natural rubber (NR)/liquid natural rubber (LNR) blend
denoted as TPNR with O-MMT were prepared using melt method by Azlina et al. Ma-g-PE was used as
a coupling agent for better dispersion of O-MMT in the TPNR blend. The oxygen barrier property of the
TPNR blend improved about two-fold by adding only 2 wt% of O-MMT. ' The polymer/clay
nanocomposites were obtained by melt process of LLDPE and PVC with O-MMT by Kalendova et al.
Compared with unfilled polymer matrix, the polymer/O-MMT nanocomposites exhibit lower
permeability (reduction at least 40%). '*” Carrera ef al. observed that the permeation of CO, in films of
HDPE and organoclay (MMTyprmanpva) formulated from melt process. The modified MMT was
obtained in two stages. In the first step the clay was exchanged with hexadecyltrimethylammonium
(MMTyprma) and in the second step the MMTyprvma was modified with polyvinyl alcohol (PVA) by in
situ polymerization. When a load of 2wt% of MMTyprmapva Was incorporated in the polymer matrix,
the flow of CO, decreased by 43.7% compared to pure HDPE. ** Xie et al. modified MMT with dodecyl
dimethylbenzyl ammonium (DDA) and octadecyl trimethyl ammonium (OTA) salt. Then LDPE/O-
MMT nanocomposites was prepared by twin-screw extruder and hot-press. The CO, and O, barrier
properties of nanocomposites were found to increase by 7 times and 4 times with 0.5 wt% O-MMT

loading, respectively. '

PET is one of the most widely used polymers in the packaging industry. It is highly desirable to improve
its barrier properties. Sanchez-Garcia et al. prepared PET/O-MMT nanocomposties by melt process in
an internal mixer. The oxygen permeability of the PNCs is reduced by ~55% at 0% relative humidity
(RH) with 5% O-MMT compared to pure PET matrix. At higher RH (80%), the oxygen barrier
somewhat lower in the neat polymer compared to dry conditions and the permeability reduction is ~35%.
'2 Hamzehlou er al. prepared nanocomposite based on injection processing-scraped PET via
intercalation with different levels of O-MMT by melt process in a corotating twin screw compounder.
The O, permeation of PET/O-MMT (5 wt%) was only 7.890 cm® m™ day™' bar”, while it was 25.33 cm’
m? day” bar’ for the virgin PET. '** PET/poly(m-xylene adipamide) (MXD6) nanocomposite blends
with improved oxygen barrier properties have been successfully developed by Donadi et al. Owing to
the high barrier properties of MXD6, the barrier properties of the PET-MXD6 blend are enhanced with
respect to neat PET. Addition of clay (3.5 wt%) to PET/MXD6 blend results in a further reduction of the
oxygen permeability constant by about 10-20%. "*° Wang et al. developed a modified melt blending
method for preparing exfoliated nanocomposites of PET with MMT and MXD6 with MMT. For PET,

the largest reduction was observed at 2 wt% MMT, which gave a 52% improvement in its oxygen
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barrier performance compared to neat PET resin. For MXD6, the greatest improvement was achieved

with 3 wt% MMT, giving a 70% reduction in the oxygen permeability value. '*°

Due to the difference in polarity between PP (nonpolar) and clay (polar), different methods have been
developed to improve the miscibility between the clay and polymer, i.e. the fillers can be modified by

- 161-163 164-166
organic compounds

and functional compounds can be used as compatibiliser. Villaluenga et
al. prepared PP membranes modified with natural and organically modified MMT clay. The
permeability, diffusivity and solubility of helium, oxygen and nitrogen were determined for the unfilled
and filled membranes over the temperature range 25-65 °C. The decrease of the permeability coefficient
of the PP/O-MMT membrane for nitrogen and oxygen were found to be 89% and 77%, respectively,
whereas the maximum reduction of the helium permeability was 39%. For helium, a reduced diffusivity
is mainly responsible for the reduction in the permeability. For nitrogen and oxygen, both diffusivity and
solubility were reduced by the presence of fillers. '** Mittal e al. investigated the effect of thermally
stable imidazolium treated MMT on the gas permeation behavior of PP nanocomposties. The composites
containing different volume fractions of the O-MMT were prepared by melt intercalation. The oxygen
permeation decreased from 89 cm® pm/m’ day mmHg for the pure PP films to 48 cm’ pm/m? day

mmHg for the composite films containing 4 vol% filler fraction. '*’

Molecular transport of gases through a polymer depends on the amount of free volume present due to
chain packing and chain segment rearrangement. Ammala et al. used positron annihilation lifetime
spectroscopy (PALS) technique to investigate the free volume changes occurring when different O-
MMTs were incorporated into nylon MXD6. They found that PALS free volume data have excellent
correlation to the measured oxygen transmission rates (OTR) in all examined cases. The addition of O-
MMT resulted in an increase in crystallinity and glass transition temperature when compared to the neat
resin. They identified that improved barrier properties of the polymer/clay nanocomposites was

primarily due to an increase in the degree of crystallinity of the polymer. '’

Zhang et al. prepared a series of highly filled NR composites based on silane modified kaolin (SMK),
precipitated silica and their mixed-compound additions by melt blending. They found that the gas barrier
properties of NR composites with SMK and precipitated silica were much higher than those of

NR/precipitated silica composites and NR/SMK. !

Meera et al. investigated the gas barrier properties
of the NR/O-MMT nanocomposites for three different gases (i.e., O, N, and CO,). The permeability

rate of N, was found to be smaller than that of O, for samples with the same clay content. The
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permeability rate was found to be the highest for CO,. They suggested that this was due to the difference
in the kinetic diameter of the gases. The kinetic diameters of N,, O, and CO, are found to be 3.64, 3.46,
and 3.3 A, respectively. As CO, has the lowest kinetic diameter among the three gases, it can easily pass

through the free volume inside the polymer/clay nanocomposites. '**

Bhattacharya et al. observed the
oxygen permeability characteristics of multifunctional styrene butadiene rubber (SBR) based
nanocomposites, including thermodynamics and kinetic aspects of transport. The permeability of
nanocomposites was remarkably decreased by the presence of MMT due to its high aspect ratio and
exquisite dispersion. Enhancement of the barrier properties of composites was explained by the

increment in tortuosity and also correlated with the reduction in free volume accessible for gas transport.
18

Arora et al. synthesized PS/clay nanocomposites by melt process using MMT and O-MMT. X-ray
diffraction (XRD) and transmission electron microscopy (TEM) analysis indicated that the O-MMT was
intercalated and/or exfoliated into the PS matrix to a higher extent than MMT. For MMT, the maximum
barrier properties were observed with 51% improvement for composites containing 2 wt% filler fraction.
However, further increase in clay content increased the gas permeability. As the permeability of gas
depends upon the particle size and the dispersion of nanomaterials, the authors suggested that there
could be poor dispersion of nanomaterial with increasing clay content. The agglomeration caused

126 Wwilson et al.

unequal distribution of clay layers and decreased the permeability of the composites.
prepared poly (ethylene-co-vinyl acetate) (EVA)/O-MMT nanocomposites with different clay loadings.
They also found that the gas barrier properties of the nanocomposites decreased when the clay loadings
are over 3 wt%, which is mainly due to the aggregation of clay at higher loadings. The dispersion of clay
platelets seemed to be maximized for 3 wt % of clay and agglomeration increased with higher clay

loading. '®

Osman et al. synthesized polyurethane (PU)/O-MMT nanocomposites by solution intercalation
technique and measured their permeability to oxygen. The OTR decayed asymptotically with increasing
O-MMT volume fraction and a 30% reduction was achieved at 3 vol%, when the clay was coated with
bis(2-hydroxyethyl) hydrogenated tallow ammonium or alkylbenzyldimethylammonium ions. '”°
Nanocomposites of PP/ethylene-propylene-diene rubber (EPDM) blend with O-MMT were prepared in
a solution method by Frounchi ef al. Oxygen and carbon dioxide barrier property of the PP/EPDM blend

improved about two-fold by adding only 1.5vol% O-MMT. ''° An environmentally friendly composites
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were prepared via a solution method from a natural potato starch matrix and MMT by Zeppa et al.

Reductions in the oxygen permeability of 68% were observed for composites containing 6.4 wt% MMT.
75

Gaume et al. investigated the optimization of clay content in PVA/MMT nanocomposites to obtain
transparent films with high gas barrier properties. Nanocomposites were prepared using a solution
intercalation film casting method. It was shown that 5 wt% of MMT decreased helium permeability
about 70% and O, permeability by a factor close to 3 compared to that of pristine PVA. ** Using a
soluble polyamide-imide (PAI) in dimethylacetamide (DMAc) with ammonium-modified MMT, Yucel
et al. developed a multi-layer PAl/clay hybrid film in which an exfoliated-clay-containing middle layer
was sandwiched between neat PAN layers. The permeability values decreased over 50% in comparison
with the neat PAI films. >’ Nanocomposites made up of PVA, nanofibrillated cellulose (NFC) and MMT
clay were prepared by Spoljaric ef al. In addition, PVA matrices also crosslinked with poly(acrylic acid)
(PAA) and compared with linear (noncrosslinked) PVA nanocomposites. Noncrosslinked PVA-
NFC/MMT nanocomposites were more effective at preventing oxygen diffusion at lower relative
humidities (0 and 50%), displaying significantly lower OTR values. However, -crosslinked

nanocomposites were superior at higher relative humidities of 70 and 90%. **

sub st ate |

Figure 9. Schematic representation of LbL assembly with chitosan (CH) and MMT.

Recently, LbL assembly has been applied as a simple and versatile thin-film fabrication technique. >

o8 39, 6466, 76, 101, 104, 147-150. 171 172 By glternating exposure of a substrate to components with
complementary interactions (Figure 9), multifunctional films with controlled structure and composition
were prepared using LbL technique. *® The polymer/clay nanocomposites thin films prepared by LbL
assembly were found to exhibit extremely low OTR, high transparency in the visible light spectrum and

tunable gas barrier behavior. * 2® '8 The unique advantage of LbL thin film assemblies is the high
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level of exfoliation and orientation of the deposited clay platelets. '® Thin films of MMT and cationic
polyacrylamide (PAM) were grown on a PET film using LbL assembly by Jang et al. After 30
polymer/clay layers ware deposited, the resulting transparent film was to found to have an OTR below
the detection limit of instrumentation (<0.005 cc/m*/day/atm). The OTR of PET can be reduced by four
orders of magnitude without diminishing its transparency or flexibility. °° Priolo et al. deposited thin
films of MMT and branched polyethylenimine (PEI) on various substrates using LbL assembly. The
thickness of PEI layers linearly increased and OTR through the films decreased as the pH of PEI
increased. By increasing pH, the OTR showed a reduction by a factor of 20. The decreasing OTR (i.e.,
increasing oxygen barrier) with higher PEI pH is attributed to the increase in PEI deposition thickness,
resulting in a greater spacing between clay layers. '* Laufer ef al. prepared thin-film assemblies with
positively charged chitosan (CH), at two different pH levels (pH 3 and pH 6), and anionic MMT. They
also observed that the thickness of CH increased with high pH (Figure 10). A 30-bilayer (CH-MMT,
pH=6) nanocoating (~100 nm thick) reduces the oxygen permeability of a 0.5-mm-thick polylactic acid
film by four orders of magnitude. ® Priolo et al. used a three-component system (i.e., PEl, MMT and
PAA) to further increase the space between clay layers as the film is deposited. The resulting PNCs thin
films have unprecedented barrier performance, with oxygen permeability below that of SiOx (<8.3x10"
2em*(STP) cm/(cm? s Pa)), '”* at a thickness of 51 nm. '°! Priolo ez al. also investigated the influence of
clay-layer spacing on the gas barrier behavior of thin films made with cationic poly(allyl amine)
(PAAm), anionic PAA and sodium MMT clay. By depositing a precise number of bilayers of
PAAmM/PAA between each clay deposition, the thickness between each clay layer can be finely tuned.
An optimal thickness between clay layers appears to exist for achieving the highest oxygen barrier for
the thin films (< 1 x102! c¢c(STP) ecm/(cm® s Pa)). 2° The influence of the clay deposition suspension
concentration on the gas barrier of thin films of MMT and branched PEI was also investigated by Priolo
et al. The OTR through the 20 polymer-clay bilayers composites decreases exponentially as a function
of the MMT clay concentration. For example, increasing the clay concentration from 0.05 to 2.0 wt%
decreases the OTR by almost 2 orders of magnitude for 20 polymer-clay bilayers films (Figure 11). '**
On the other hand, relatively fast exposure times (5 s) to aqueous solutions were found to improve the
gas barrier of polymer/clay thin films with PEI, PAA and MMT by Xiang ef al. Contrary to the common
belief about deposition time (i.e., the longer the better), OTR of these thin films are improved by
reducing exposure time (from 1 min to 5 s). For example, by reducing the exposure time of

polyelectrolytes to 5 s, the OTR of the thin film reduced to 0.05 cm’/(m? day atm), which is 2 orders of
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magnitude lower than the same film made by 1 min exposures. It is interesting to note that regardless of
the clay type, a short dip time always leads to a lower OTR. *® The LbL assembly of PEI and MMT clay
platelets, with hydrogen-bonding polyglycidol (PGD), was used to generate stretchable thin film gas
barrier by Holder et al. The OTR of a 125-nm thick PEI-MMT film increases more than 40 times after
being stretched by 10%, while PGD-PEI-MMT trilayers of the same thickness maintain its gas barrier

14
performance. ’
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Figure 10. TEM cross section of (a) 100 bilayers CH-MMT (pH=6) and (b) 100 bilayers CH-MMT

(pH=3) deposited on PS substrate. *°
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Figure 11. (A) OTR and (B) coating oxygen permeability of 20 polymer-clay bilayers films deposited

on 179 um PET as a function of the clay suspension concentration. '**

Moller et al. prepared lithium fluoro-hectorite (Li-Hec) with kilo-aspect ratio coated on PP foil substrate
and observed a more than two orders of magnitude reduction of the relative permeability compared with
the original substrate. '® Méller et al. also developed a facile, fast and cheap preparation method for
transparent diffusion-barrier coatings with UV-curable polyurethane (ccPU), modified MMT and Li-Hec
(Figure 12). Upon addition of the ccPU polycation to the aqueous clay suspensions, hybrid materials are
obtained. The polymeric modifier acts as flexible matrix capable of filling voids between the platelets
and reduce free volume in the barrier film. Moreover, ethylenic, unsaturated moieties included in the
ccPU-design, allow for a curing of the hybrid building blocks (Figure 12, vi/vii). Hardening the
composite film via UV-irradiation yields a highly flexible nanocomposite with remarkable oxygen
barrier properties and transparency. The hectorite-based coatings outperform the barrier performance of
the O-MMT based coatings by almost one order of magnitude. Due to its colorless appearance, the
hectorite proved to be a much better choice as filler for flexible and transparent gas barrier materials

compared to MMT. '’
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Figure 12. Process steps to obtain UV-curable barrier coatings. Aqueous dispersions of clays (i) are
flocculated via the addition of ccPU-dispersion (ii). Loose aggregates of obtained clay hybrids are
washed (ii1) and redispersed in THF (iv). Doctor-blading of the clay hybrid-dispersions (v) allows the
facile preparation of homogeneous composite films. An idealized O-HEC hybrid-platelet with a height
of approximately 96 A consisting of a clay lamella with ccPU adsorbed on both sides is shown in (vii).
A final UV-curing step (vi) cross-links the ccPU and renders the composite coating insoluble while

improving its oxygen-barrier. '’
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A few attempts have also been made to enhance the gas barrier properties of polymer/clay
nanocomposites. Ductile polymers (polyethylene oxide and hydroxyethyl cellulose) and MMT have
been assembled into hybrid films using a water-based filtration process by Sehaqui et al. The result
shown that the permeability of the hybrid films is ~2 orders of magnitude lower than the permeability of
pure matrices. ®* A novel approach was employed producing a self-supporting clay fabric film followed
by infiltration with an EP/amine hardener mixture and polymerization by Triantafyllidis et al. The
oxygen permeabilities of the epoxy-clay fabric film composites were lower by 2-3 orders of magnitude
in comparison to that of the pristine polymer. The reduction in oxygen permeability was partly attributed
to the high volume fraction (~77%) of highly aligned and non-swellable clay nanolayers in the fabric
film and to the polymer filling of voids formed between imperfectly tiled clay platelet edges in the film.
7% Mirzataheri et al. prepared waterborne poly(styrene-co-butyl acrylate) (PSBA) via miniemulsion
polymerization in which O-MMT was encapsulated. The barrier performance of the polymer/clay
nanocomposites greatly increased and provided an OTR of about 240 (cm’/m’ 24h) for 5.3 wt%
encapsulated O-MMT in comparison with the neat copolymer, which had an oxygen transmission rate of

1550 (cm®/m? 24h). '™

4. Modelling of the gas barrier properties of nanocomposites

In this Section, we will present the models to determine the barrier properties of nanocomposites. The
barrier properties of a nanocomposite can be described by three common coefficients: permeability
coefficient, diffusion coefficient and solubility coefficient. The gas permeation in a nanocomposite is

7% and it occurs due to a pressure gradient across the

governed by a diffusion-solubility mechanism
nanocomposite film. For steady-state diffusion across the film, gas permeability measurements can be
performed using the constant-volume, variable-pressure approach. '”’ In this approach, vacuum is
applied on both sides of a film of thickness t; situated in the permeation cell and the permeability

coefficient (P) is determined using the following relation:

= (D) M
ARTAp \ dt
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where A is the film area, R is the universal gas constant, T is the absolute temperature, V is the total
amount of gas permeation through the film into a cell, Ap is the pressure gradient across the film, and

dp/dt is the transmission rate.

The permeability coefficient combines the effects of both diffusion coefficient (D) and solubility

coefficient (S) and can be expressed as:
P =DS 2)

in which the diffusion coefficient describes the kinetic aspect of the transport, and the solubility
coefficient relates the penetrant affinity and the thermodynamic aspect of the transport. The above
relation holds true when the value of D is independent of concentration and the value of S follows
Henry’s law, and it is often considered to describe the gas transport properties of composites reinforced

with impermeable nanofillers in a polymer matrix. °* '

In the above diffusion-solubility model,
penetrant molecules initially dissolve into the high pressure face of a film then diffuse across its
thickness and finally desorb at the low pressure face. Thus, the permeability of a penetrant depends on
both of its diffusivity and solubility, and these properties can be systematically altered through judicious

choice of molecular design and environmental factors.
4.1. Composite theory for permeation

Nanocomposite films possess better barrier properties in comparison to homogenous films ** and the

simplest model by Picard et al. °* given below, can predict the penetrant solubility in the film
S=S,(1-¢) 3)

where S, and ¢ denote the penetrant solubility coefficient in the neat polymer and the volume fraction

of nanofillers reinforced in the polymer matrix, respectively.

In the nanocomposite film, the dispersed nanofillers act as impenetrable barriers and therefore penetrant
follow tortuous pathway in order to diffuse through the film thickness; this increases the effective
pathway for diffusion of the gas, thus degrading the diffusion coefficient. This effective diffusion
coefficient (D) of a gas in the nanocomposite can be expressed in the following form by introducing

tortuosity factor (f):

Dp
D, = T 4)
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where Dy, is the diffusion coefficient of the neat polymer.

We can obtain the effective permeability coefficient (P,) using Egs. (2)-(4); as follows:
Pe = Desp(1 — o)f (5)

The value of f depends on the shape and volume fraction of a nanofiller, and several researchers
calculated its value for different types of fillers. These studies, however, are concerned only with a
rather limited range of composites; but we can make use of these studies to determine the different
values of tortuosity factor for various nanocomposite systems since it is a function of shape and size of

the dispersed particles.

Several earlier studies focused on the use of composite theory to determine the effective permeability in
nanocomposites. Some of the pioneering research by Barrer ef al. on permeation in composites included
measurements on rubbery polymers containing inorganic fillers like zinc oxide and silica. '™ '™ Their
experimental results were found to be in good agreement with the predictions of composite theory. '
Takahashi et al. °' investigated the gas permeation properties of nanocomposites based on butyl rubber
with high loadings of vermiculite. In their study, the permeability of the nanocomposite coatings to
various gases was measured and validated to ensure the accuracy of permeation models for
nanocomposites with flake-like fillers proposed by Cussler, Nielsen, Fredrickson and Bicerano, and
Gusev and Lusti (these models are discussed in next Section 4.2). Chlorobutyl rubber nanocomposites
were prepared by Saritha ez al. '** using organically modified cloisite 15 A and characterized using XRD
and TEM. The gas barrier properties of the nanocomposites were modeled using the composite theories
of permeation and the tortuosity factors were predicted. In their study, the reciprocal tortuosity factors
predicted by Gusev and Lusti, and Nielsen permeation models for given values of a¢ of nanoparticles
were found to be in good agreement with those of the experimental results; on the other hand, Cussler
models show satisfactory agreement with the experimental tortuosity factor at lower values of a¢ but

vary differently at higher values; where « is the aspect ratio of nanoparticle.
4.2. Tortuosity factors for various nanocomposite systems

Several empirical models have been proposed to predict the enhancement in barrier properties of
composite materials. These studies considered different contributions to transport, usually related to the

“tortuous path” resistance in the nanocomposite system, described in a simplified way. Expressions for

30



RSC Advances Page 32 of 52

widely used empirical models are reported herein without attempting an analysis of assumptions and

derivations; the reader is referred to the original papers for more details.

Diffusion of a small solute through a nanocomposite film containing a suspension of impermeable
particles is a classic problem in transport phenomena. One of the first examples was Maxwell’s theory
'8! which predicts the tortuosity factor for spherical particles. His model can be utilized to determine the

tortuosity factor for a nanocomposite film containing periodic array of impermeable spheres:

1+
f:1+m (6)

It may be noted that Maxwell’s model can predict the results accurately when the volume fraction of
spherical particles is less than 10%. Similarly, for a nanocomposite film containing periodically array of

infinite cylinders embedded parallel to the film surface, the value of tortuosity factor is given as '*

1+¢
f= T—¢ (7)
Membranes which contain impermeable flakes or laminae show permeabilities much lower than
conventional membranes, and hence can serve as barriers for oxygen, water and other solutes. '3 The
situation is completely different for a nanocomposite film containing nanoplatelets oriented
perpendicular to the diffusion path. For such case, we can obtain the value of tortuosity factor from the
following relation '**

f=1+ Ly (8)
2t,

in which 1, and t, represent the length and thickness of the nanoplatelet, respectively. Nielson 184

assumed that the nanoplatelets are completely exfoliated and dispersed along the perpendicular direction
of diffusion. It may be noted that Eq. (8) is different than those for spheres and cylinders because the
shape of the particle is appears in the tortuosity factor; this indicates that the aspect ratio of particles has

significant influence on the diffusion.

Nielsen’ model is accurate in the dilute regime but it is considered inadequate by Cussler ez al. '® when

the volume fraction of fillers is semi-dilute, i.e., when the fillers volume fraction is low but the fillers
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overlap each other (¢ «< 1 but ad > 1). In such case, we can use another relation given by Cussler et al.
' for a nanocomposite film containing nanoplatelets oriented perpendicular to the diffusion:

an)Z

f=1+m €))

where o (= d/a) is the nanoplatelet aspect ratio, measure of the nanoplatelet shape; o is the thickness of

the nanoplatelet; and d is the distance to each of these next nanoplatelets.

It is not always possible to fabricate nanocomposite with rectangular nanoplatelets distributed at regular
intervals and nanoplatelets may appear randomly in the film, as shown in Figure 13. Therefore, in case
of (1) two courses of nanoplatelets with alignment and misalignment occurring with equal probability;
and (i1) random misalignment of successive layers of hexagonal nanoplatelets, Eq. (9) can be written in

the following forms, '™ respectively:

f=1+% (92)
f=1+% (9b)
,/’//i/’//z;f//// Eiﬁﬁjjg/, i:ifj;é;i%%f;;;/

Figure 13. Model of barrier membrane: diffusion occurs through randomly spaced nanoplatelets. '*

The result for platelets given in Eq. (9) was experimentally verified, especially for barrier membranes
used in packaging. '** "®'®® It was also verified by analytical theoretical models or through Monte Carlo
simulations. '*” It may also be noted that irregular shape of platelets is considered in Eq. (9). Such
irregular platelets can be idealized as rectangular platelets of uniform size embedded at regular intervals
in the nanocomposite film, as shown in Figure 13, and Eq. (9) can be modified as follows '**

oad o Pp?

f=1+— pTeErS

(10)

in which ¢ takes different form depending on the range of geometrical parameters; as follows
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o= (11)
($+5)@+b)

where o (= s/a) is the pore aspect ratio, characterizes the pore shape; b is the spacing between the
adjacent nanoplatelets in the direction of diffusion; and s is the spacing between the adjacent

nanoplatelets in the perpendicular direction to diffusion.

2s

ot

N

J A 1
f

7 L A =

>
1

Figure 14. Model of barrier membrane: diffusion occurs through regularly spaced nanoplatelets. '**

Interestingly, two cases of Eq. (10) can be verified experimentally. First, we consider the case where
ao/2 « 1. In this case, the wiggles (this effect is discussed later) within the nanocomposite films are

dominant, and Eq. (10) becomes

O(Z(I)Z
f=14——— 12
- 9) (12)
Second, we consider the case where ac/2 > 1. Now, Eq. (10) becomes
ado
f=1+ % (13)

The above Eq. (13) indicates that the diffusion is limited not by the wiggles but by the nanoplatelets
themselves. Equations (12) and (13) provide the desired results for the two-dimensional model shown in
Figure 13. They provide the change in the flux caused by the nanoplatelets in the nanocomposite film

and this change is a function of three variables, a, ¢ and o, which can be altered experimentally.

Using a conformal mapping method, Aris '® developed an analytical expression for the barrier
improvement factor due to a two-dimensional periodic array of obstacles (see Figure 14). Accounting

for the results reported by Aris, ' Falla et al. '® proposed the following refined Cussler model:
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f=1+

242 2
o’ adp 2a¢ I o d (14)

—t—+ 1

41-9) 20 mI-¢)  |4o(1- ¢>l
The first two terms on the right hand side of Eq. (14) are the same as those in Eq. (9), but the third and
fourth terms are new. The physical origin of each of the terms on the right hand side of Eq. (14) warrants
discussion: (i) the first term is just unity, indicates the neat polymer matrix without the loading of
nanoplatelets; (ii) the second term involves a?, is the resistance to diffusion of the torturous path around

s 188

the nanoplatelets. Such effect is called as “wiggling”. °° The square a? and ¢? terms reflects both the

increased distance for diffusion and the reduced cross-sectional area between the nanoplatelets.
Wiggling is the main contribution to the increased resistance in platelets-filled barrier films. '*% 18188
The preferred path for diffusion must be predominantly around the second largest dimension, the short
side, of these oriented nanoplatelets; (iii) the third term indicates the resistance of slits between the
platelets; and (iv) the fourth term represents the construction of a diffusing medium to pass into and out

of the narrow slits and this effect is called as "necking".

Monte Carlo calculations were carried out by Falla et al. '*® to study the diffusion across membranes
containing impermeable flakes. In their study, the effects of tortuous paths around the flakes, of
diffusion through slits between flakes, and of constricted transport from entering these slits were

investigated. Their calculations show that a simple analytical Eq. (14) developed by Aris '¥

reliably
predicts these three effects. Both calculations and Eq. (14) show the separate conditions when each of

these effects is most important.

For the same geometry, as shown in Figure 14, a slightly different model proposed by Wakeham and
Mason ' is given by:
?Pp? ad

f= 1+ ey 70+ 20— ®)n [

—¢

200 (15)

The difference between Egs. (14) and (15) lies in the fourth term on the right hand side. In Eq. (14), the
fourth term is dependent on a, while in Eq. (15) it is not. These two relations have been largely used for

the comparison of predicted barrier enhancement with either experimental or simulation results.

Minelli et al. ™!

reported numerical and analytical modeling results for barrier properties in ordered
nanocomposite systems. They proposed a new formulation capable of predicting the gas transport

properties in simplified nanocomposite geometries and argued that their model correctly describes the
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enhancement in barrier effect for the systems for a wide range of filler loading and platelet dimensions,
and can be reliably used to obtain relevant information on gas permeability in real nanocomposite

systems. They proposed the following expression for the tortuosity factor:

f

2 242 4 2 -
_ﬂ<1+20> N a‘p*(1+ 20/a) 2ac|)(1+2_0) ln[ 1-—¢(1+20/a) (16)

" 20 a) 41 -¢(1+20/0)] T a odp(1+ 20/0)(1/2)

The first term on the right hand side of Eq. (16) results from the tortuous path contribution to the mass

transport resistance and the remaining terms refer to the tortuous path for the diffusing molecule.

In case of many layers of nanoplatelets embedded in the nanocomposite, we can use the following
extended form of Aris’ result: '

o p? ad

f=1+m+%

(17)

Considering the effect of nanoplatelet orientations on permeability, the modified Nielsen model can be

utilized to determine the tortuosity factor: 192

f=1+317pp¢(s+%) (18)

where S is the order parameter and it depends on the orientation of nanoplatelets; such that,
1
S = E(3c0529 -1), —-05<S<1 (19)

For the cases of (i) perfect alignment of nanoplatelets as shown in Figure 1(a), S =1 (6 = 0°); (ii)
random distribution of exfoliated nanoplatelets as shown in Figure 1(b) ), S = 0 (6 = 54.74°); and (iii)

nanoplatelets do not provide barrier to the diffusion of gas molecules, S = —1/2 (6 = 90°).

The effects of length, concentration and orientation of nanoplatelets, and degree of delamination on the
relative permeability can be explored using Eq. (19). Dispersing longer nanoplatelets (L > 500 nm) in a
polymer matrix is particularly beneficial in several respects by (1) increasing the tortuosity, (ii) reducing
the dependence of the relative permeability on the orientation order of the nanoplatelets, and (iii)
slowing the degradation in barrier property with decreasing state of delamination, i.e., increasing
aggregation via intercalation. The last of these factors ultimately controls the barrier properties of

polymer-layered silicate nanocomposites. '
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193

For the nanocomposite film containing (i) random array of disks; (i1) random dispersion of non-

overlapping disks; '** (iii) random array of ribbons of infinite length; '° (iv) low loadings of spherical

196

nanoparticles; and (v) periodically arrayed cylinders oriented perpendicular to the direction of

diffusion, "% the tortuosity factors respectively can be written as follows:

0.71
f=ex Gy ¢ (20)
PI\3a7t,
- [Lrxtod2ast o mdy .
B 2+x P X= dp ¢ 21
2tpln <T>
- 2
=142 22)
| 31
1
f=1+¢ (23)
f=1+¢ (24)

where d;, and t, denote the diameter and thickness of the disk, respectively; and wy, and r, denote the

width and thickness of the ribbon, respectively.

The Eq. (20) is proposed by Gusev and Lusti, '** i.e. an exponential function of ag, is obtained by finite
element calculations. Further, this relation was modified by Picard et al. °* with respect to the solubility

effects; such that,

2 (25)

Similarly, in order to take account the decrease in solubility, the modified form of original polynomial

Eq. (21) can be used to determine the tortuosity factor; °' as follows:

14 x +0.1245x%]° md,,
2+x T (26)

2,1n (S
tp l’l(m)

f=1—¢+4[
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Sometimes nanocomposite may contain different size of nanofillers, and in such situation it is preferred
to know which filler size is dominating transport through a film. In this case, the tortuosity factor is

- 195
given as follows:

_ Prot 2
= ll ¥ <3tp ZiniRi> ZiniL?l (27)

in which ¢, 1s the total volume fraction of fillers, R; is the average length of filler in the size category 1,
and n; is the number of fillers in the size category i. It may be noted that Eq. (27) is derived assuming
that fillers in adjacent layers do not influence each other. Therefore, this model is not suitable for high
volume fractions of fillers. Picard et al. °* modified this model accounting the distribution of the filler
thickness and contribution of the surfactant layer to the impermeable phase volume fraction for larger
agglomerates. They studied polyamide 6-MMT films for a wide range of clay content ranging from 0%
to 18% and found that the modified model accurately predict the measured values of permeability. The

modified tortuosity factor is given as follows:

2
n;L?
f=|1+ q)tr‘;fR_ z — (28)
32i—t1pil I *p;i

As we can see, several models have been developed to determine the barrier properties of
nanocomposites. At this point, it is desirable to compare the prediction of different models presented
herein. For this purpose, we consider four different models: Nielsen model [Eq. (8)], Cussler model [Eq.
(10)], Aris model [Eq. (14)], and Wakeham and Mason model [Eq. (15)]. Figure 15 demonstrates the
outcome of this comparison, which are made considering two pore aspect ratios (¢ = 1 and 10) and the
volume fraction of flake, ¢ = 0.01. It may be noted that the values of ad can be used to delineate

193197 the dilute regime corresponds to ad < 0.1; the semi-

important regimes of flake volume fraction:
dilute regime corresponds to 0.1 < a¢ < 1; and the concentrated regime corresponds to a = 1. It may
be observed that Wakeham and Mason model overestimates the barrier improvement in the dilute
regime, In the semi-dilute regime and above, Nielsen model predicts a linear increase with ad, while the
other models predict a quadratic increase with adp. When the values of ad > 1, values of f are

asymptotically increase with the values of a¢; this has been confirmed by several experimental and
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theoretical studies. '*% 187 18 193 195 mioyre 15 also demonstrates that the values of f significantly

decrease with the increase in the values of ©.

RSC Advances

10°
------- Eq. (8)
Eq. (10), (c = 1)
Eq. (10), (o = 10)
——Eq. (14), (s =1)
------- Eq. (14), (o = 10)
——Eq.(15), (s=1)
o b Eq. (15), (o = 10)

e
b
________
= .t
ane
snnnnmmmmmmmmmmeeesnil

10’

---

.
ot

3
ws®

.
o
PRe

o*
o*
.

10'

Figure 15. Comparison of theoretical model predictions.

Minelli ez al. ' compared their results with those of Monte Carlo 183, 158

188
L.

simulations conducted by Falla

1. " and numerical results predicted by Chen and Papathanasiouy. '°’ The

eta and Swannack ef a
details of work carried out by Falla e al. '® are given after Eq. (14). Swannack et al. '*® conducted
Monte Carlo simulations in two and three dimensions to compute the diffusion coefficients of gas
molecules permeating membranes containing oriented platelets. They examined the effects of platelet
aspect ratio, relative separation, loading and spatial dimension. Their 2D Monte Carlo simulations were
well correlated with that of the Aris model; however, their 3D simulations under estimate the barrier-
effect of filler compared to the Aris model. Their results have particular value for nanocomposite films
at low platelet loadings. Chen and Papathanasiouy '*” developed a micromechanics-based numerical
approach to predict the tortuosity factors for flake-filled membranes. They conducted numerical
calculations in two-dimensions for composite membranes containing aligned, impermeable flakes, using
the fast multipole-accelerated boundary element method. Figure 16 shows the comparison results when
the values of a and o are 30 and 0.5, respectively. It may be observed from Figure 16 that the results

191

predicted by Minelli et al. are in excellent agreement with those reported by Chen and
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Papathanasiouy. '’ Further, it may be noted that numerical results reported by Minelli et al. "

were
found to be in ecxellent aggrement with their theoratical predictions. On the other hand, estimates
reported from different modeling techniques differ significantly for higher of ¢. This is due to the fact
that the numerical results reported by Chen and Papathanasiouy '*’ were obtained from a rather different
approach with respect to that considered by Minelli et al. *' Minelli et al. '' used a boundary element
formulation of potential flow problems, specifically tuned for the case of complex geometries. However,
the effect of loading on barrier properties as described in the results by Swannack ez al. '*® is found to be

substantially consistent with that predicted by numerical solutions obtained by Minelli et al. "'

120 Y
O Ref.[185]
P> Ref. [197]
10RO Ref.[198]

f-1

0 5 10 15 20 25

Figure 16. Comparison of numerical results for enhancement in gas barrier properties for 2D ordered

flake filled systems.

5. Concluding remarks

In our modern society where environmental concerns have increased, it is more and more important to
optimize the manufacturing methods and provide the best possible quality yet respecting clean
environmental targets. The trend of using polymers in lieu of other materials is therefore further

progressing, as polymers provide interesting properties at lower weight, often at a lower carbon footprint.
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The discovery of nanoparticles leads to several studies of blends in polymers, in order to further improve

the current polymer solutions and to explore new applications.

For example, in the automotive industry, reinforced polymers can replace metal parts and consequently
reduce the weight of a car. In the packaging industry, reinforced polymers allow a thinner film made of
reduced number of layers where barrier properties are needed. They can also replace other preferred
materials like aluminum foil for food preservation. This is why permeability of polymer is a critical
performance issue in many areas such as, packaging, construction, water and gas transportation,

electronics, aerospace, etc.

The literature shows that the gas barrier properties of polymers can be significantly enhanced by the
addition of inorganic impermeable nanoplatelets. In this review, we highlighted the manufacturing
methods of various clay nanoplatelets filled PNCs with their respective improvement in gas barrier
properties. In a polymer film, the clay nanoplatelets are able to block gas molecules diffusion and
extend the diffusion pathway of the permeating gas molecules. In certain cases, they also reduce the
solubility of the gas in the polymer matrix. The gas barrier performance of PNCs is determined by
mainly three factors: the aspect ratio and fraction of the filler, the intrinsic barrier property of the
polymer matrix, and the ‘quality’ of dispersion (agglomeration/specific interface, free volume and the
orientation of filler platelets). Exfoliation is the last stage of dispersion and is preferred for optimum
efficiency. The addition of a coupling agent is sometime preferred and clays are often organo modified.
There is a need for better understanding of filler modification, nanocomposites structure formation

(exfoliated vs. intercalated), and interaction between the polymer and nanofillers.

This review also highlights many processes that were tried to prepare polymer/clay nanocomposites,
including melt and solution intercalation, in situ polymerization, layer-by-layer assembly, coating,
impregnation and latex coagulation, etc. Compared to pure polymer matrix, the gas barrier performance
of polymer/clay nanocomposites is often improved by 1-2 orders. It appears that melt processing is often
preferred today, as it is easier to implement in the industry. Further development of PNCs depends
largely on our understanding of the processing-structure-property relationship of PNCs. Further
improvements in the gas barrier properties of polymer/clay nanocomposites could be expected from the
development of more compatible polymer/clay systems, full exfoliation of clays in polymer matrix and
better processing technologies. Simple but effective way is needed to modify clay and improve

nanoclay’s compatibility with polymer matrix since the dispersion of clay directly affects the gas barrier
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properties of PNCs. The future success of improved barrier films will depend on the possibility to

industrially achieve a full exfoliation with a high compatibility between the polymer matrix and the clay.

Further research is also needed to utilize different types of nanofillers such as graphene for producing

new PNCs with improved gas barrier properties. This literature review showed that the barrier properties

could be significantly improved with the addition of clay and the results could vary from case to case.

Lastly, the mathematical modeling aspects of gas barrier properties of PNCs are also thoroughly

discussed.
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