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A polymer clay nanocomposite (PCN) system for barrier applications has been studied and 

various materials have been utilized to achieve a better barrier solution. This study aims at 

making progress in the packaging industry toward super barrier materials by tailoring processing 

parameters to the creation of new barrier solutions and also by systemizing theoretical 

background knowledge. Comparisons of several barrier models were made in order to develop a 

new model and to assist with material selection and experimental design.  

PCN consisting of synthetic layered silicate (Laponite) in polyvinyl alcohol (PVA) was 

applied to atmospheric plasma treated, semi-rigid polypropylene (PP) samples. PCN coating 

bonded to polyolefins offers a simpler method to achieve higher barrier properties without 

modifying commodity materials.  

Highly filled PCN coating layers, with parallel arranged dense structures of Laponite were 

studied. An investigation on effects of pH of poly(acrylic acid) (PAA) on PCN coating system 

performance suggested that enhanced barrier properties were achievable with the aid of 

positively charged poly(acrylic acid) and a shear coating processes. This work also suggested 

another PCN coating system that incorporates a dense stratified structure of silicate platelets 

using a polymer as a linkage molecule. 
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Benefits of dispersing smaller nanoparticles between larger ones in a polymer matrix 

(PC2N) were explored and a barrier model to estimate relative permeability of the PC2N system 

was proposed. It was demonstrated that total volume fraction of particles determined barrier 

properties and this was confirmed by experiment. No significant difference in oxygen 

transmission rate of three composite films was found. A film containing only Cloisite had a 

lower oxygen transmission rate than that of Laponite and PC2N films because of the relatively 

larger aspect ratio of Cloisite; however Laponite and PC2N films had better optical transmittance 

due to the smaller aspect ratio resulting in lower numbers of scattering events.  

Achieving good flexibility and high barrier properties was possible with PAA negatively 

charged organic molecules as linkage molecules and poly(vinyl butyral) (PVB) exterior layers. 

Unlike the observed ‘house of cards’ structure formed in Laponite aqueous solution, the large 

aspect ratio of Cloisite Na+ (CNa) clay platelets resulted in parallel arrangement as observed by 

scanning electron microscopy (SEM). Result showed that the layered structures had various 

features depending upon the amount of linkage polymer applied. In addition, enhancement of 

barrier properties and flexibility was achieved after PVB coating. A barrier model based on 

Nielsen’s detour theory or Beall’s filling void theory predicted overall barrier properties 

experiments.  
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CHAPTER 1 

Microstructures of clay platelets in polymer matrices have been widely studied in order to 

better understand relationships between physical structures of polymer clay nanocomposites 

(PCN) and resulting properties. A variety of applications such as material reinforcement [1-5], 

gas barrier and membrane separations [4-15], advanced electronic devices [16-20], and 

biomedical applications [21-23] have shown great potential of PCN materials. These studies help 

to elucidate characteristics of filler particles and polymers as well as mutual interactions between 

components. Because of differences between conventional composites with macro-sized filler 

and PCN, new approaches are required to better understand features of nano-fillers in polymer 

chains. Study of orientation and dispersion of nano-sized inorganic platelets in polymer and 

effects on physical properties have shown differences that suggest potential for better designs of 

PCN materials compared to previously proposed systems. 

INTRODUCTION 

Commonly used filler particles for PCN are phyllosilicate. The classification of commonly 

used phyllosilicate for PCN is listed in Appendix A. The basic crystal structure of 

Montmorilonite (MMT), which is one of the more commonly used silicates under the smectites 

group is shown in Figure 1-1. An octahedral sheet is between two tetrahedral silica sheets and 

oxygen atoms in these sheets are common to both layers. Resulting three-layer units are 

aggregated together showing negative surface charges with positive ions between units that 

neutralize the whole structure. The weak bond between the cation and negative surface allows 

diffusion of water and other polar molecules into this interplanar space, intergallery region 

inducing an expansion of the mineral structure. In general, separation of clay platelets via this 

expansion process and insertion of polymer chains into the intergallery region has proven to offer 

enhancement of physical properties such as barrier, flame retardant, mechanical, optical and 
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membrane properties. Understanding mechanisms of changes from micron-sized particles to 

nano-sized particles and correlations to changes in physical properties are key aspects to the 

nanotechnology required for the preparation of PCN materials.  

This study has made progress in the area of packaging films regarding enhanced gas barrier 

properties. Through the literature study, various practical PCN systems and several barrier 

models to estimate theoretical permeability have been reviewed. Based on this theoretical 

background, four barrier structures have been developed for study. In this chapter, three typical 

microstructures of PCN, generalized preparation methods for PCN, and fundamental mechanism 

of barrier performance in a polymer film as well as in a nanocomposite structure are reviewed. 

Polymer Clay Nanocomposite 

Degree of dispersion and dissociation of clay platelets by diffusion of polymer chains into 

interlayer spacing determines the microstructure of PCN. In fact, the term ‘PCN’ only can be 

used for the morphologically ideal case, when particles are exfoliated. Exfoliation means that 

clay nanoplatelets are uniformly dispersed in the polymer matrix. When polymer is inserted into 

the intergallery of the mineral making a regularly enlarged spacing, an intercalated 

microstructure is achieved and separation of platelets causes an increase in surface area, resulting 

in modified physical properties. However, poor separation leads to local morphologies, a phase-

separated, micro-sized morphology with aggregated stacks dispersed in polymer matrix, forming 

a microcomposite resulting in slightly modified properties compared to both the intercalated and 

exfoliated. Figure 1-2 illustrates the evolution of morphologies of clay platelets in the polymer 

matrix from their initial state of aggregated stacks to fully exfoliated one. X-ray diffractometry 

(XRD) and transmission electron microscopy (TEM) have been used in combination to identify 

microstructures. According to Bragg’s law, d-spacing calculated from a characteristic peak in 

Three Conventional Microstructures 
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XRD is usually used to determine separation of interspacing due to polymer chains, and this is a 

descriptor used to analyze intercalated morphology (blue curve in Figure 1-2). When an 

intercalated morphology is achieved, a shift to lower 2θ (2 theta) angles of a characteristic peak 

(a shift from the black curve to the blue curve) is observed. Further increase in both the d-

spacing and random orientations of clay platelets caused by diffusion of polymer chains results 

in an exfoliated morphology. Lack of regularities from platelets results in no peak as shown by 

the red curve in Figure 1-2. Small “humps” may appear instead of strong peaks suggesting the 

possibility of remaining tactoids. However, discrepancies can arise in analyzing XRD patterns 

because a peak can appear from a unit cell of crystallized polymer matrices or from additives 

added during the process of preparation of PCN. Thus, interpretation of XRD requires care and 

consideration about variables that can affect positions of peaks. More definitive tools such as 

TEM are also used to analyze PCN structures. Because of differences in atomic configuration 

between polymer and platelet, contrasts from different diffractions appear in TEM micrograph as 

shown in Figure 1-2. Figure 1-2 represents a general realistic microstructure of PCN material 

consisting of intercalated and exfoliated regions. Clay platelets appear as dark lines and some 

gradient around the dark lines illustrate interfacial regions between clay and polymer.  

Even though some differences in final morphologies of PCN may depend on selection of 

materials and processing parameters, processes for preparation of PCN can be classified into 

three categories with resulting microstructures shown in Figure 1-3.  

Preparation of Polymer Clay Nanocomposite 

In solution mixing, when clay platelets are added to an aqueous phase, clay powder is in 

the form of aggregated nanoparticle stacks. Stacks may be separated by hydration of cations. 

Cations may be exchanged with organic modifiers with alkyl chains in order to modify the 

hydrophilic nature of inorganic platelets and to open intergallery regions. Diffusion of polymer 
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chains into intergallery regions is usually accomplished by high shear forces. For intercalating 

polymerization, monomer diffuses into the intergallery space homogeneously, and then 

polymerization occurs in the inner and outer regions resulting in intercalated morphology of 

PCN. In melt process, shear and crystallization significantly effect on final morphologies of 

PCNs.  

The Fundamental Concept for Barrier Solutions 

Permeation of a gas molecule through neat polymers, without fillers is well known. Gas 

molecules are adsorbed on the surface and diffuse into and through the interior of a film and 

finally desorbed from the opposite side of the material. Diffusion of a permeant, such as a gas 

molecule, conforms to the Fick’s law and sorption and desorption of gas molecules follow 

Henry’s law as shown in Figure 1-4 (I). 

Barrier Mechanism in a Polymer Film 

At
QJ =

Steady state diffusion of gas across a film results in mass flux (J) across the film described by 

Equation (1-1) 

                                                                                                                                       (1-1) 

Where, ‘Q’ is the amount of gas passing through a surface of area (A) normal to the 

flowing direction and ‘t’ is duration during which the diffusion occurs. According to Fick’s first 

law, flux, J is also expressed as Equation (1-2) 

l
CCD

x
CDJ )( 21 −

=
∂
∂

−=
                                                                                                         (1-2) 

where, ‘D’ is the diffusion coefficient of a gas molecule through the polymer film, and C1 

and C2 represent the concentration of gas molecules at each side of the film, respectively, and l is 

the thickness of the polymer film. 
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Combining Equation (1-1) and (1-2) results in Equation (1-3). 

l
AtCCDQ )( 21 −

=                                                                                                                     (1-3) 

Since Henry’s law applies for typically low concentrations of gas; thus C can be expressed 

as 

SpC =                                                                                                                                        (1-4) 

Where S is the solubility coefficient and p is the partial pressure of gas. Therefore, 

Equation (1-3) can be rewritten as the following Equation (1-5) 

l
AtppDSQ )( 21 −

=                                                                                                                   (1-5) 

Permeability (P) is defined the combined coefficient of D and S (P=DS),also known as DS, 

where D is the diffusion coefficient, and S is the solubility coefficient, P can be estimated from 

the following Equation (1-6) 

)( 21 ppAt
QlP

−
=                                                                                                                         (1-6) 

Therefore, knowing the partial pressures of gas on both sides of the films, the amount of 

gas diffused, and dimensions of the film allows us to estimate the permeability of a polymer film 

sample.  

Koros [24] reports that permeability is related to diffusion and solubility as mentioned 

above (P=DS) and hence permeability, P may either decrease or increase with increasing 

molecular weight of the penetrant depending upon which factor dominates. Therefore, the 

permeability of a polymer is a function of both the diffusion and solubility coefficients which are 

mainly determined by the chemical and structural properties, such as polymer polarity and 
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degree of crystallinity. Salame [25] proposed a comprehensive semi-empirical correlation of 

polymer structure and gas permeability based on the Permachor parameter (π). 

P = as-3π

where a and s are constants based on the permeant gas and polymers. And this Permachor 

parameter is based on the molecular forces holding the polymer together, cohesive energy 

density (CED), material density (ρ), and average free-volume fraction (V

                                                                                                                                      (1-7) 

f












−









 −
= 7.5ln71)(

2

fv
CEDPermachor ρπ

) of the polymer. 

Therefore, the Permachor value of a polymer can be calculated using Equation (1-8), which is 

based on the ratio of amorphous and crystalline regions [24-26].  

                                                                               (1-8) 

Therefore, the choice of a polymer for a high barrier property could be based on the 

Permachor value. Equation (1-8) suggests that the higher Permachor value, the higher the barrier 

property.  

Increasing barrier properties of polymer materials can be realized in several ways. A 

polymer generally consists of crystalline and amorphous regions as shown in the simple fringed 

micelle model of semi-crystalline polymer of Figure 1-4 (II). Gas molecules diffuse into 

amorphous regions with lower packing densities because crystalline regions effectively block 

diffusion due to higher packing densities. Small intermolecular pores, which are called ‘excess 

free volume hole,’ introduced by random entanglements of polymer chains in amorphous regions 

allow gas molecules to diffuse through the film by a mechanism known as vacancy hopping 

diffusion [27]. Excess free volume hole is caused by differences in specific volumes of polymer 

in different equilibrium states as shown in Figure 1-5. Generally, the temperature called “T2” is 

the point where a real discontinuity in specific volume occurs and T2 is generally Tg - 50oC for a 
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glassy polymer. For instance, in the case of PE, the average size of free holes is below 1 nm 

above Tg, with concentration of about 10 × 1021

2

6
1 ωα=D

/cc. The Van der Waals diameter for oxygen is 

0.375 nm [28,29]. Permeant gas molecules usually stay longer in free volume holes and 

occasionally hop into neighboring holes by the formation of a channel as shown in Figure 1-5. 

Therefore, the number and size of holes, which is called ‘static free volume’ determines the 

permeability of a polymer. Static free volume included within a polymer is related to solubility 

(S) and dynamic free volume, and it determines diffusivity (D) with diffusion jump length (α). 

This relation regarding diffusivity was reported by the following Equation (1-9) [30]. 

                                                                                                                                 (1-9) 

Where, ω is the effective jump frequency. 

Increasing crystallinity is the most effective way to lower permeability of a polymer 

material. However, flexibility, cost, optical properties under certain circumstances often 

deteriorate in sympathy with increasing crystallinity. Artificially increasing apparent crystallinity 

may be accomplished with uniformly dispersed and exfoliated clay platelets that are 

impermeable to gas molecules. Neilsen’s detour theory [31] suggested this fundamental concept 

of enhancing barrier properties in PCN materials and based on this model, a variety of studies 

have been conducted. As shown in Figure 1-6, the detour path would be increased significantly 

when a fully exfoliated microstructure (c or d) is achieved when compared to those of others (a 

and b). In this way, the microstructure of PCN has significant effects on barrier properties 

governed by factors such as aspect ratio and orientation of clay platelets. Aspect ratio, volume 

fraction, orientation and other factors have been involved in approximating the actual 

permeability in various barrier models.  

Basic Barrier Model for Polymer Clay Nanocomposite Materials 
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Figure 1-1. Basic crystal structure of montmorilonite 
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Figure 1-2. Evolution of morphologies of PCN from natural MMT to fully exfoliated PCN and 
corresponding general patterns of XRD; a more realistic microstructure which is a 
mixture of all structures and a corresponding TEM micrograph [32] 
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Figure 1-3. Procedures for preparing PCNs 
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Figure 1-4. Permeability mechanism of gas molecules through polymer film, I; Diffusion motion 

of gas molecules in free holes within the amorphous region of the neat polymer, II; 
Motion of gas molecules to avoid impermeable clay platelets in PCN materials, III. 
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Figure 1-5. Volume-temperature relationship for amorphous polymer (upper). Lattice holes in 

polymer and vacancy-hopping diffusion model of gas molecules (lower) [27] 

 

 
Figure 1-6. Effects of microstructures of clay platelets in polymer on barrier properties of PCNs. 

(a) Phase-separated (inset figure shows relatively shorter detour path through the neat 
polymer), (b) intercalated, (c) fully exfoliated and (d) more realistic exfoliated 
structure (arrow lines represent the diffusion path of gas molecules and the direction 
of diffusion is perpendicular to the surface of the PCN layer) 
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CHAPTER 2 
LITERATURE REVIEW ON MICROSTRUCTURE OF POLYMER CLAY 

NANOCOMPOSITE MATERIALS FOR BARRIER APPLICATIONS 

Unlike three typical microstructures, practical polymer clay nanocomposite (PCN) have 

shown diverse microstructures such as wedged, preferentially oriented nematic phase, densely 

stratified and others. A general microstructure of PCN in real composite systems can be 

described as a mixture of intercalated and exfoliated structures. Interplay among polymer matrix, 

nanoclays, organic molecules covering nanoclays and processing parameters leads to a structure 

representing the whole composite system. This chapter reviews variables that affect formation of 

certain microstructures of layered silicate particles from the stage of material selection to 

processing parameters. 

Microstructures of Polymer Clay Nanocomposite 

Roles of organic modifier for intercalation and exfoliation 

Microstructures in Practical Nanocomposite Materials 

Achieving a complete exfoliation involves matching surface energy between matrix 

polymer chains and organic modifiers of nanoclays in order to increase interactions between 

nanoparticles and polymer. A theoretical phase diagram of PCN was suggested [33] to explore 

the role of grafted organic modifier to prove the importance of compatibility and interactions 

between nanoclay particles and polymer matrix in determining an average microstructure of PCN. 

Density function theory for the ordering of nanoclay particles and self-consistent field 

approximation for long-range order interaction between nanoclay layers covered with certain 

types of modifiers are used to realize phase-behavior of modeled polymer-clay mixtures. The 

resulting phase diagram is shown in Figure 2-1.  

Phase-behaviors of a PCN can vary depending on grafting density (ρgr), grafting length 

(Ngr), volume fraction (ϕ), polymer-clay pair-wise interactions (χ) and whether it is located in an 
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isotropic or nematic phase. This theoretical development agrees well with recent experimental 

results [7,34-37,39]. Increases in ρgr and Ngr

Organic modifiers serve to (a) increase intergallery space to prevent platelet–platelet 

cohesion and (b) match polarity to accelerate favorable interactions between polymer and 

modifier chains. It can be deduced that the crucial factor for obtaining high degree of exfoliation 

at small volume fraction is increased affinity of polymer chains to nanoclay surfaces as a result 

of the increased intergallery distance. These functions of organic modifiers are highly dependent 

on arrangements of modifier molecules which give rise to different particle surface properties. 

Subsequently, modified surface properties have a significant effect on the final morphology 

during swelling and shear processes.  

 improve miscibility between nanoclays and 

polymer matrix with lower χ values. Thus, it can be demonstrated (Figure 2-1) that the 

equilibrium phase behavior at short grafting length is in the immiscible region. This suggests that 

there should be a strong attractive force between polymer and graft chains (lower χ value) to 

obtain an exfoliated structure (isotropic or nematic phase) when grafting length is short.  

Arrangements of organic modifiers depend on chains characteristics in low-charge 2:1 clay 

minerals. Depending on difference between areas of alkylammonium ions, Ac, and areas of a 

half unit-cell of a given 2:1 phyllosilicate, Ae, arrangements of organic modifiers in the 

intergallery regions are determined. As shown in Figure 2-2 (IV), when Ac is equal to Ae, the 

monolayer of alkylammonium ions is close-packed (Figure 2-2 (II), a). As chain length increases 

above monolayer coverage, alkylammonium ions adapt bilayer morphology (Figure 2-2 (II), c) 

resulting in some increases in d-spacing by insertion of one more layer. When the area for close-

packed morphology is more than twice the area available for each monovalent cation (Ac > 2Ae), 

the transition from a complete bilayer to a pseudotrimolecular layer occurs and alkylammonium 
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cations will form paraffin-type structures in higher-charge 2:1 clay minerals (Figure 2-2 (II), b). 

When paraffin-type microstructures form, tilting angle shows changes that are sensitive to layer 

charge as shown in Figure 2-2 (III) [40]. Measurement of tilt angle was suggested by Usuki et al 

[41] as illustrated in Figure 2-2 (I). Therefore, cation exchange capacity (CEC) value of clay, 

amount of organic modifier, length of alkyl chains, and dimension of clay particles are critical to 

understanding arrangements of organic modifiers. Approximation of molecular length and the 

spacing from X-ray diffractometer (XRD) using the equation suggested by Usuki allows 

reasonable estimation of average tilting angle and it may be possible to study whether modifier 

molecules are inclined to the silicate layer surface. Adsorption of modifier onto the layer surface 

would be in monolayer if the ratio of the amount of modifier for cation exchange reaction to 

clay’s CEC approaches to unity.  

Organic modifiers (also referred to as “surfactants”) with long alkyl tails have been used 

for exfoliation, and a variety of commercially available modified nanoclays (organoclays) can be 

used depending on the types of processing and matrices. Appendix B lists commonly used 

commercial organoclays and modifiers used. Organoclays have also been prepared by the cation 

exchange reaction by many research groups and effects of surfactant molecules on the final 

morphology of PCN have also been reported. Effects of modifier molecules arrangement on 

characteristics of intergallery regions were investigated [42]. Results from thermal and XRD 

analyses of different grades of organoclays provided understanding of the ordered state of 

grafted alkyl chains. Water desorption from or through surfaces of organoclays decreased order 

of Nanofil 804 bearing hydroxymethyl group, Nanofil 919 containing one tallow and one benzyl 

methyl, and ditallow chain attached Nanofil 15. Endothermic peak area for melting tallow chains 

of Nanofil 15 was much larger than the other two Nanofil grades. This suggested that benzyl or 
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hydroxyl group interrupted formation of ordered structures of alkyl chains with higher packing 

density. The fact that the basal spacing mainly depends on length of alkyl chains attached to 

surfaces of nanoclays was confirmed by the result that well-stacked alkyl chains of Nanofil 15 

had the higher d001

Polymer matrices bearing hydrogen bonding such as polyamide and poly(vinyl alcohol) 

(PVA) usually have a good affinity for surfaces of nanoclays because of the hydrophilic nature 

of the intergallery zone. When considering two functions of the organic modifier for good 

exfoliation, single long alkyl cations are required to be exchanged with cations in the gallery to 

make this space larger without distorting the polarity of the hydrophilic polymer chains. As vinyl 

acetate (VAc) content increases in ethylene vinyl acetate (EVA), intensity of intercalating peak 

became larger in XRD patterns because the higher the polarity caused by VAc groups in 

backbone chains, the more easily polymer chains diffused into interlayer regions. Single alkyl 

chain modifier molecules could not render enough space for full exfoliation by EVA chains even 

with higher VAc content resulting in a intercalated morphology [43]. Terpolymer, modified PVA 

consisting of 97 wt% of vinyl alcohol (VA), 2 wt% of VAc and 1 wt% of itaconic acid showed a 

strong interaction with organic modifier molecules because of the stronger hydrogen bonding by 

–COOH on the itaconic acid unit than normal –OH bonding [44]. 

 than others in XRD. 

PCNs based on polyurethane (PU), which has both lower and higher polarity at the soft 

and hard segment, respectively, revealed various interactions at the interface area between PU 

and organoclays. Non-polar hydrocarbon attached to Nanofil 15 filled PCN formed a phase-

separated morphology because of the poor attractive force between organoclays and polar PU 

matrix. In this case, electrostatic force between nanoclays tended to squeeze polymer out, which 

confirmed expectations based on the function of grafted organic modifier. However, the case of 
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hydroxyethyl-attached Nanofil 804 deviated from the expectation in that increased interactions 

between organoclays-bearing polar groups and polar PU results in steric hindering of platelet–

platelet cohesion by tethering polymer chains to surfaces of clay. Based on results of XRD and 

transmission electron microscopy (TEM) (Figure 2-3), the author concluded that there was little 

or no reaction with the suggested reasons of deactivation of OH groups through hydrogen 

bonding to the aluminosilicate surface or shielding effects by long alkyl chains [7].  

Effects of adding maleic anhydride-grafted-high density polyethylene (HDPE-g-MA) as 

interfacial agent between organoclays and HDPE phases on morphology were investigated as 

shown in Figure 2-4 [42]. Due to the function of HDPE-g-MA, which is a polar copolymer used 

as an interfacial agent, organoclays were dispersed well when using HDPE-g-MA. On the other 

hand, TEM images of HDPE/Montmorilonite (MMT)-Nanofil 15 showed micro-sized 

agglomerates, suggesting that HDPE chains could not enter into the interlayer spacing. Wide 

Angle (WA) XRD (WAXRD) of HDPE/MMT-Nanofil 15 also confirmed this by showing 

intercalated peaks at around 3.1 degrees, suggesting no increase in d-spacing caused by insertion 

of polymer chains. Effectiveness of interfacial agents for better dispersion worked well for 

polypropylene (PP)/MAPP/MMT systems as shown in TEM micrographs of Figure 2-4 (II, 

III)[45,46].  

Strong interaction energy between polymer chains and organoclays does not guarantee a 

large amount of polymer penetrating into the interlayer spacing. This was confirmed by XRD 

and boundary region between polymer and clay particles in TEM micrographs [47]. While 

styrene acrylonitrile copolymer (SAN)/MMT shows a discrete boundary region with poor 

interfacial affinity, ethylene vinyl alcohol (EVOH)/MMT revealed a tightly associated feature. 

The feature of the quite diffused boundary region represents a stabilized boundary due to strong 
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interaction energy. However, dissociation of organoclays was better developed in SAN/MMT 

composite. More polymer penetrated into the intergallery resulting in well-exfoliated structures. 

In Figure 2-5, the intercalating peak after 5 min in the case of EVOH/125C composite is much 

more intense than that of SAN/125C. Therefore, initial diffusion rate of guest polymer molecules 

depends on polarity of the polymer. 

Increasing modifier sometimes decreases ability of polymer molecules, especially those 

with low molecular weight such as an oligomer, to penetrate into the clay. In other words, 

oligomer molecules prefer to penetrate into the intergallery space of MMT when the surface of 

this clay is partially covered with a modifier [48].  

Bonding between delocalized π-quadpolar of a benzyl group in organic modifier and/or 

epoxy resin induces strong Van der Waals attractions. This interaction is enhanced by the 

preferential parallel orientation of benzyl groups with surfaces of nanoclays. Therefore, when 

epoxy resin is used as polymer matrix, use of modifier containing long alkyl chains and benzyl 

groups will assist exfoliation by increasing d-spacing and facilitating penetration of polymer. 

Addition of hydroxyethyl group to the chemical structure of a modifier will further promote 

tethering of chains to the silicate surface. However, some criteria were required for selection of 

modifier in epoxy/MMT composite system. Long alkyl chain masked –OH group may hinder the 

reaction with epoxy resin and excess number of –OH groups were sometimes counterproductive 

[49].  

Effects of processing parameters on intercalation and exfoliation 

Various processesing methods including in-situ polymerization, solution, and melt process 

have been suggested to be capable of producing a complete exfoliated system. Among various 

ways, melt processing is the most common method and has been widely used in the industry 

because of its ease of operation and flexibility. Many benefits can be realized because melt 
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processing usually utilizes commercially available facilities and materials. Such processes make 

it possible to vary formulations easily. Four different formulations with different facilities and 

materials were built as shown in Table 2-1. Microstructures were examined to investigate effects 

of processing parameters [45].  

When nonpolar polymer was used such as F1 and F3, intercalation or exfoliation could not 

be attained by batch mixing or twin screw extruder (TSE) because of poor interaction between 

clay platelets and polymer. Moreover, this drawback cannot be improved by controlling 

processing parameters. In this case, using polar groups attached to interfacial agents is an 

efficient way to achieve intercalation or exfoliation. Dynamic properties such as shear viscosity 

and elasticity could be used to judge microstructural state during processing. A phase-separated 

structure, with particle size larger than 1 μm, generally shows decreased shear viscosity and 

elasticity with increasing mixing time and intensity. However, completely exfoliated or 

intercalated systems, which can be regarded as colloidal suspensions, show a counter behavior 

because of the enhanced interactions between matrix and particles. Sonication and TSE 

processes with use of modified poly (dimethyl siloxane) (PDMS) with a polar moiety as matrix 

in F2 showed a typical colloidal dynamic behavior of a well-exfoliated microstructure. F4 

showed some sensitivity to processing conditions. While increasing specific energy input for 

mixing increased basal spacing, an intercalated structure was found at relatively short mixing 

times and low specific energy input [45].   

Lee et al. proved that ultrasonication is most effective for dispersion of nanoparticles in 

low molecular weight (LMW) polymer matrices [46]. In-situ ultrasonication at elevated 

temperature was successfully used to enhance clay dispersion and exfoliation in LMW 

PP/CL20A without any mechanical shear or aid of interfacial agent. Increase in ultrasonic energy 
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promised increased interlayer spacing with enhanced shear thinning behavior as well as 

increased shear viscosity due to formation of gel-like structures. This can be explained in the 

same manner as with other works [50-55] such that lager input energy resulted in well exfoliated 

structures with randomly dispersed clay platelets consisting of edge-to-edge and edge-to-face 

contacts. The efficiency of ultrasonication to obtain well-exfoliated structures was shown with 

TEM for features of much smaller particle size and dispersed single platelets (Figure 2-4 (II)). 

However, ultrasonication was not an efficient candidate for exfoliated PCN when high molecular 

weight (HMW) PP was used as matrix, showing only modest increases in the interlayer spacing. 

A masterbatch process consisting of two steps, in-situ intercalative polymerization and 

melt intercalation, was used to obtain a poly(ɛ-caprolactone) (PCL)/MMT PCN. Polymerized 

masterbatches showed intercalated/exfoliated microstructures and these masterbatches were 

dispersed into molten PCL and Poly(vinyl choloride) (PVC) matrices. As a result, 

intercalated/exfoliated PCL or PVC PCNs, which could not be obtained by direct melt blending, 

were successfully prepared [56]. Highly concentrated PCN (above 20 wt%) with an intercalated 

microstructure was achievable by overcoming challenges of high-viscosity using supercritical 

carbon dioxide (scCO2) as a solvent for the intercalating polymerization of methyl methacrylate 

(MMA). ScCO2

Injection molding induces different orientations of clay platelets between the region near 

the flat surface regions and the bulk regions of bar-shaped composite samples (Refer to Figure 2-

6). Figure 2-6 shows spatial distributions of clay platelets dispersed in Nylon 66 in a cross 

section normal to the injection molding direction. While predominantly parallel orientation of 

platelets to the surface of bar-shaped sample were observed near the flat surface, orientation in 

 was effective in distributing MMA monomer homogeneously prior to 

polymerization [57].  
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the bulk regions rotated themselves about the injection molding direction as indicated as an 

curved arrow in Figure 2-6. Differences in orientation between these regions may effect on 

crystallization [58].  

Selection of mixing method and extrusion is a key factor for melt processing to attain 

uniformly dispersed and dissociated clay platelets. In other words, shear stress and residence 

time in the extruder have to be considered. Hamaker [59] made it possible to estimate adhesive 

energy and force between clay platelets during extrusion theoretically [50]. According to this 

work, unmodified clay requires much higher shear stress because of considerably higher 

attractive interaction between clay platelets with shorter interlayer spacing. Small tactoids also 

requires high shear stress.  

During melt processing, the fundamental mechanism of size reduction for clay platelets is 

based on erosion and surface peeling as shown in Figure 2-7. Peeling angle, θ, determines the 

stress required for peeling of platelets and there is a critical angle for the initiation of polymer 

intercalation process. Different clay interlayer characteristics such as aspect ratio, d-spacing and 

initial affinity of polymer chains are key factors in determining mixing method and estimates for 

energy required.  

Inducing a preferential orientation of clay platelets in a PCN system also requires 

appropriate shear rates [39,60,61]. A critical shear rate was found for the formation of a 

macroscopic domain pattern with preferential orientation of clay platelets in the polymer matrix 

when a PCN was obtained from solution process [61].  

Randomly oriented platelets at equilibrium showed isotropic small angle neutron scattering 

(SANS) patterns in the x-z and y-z planes, resulting in a physical gel structure by diffusion of 

polymer chains. When shear rate is above a critical value, flow induced by shear rate disrupts the 
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transient physical network formed in equilibrium state and clay platelets move faster than 

polymer can diffuse, thus fragmenting the network into macroscopic domains. Macroscopic 

domain patterns accompany flow-induced nanoscale heterogeneities with structural connectivity 

in a macroscopically homogeneous system. Orientation of clay platelets shows anisotropic SANS 

pattern proving a shear-induced orientation as shown in Figure 2-8 (II) [61]. Similarly, flow 

induced microstructures with different features were also found in PP with maleic anhydride 

grafted PP (PP-g-MAn)/MMT PCN obtained by melt extrusion process. In this work, flow-

induced internal structural change occurred in both shear and elongational flow and changes 

were very different from each other in that shear-induced change involved an extremely long 

relaxation time. As shown in Figure 2-9 (a) and (b), coherent order of the orientation was lower 

in (b) and this suggested that slow elongation flow leads to formation of ‘a house of cards’ 

structure. Results of this study also showed that strong strain-induced hardening originated from 

the microstructure with preferential perpendicular orientation of clay platelets to the stretching 

direction [62]. 

Formation of various microstructures 

Several morphological features that are different from the three typical microstructures 

have been observed under various conditions. The physical properties from these microstructures 

are known to be substantially different from normally well-intercalated/exfoliated structure in 

nano scale. Fully exfoliated structures can be realized when two conditions of sufficient 

interlayer spacing and strong interaction between polymer chains and nanoclays. A wedged 

structure can be formed due to lack of interlayer space of nanoclays and/or polarity of polymer 

chains at certain condition. EVA/MMT nanocomposite is an example showing a wedge structure. 

VA content in EVA polymer chain determines polarity of this polymer. Therefore VA content 

and three organic modifiers containing different lengths of alkyl chains resulted in different 
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interlayer gaps that were controlled to investigate the effect on morphological features of 

prepared PCN materials [43]. The organic modifiers used were octadecyltrimethyl ammonium 

bromide (SIAB), dioctadecyldimethyl ammonium bromide (DIAB) and tricetadecylmethyl 

ammonium bromide (TRIAB). The higher number of long alkyl chains the modifier possessed, 

the larger interlayer spacing was obtained, as shown in WAXRD pattern of Figure 2-10 (II). 

Cross-checking TEM micrographs and a WAXRD pattern of corresponding PCN materials 

shows that partially exfoliated, intercalated, and a mixture of partially intercalated and exfoliated 

structures were obtained for EVA/SIOM, EVA/DIOM and EVA/TRIOM, respectively. 

A partially exfoliated structure referred to as a ‘wedge structure’ of EVA/SIOM occurred 

because the basal spacing of SIOM is not enough to insert polymer chains and VA content is also 

not enough to induce strong interaction between the chains of EVA and SIOM. Therefore, only 

some portion of EVA chains was wedged into the sheets of clay so, the ordered structure of 

SIOM is damaged, showing an exfoliated feature in WAXRD pattern. When the number of alkyl 

chains attached to the modifier molecules was enough to increase the basal spacing for EVA 

chains to enter, intercalated PCN was obtained as shown in Figure 2-10 (b).  

A tactoid, which is also termed a ,‘stack’, consisting of several sheets stacked face-to-face 

with an interlayer charge and an agglomeration of these tactoids is a micron-sized particle which 

is a main component in phase-separated structures. It is possible to form individually dispersed 

aggregates of completely delaminated sheet throughout the system. Different types of exfoliated 

structures were introduced in cross-linked polyethylene terephthalate (PET)/CL30B 

nanocomposites system [63]. Two situations of exfoliated structure were observed in 

PET/CL30B. First, a long-range ordered exfoliation in which clay sheets are completely 

delaminated and homogeneously dispersed throughout the matrix (Figure 2-11 (c)). Second, a 
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short-range ordered exfoliation which contains localized regions of exfoliated sheet dispersed 

throughout the matrix (Figure 2-11 (a) and (b)). This short range, ordered exfoliation is useful to 

envisage macroscopic physical behaviors.  

Volume fraction and orientation of nanoclays in polymer are key factors in the formation 

of various microstructures in PCNs. MAPE/CL20A and MAPP/CL20A with incorporation of 

various concentrations of nanoclays were prepared to address morphological evolution from high 

volume fraction condition to dilute condition [60]. Volume fraction of clay is a major 

consideration in determining specific microstructures when other factors are optimized. Volume 

fraction controlled morphologies were classified into four distinct stages as shown in Figure 2-12. 

At high concentrations, stage IV, silicate particles are so close that Van der Waals force between 

particles induces strong attractive interactions and particles inevitably adapt the morphologies of 

phase-separated or intercalated structures. Stage III is a dual state that exfoliated and intercalated 

structures coexist and stage II of intermediate concentration possibly has ordered exfoliated 

morphologies by dominating steric interactions. Lower concentration of clay particles at stage I 

eventually renders a disordered exfoliated morphology because the interactions between polymer 

chains and clay particles govern microstructures of this system. 

It has been emphasized that relations between microstructures of PCN and their physical 

properties in nanocomposite field are different from conventional composites. In addition to state 

of dispersion and degree of aggregation, there is one crucial factor that has significant effects on 

PCN materials. This factor is the overall preferential orientation of clay platelets. The study of 

MAPE (PP)/CL20A [60] also considered the orientational behaviors of clay particles. 2D Small 

Angle X-Ray Scattering (SAXS) patterns reminiscent of strong anisotropic features on the 

equator direction were found for both MAPE/CL20A and MAPP/CL20A nanocomposite fibers, 
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which indicates that normal directions of clay platelets are perpendicular to the shear direction 

for fiber formation. A notable fact is that different anisotropic tendency and orientation 

parameter (S) in terms of concentration of clay particles was observed in MAPE/CL20A and 

MAPP/CL20A. While MAPE/CL20A showed monotonic increase of S as volume fraction of 

CL20A increased, S decreased when volume fraction was above 15 % in MAPP/CL20A 

nanocomposites. This was confirmed by two curves along with two series of SAXS photographs 

(Figure 2-13). Monotonic increase of S with increases in clay volume fraction in MAPE/CL20A 

was explained by the fact that increased possibility of collision between clay particles prevents 

particles from tumbling freely, hence facilitating intercalated structure of higher order (S = 1). 

Decrease in S above 15 vol% of clay in MAPP/CL20A was due to tactoids formed in the 

composite, which act as a domain. These tactoids were tumbled instead of completely separated 

into individual platelets, thus lowering S. These tactoids can be regarded as an 

exfoliated/intercalated structure of a global scale mentioned above. In conclusion, selection of 

appropriate volume fraction is a key factor in determining the desired microstructure under 

MAPP- or MAPE-based nanocomposite systems. General or intuitive response of clay platelet 

orientation in a polymer is ‘c-orientation’, which is a direction normal to the surface of a 

composite and ‘b-orientation’, which occurs during strong strain-induced hardening. Orientation 

of platelets shown in MAPE (PP)/CL20A nanocomposite is a typical b-orientation. Advent of a 

general ‘c-orientation’ was discovered in multilayered nanocomposite polymer films prepared by 

a layer-by-layer spreading exfoliated polymer-clay solution, which was confirmed by SANS 

patterns that have relatively more isotropic patterns in the y beam direction and relatively large 

anisotropy in the z-beam configuration (Figure 2-14) [39]. Laponite RD (LRD) particles with a 

lower aspect ratio and Cloisite Na+ (CNa) particles with a higher aspect ratio exfoliated in 
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polyethylene oxide (PEO) were oriented by spreading. Collapsed network structures during 

drying processes leads to an increase in concentration of particles in the system and subsequently 

reduces the rate of relaxation toward their original structure from the oriented structures by 

spreading. LRD showed small amount of anisotropy in film samples of higher concentrations as 

shown in (a – d) of Figure 2-14. It is generally expected that larger particles align more 

preferentially than the smaller ones at a similar concentration. However, the orientation of LRD 

was stronger than that for CNa in a spreading process. LRD contains more particles in a 

restricted space than CNa at the same volume fraction because of small aspect ratio and lower 

density of LRD. Closer distance between particles induced more attractive interactions resulting 

in a stronger network. Strong networks in solution assisted in good alignment of LRD particles, 

showing a higher degree of orientation during the film-spreading process. Dependence of 

orientation on volume fraction of LRD indicated that there is a critical concentration at which 

highly aligned networks occur as also shown in MAPP/CL20A. Similarly, a critical 

concentration for an intercalated microstructure was observed in poly (methyl methacrylate) 

(PMMA)/Cloisite composites prepared by in-situ solution polymerization using supercritical 

carbon dioxide (ScCO2) as a solvent. Cloisite particles in PMMA formed highly ordered nematic 

architecture when concentrations reached 40 wt%, which is considered a critical limit. Above 

this critical transition concentration, d-spacing decreases and the polymer volume is 

homogeneously distributed, resulting in fully intercalated microstructure [57]. It can be 

concluded from three cases [39,57,60] that different preferential orientations can be rendered 

depending on the types of clay as well as the shearing methods. There also exists a critical 

concentration at which highly ordered microstructures and highly concentrated nanocomposites 

are formed. 
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For the purposes of maximizing functions for specific applications, the microstructure of 

PCN materials sometimes displayed unique structures that are completely different from those 

described so far. Epoxy/Na-MMT fabric film composite was successfully obtained by dip 

coating a heterostructured mixed-ion clay film with a mixture of diglycidyl ether of bisphenol-A 

(DGEBA) and Jeffamine. Upon curing, this system produced unprecedent oxygen barrier 

properties. Figure 2-15 represents the structure of heterostructured mixed-ion clay film. 

Heterostructured mixed-ion clay film was able to be prepared by a partial cation exchange 

reaction which is possible due to the diffusion-limited exchange process. Partial cation exchange 

in outer surface of a clay self-supporting film made it possible to insert polymer resin between 

particles by modifying the swellability of the particles in this region. A densely stratified 

unmodified layer and polymer filling of microvoids between organoclays are two key factors to 

attain superior barrier properties. 

An orientationally ordered hierarchical nanocomposite for the purpose of mechanical and 

barrier enhancements was attained by inserting polystyrene (PS)-functionalized clay particles 

into the PS domain of styrene-butadiene-styrene (SBS) tri-block copolymer (BCP) through roll 

casting. Individually dissociated clay sheets were stabilized by tethering high molecular weight 

PS chains to clay layers and as relaxation time decreased, individual exfoliated clay layers likely 

formed a ‘discotic nematic’ because of large areal dimensions and curved shape of exfoliated 

clay platelets (Figure 2-16 (b)). As exfoliated clay sheets served as a template for the lamellar 

domains, more layer misorientation with more defects in microstructures of SBS C-BCP were 

significant when compared to neat SBS BCP [64].  

In order to attain super barrier properties with moderate flexibility, new densely stratified 

clay structures were devised [65,66]. Unlike highly concentrated nanocomposites with the clay 
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content at about 50 wt% or general PCN materials with small loading usually less than 10 wt%, 

these structures use clay particles as a major component to maximize barrier function with 

addition of a few binder additives. Densely packed clay platelets with face-to-face parallel 

stacking was realized by ionic bonding between anionic pendent groups of polymer chain and the 

positively charged edges of platelets. The attached anionic polymer chains on one edge of a 

platelet further promoted parallel arrangement as shown in the left picture of Figure 2-17. As a 

result, the limitations of low flexibility and transparency were overcome.  

Flexible clay films using carboxymethyl cellulose (CBMC) sodium salt or poly(acrylic 

acid) (PAA) sodium salt as binder additives were prepared by casting aqueous dispersion of 

saponite with these binder additives [65]. The microstructure of CBMC clay film was different 

from that of PAA clay film in that CBMC molecules entered both the interlayer space and the 

edge space as shown in Figure 2-18 (b) showing larger d-spacing value. 

Sodium polyacrylate (SPA) was also adapted as a binder to fabricate a flexible saponite 

clay film [66]. WAXRD results showed that increases in polymer loading lowered stacking faults, 

and lower full width at half maximum (FWHM) values obtained from (001) rocking curves of 

samples of lower polymer loadings indicated high degrees of preferential c-axis orientation. Thus, 

as polymer loading decreased, degree of preferred orientation increased with increasing stacking 

faults. Figure 2-19 exhibits schematics of crystal structures and TEM micrographs at different 

planes [66]. 

Highly efficient load transfer required for higher strength and modulus was realized by 

layered polymer nanocomposites consisting of PVA and MMT. The microstructure shown in 

Figure 2-20 was built by layer-by-layer (LBL) process of clay platelets. By achieving a high 

degree of structural organization, number of interactions was maximized promising efficient load 
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transfer. Scanning electron microscopy (SEM) micrographs in Figure 2-20 show 200-300 bilayer 

films as well as dense coverage of nano platelets and strict planar orientation [5]. 

Interplay between clay orientation and segmental motion of polymer chains 

When a PCN material forms, polymer chains and anisotropic nanoplatelets have mutual 

effects on their behavior. In fact, behaviors of polymer chains and orientational behaviors of clay 

particles would be varied on a case-by-case basis.  

Specific types of processes determine crystallization behavior. Different orientations of 

clay platelets between the surface and bulk of the PCN (Figure 2-6) lead to a different crystalline 

phase. Bulk regions contained more perfect α-phase crystals for Nylon 66 because of relatively 

lower cooling rates in the bulk. Surface regions showed that the oriented crystallization of Nylon 

66 was induced by the oriented clay platelets [58]. PE/modified clays (MC), CL15A and 20A 

and PP/MC PCNs were obtained by melt processing and orientation during drawing was 

analyzed using x-ray and Raman spectroscopy. Presence of clay particles in PE and PP matrix 

reduced the orientational ability of polymer chains in amorphous regions during drawing. In 

comparison with corresponding neat polymer drawn by the same drawing ratio, total 

orientational order as well as crystallites of polymer matrix was lower. However, clay platelets 

did not have any significant effects on the orientational ability of PE and PP crystallites [67].  

Clay platelets in copolyamide/CL30B PCN obtained by melt processing acted as a 

nucleation agent, changing degree of crystallization and crystalline phases, α and γ-phases, that 

formed lamellar with different thicknesses at different cooling rates [68]. Exfoliated clay 

platelets in PE-g-MAn increased polymer crystallization rates by promoting heterogeneous 

nucleation and two-dimensional crystallite growth following the diffusion-controlled mechanism. 

Fast crystallization did not guarantee higher degree of crystallization because the exfoliated clay 

particles reduced mobility of crystallizable chain segments. Decreased intensity in a 110 
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reflection for PE-g-MAn peaks by insertion of 5 wt% of clay platelets was given to prove 

lowered degree of crystallinity (Figure 2-21 (right)). Chain confinement effects were confirmed 

by investigating Tc (Figure 2-21 (left)). Depressed Tc for PE-g-MAn relative to PE is caused by 

pendant MAn groups. Lower energy was required for the crystallization process because of more 

affinity obtained from hydrogen bonding from MAn groups. However, increased Tc

The concentration factor of well-exfoliated clay has critical effects on orientation of 

polymer. According to the calculation of spherulites radius using Hv patterns of CL15A filled 

HDPE and HDPE-g-MAn PCNs prepared by a melt compounding and compression molding as 

shown in Figure 2-22 and Table 2-2, average spherulites radius decreases in the presence of clay 

platelets. Spherulites size decreased due to an increased nucleation rate, which was accelerated 

because clay platelets act as a nucleation agent for the polymer crystallization. Thus, orientation 

of PE was determined by nucleation mode and confined nature of spherulitic crystallization 

process among oriented clay platelets resulting in significantly anisotropic HDPE spherulites 

[70].  

, with 

increasing volume fraction of clay platelets is caused by chain confinement effects. Chains 

confined by clay platelets required more energy to be crystallized. While well dispersed particles 

can increase crystallization rate by donating more available nucleation sites, the degree of 

crystallization is controlled by chain confinement effects in composite systems [69]. 

Thermoplastic polyurethane (TPU)-clay PCN (PUCN) has different confinement behaviors 

depending on the types of clay. Preferential confinement of CL20A with soft segment and that of 

unmodified Laponite (LP) with the hard segment as the more polar part were confirmed by TEM 

and atomic force microscopy (AFM) as shown in Figure 2-23. PUCN with Laponite clay is 

represented here as PULCN and that with Cloisite is represented as PUCCN in the figure. 
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Preferential association of LP with the hard segment was also reflected from the change in soft 

segment degradation temperature [71]. This work suggested that confinement effects can be 

varied depending on the characteristics of clay such as chemical composition, hydrophobicity, 

aggregation tendency, and degree of dispersion in copolymer matrix-based composites or 

polymers having two more different types of segments such as PU.  

PS/Cetyltrimethylammonium bromide-exchanged (CT-) MMT composite exhibited a 

unique behavior during heating process. Initially, a preferential orientation that is parallel to 

shear flow direction was observed at room temperature. As temperature increased to 85 oC, 

intensities of peaks from shear-induced ordered structures decreased. After heating to 95 oC, 

phenyl rings obtained enough transition moment for face-to-face orientation and perpendicular 

orientation to the clay particles as suggested as in Figure 2-24 (b). This affected orientation of 

clay particles resulting in self-assembled structures as shown in Figure 2-24 (a)-c. Further 

increasing thermal energy damaged this self-assembled structure. Segmental motions of phenyl 

rings were evidenced by the dichroic ratio obtained from fourier transform infrared (FTIR) 

spectroscopy [72]. 

Mechanical property 

Effects of Microstructures on Physical Properties 

Modulus of PCN materials is usually a function of polymer crystallinity, which can be 

increased by filler reinforcement. Similar to the theory of reinforcement mechanisms for 

macrocomposite materials, the degree of stress transfer to the reinforcement phase governs 

overall mechanical properties of nanocomposite structures. And nano-dimensionally dispersed 

particles usually result in extremely large surface areas exposed to polymer chains, strong 

interactions between polymer and clay, leading to better mechanical properties. A dramatic 

increase in modulus with low volume fraction was achieved in PVA/CNa PCN and HMW 
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copolyamide/CL30B PCN [68,73]. Highly stabilized interface evidenced by strong interaction 

between clay and polymer was found in EVOH/MMT PCN. Dramatic increases of mechanical 

properties of EVOH/MMT PCN compared to poor mechanical properties of styrene acrylonitrile 

copolymer (SAN)/MMT PCN showed roles of interfacial interaction for mechanical 

enhancement [47]. Interfacial agents improving adhesion between polymer and clay played a 

significant role to enhance phase adhesion. As a result, improved stiffness and high elastic 

modulus were attained in HDPE/CNa PCN that is prepared using PE-g-MAn as an interfacial 

agent [69]. Three clay types were used to prepare EVOH with VA content of 28% based PCN, 

and effects of modifier on mechanical properties showed that better dispersion of platelets in 

polymer promised higher storage modulus. In addition, modulus increased with increasing clay 

content for EVOH/modified-clay PCN. No effect from clay layers on modulus was found when 

natural MMT was used as filler [43]. Aspect ratio and degree of orientation of clay platelets are 

two dominating factors for mechanical property improvement of Nylon6/MMT PCN materials, 

which can be both obtained by large-scaled, simple shear processing. When these two factors 

decreased, modulus and strength of resulting PCN also decreased, while fracture toughness and 

ductility increased [74]. Degree of orientation of clay platelets was also reported by Zerda. 

According to this work, PMMA/organically modified layered silicates PCN prepared by scCO2-

MMA polymerization was post-treated using melt processing. Orientation induced from a post 

melt process increased tensile modulus up to 220% compared to untreated [57]. For cross-linked 

polymer based PCN, enhancement in mechanical properties from cross-linked chains dominates 

rather than interaction between clay and polymer. As a result, moduli decreased with increasing 

clay content monotonically. Exfoliation at a global scale also leads to this unique mechanical 

property which is opposite to normal PCN materials [63]. Recently, PVA/MMT transparent 



 

57 

flexible film was developed using LBL process. This structural composite exhibited four times 

higher strength and nearly one order of magnitude higher modulus when compared with pure 

PVA. Highly efficient load transfer process was given as a basis of breakthrough in mechanical 

properties. Highly efficient hydrogen bonding between clay and polymer referred to as the 

Velcro effect and six-membered ring structure between PVA and MMT were reported as two 

main driving forces for highly efficient load transfer. When glutaraldehyde (GA) was used as a 

crosslinking agent, much higher modulus, comparable to that of Kevlar, was observed with 

exceptional stability under humid condition [5].  

Thermal property 

Thermal stability has been known as one advantage of PCN because clay platelets in PCN 

act as a barrier that maximize heat insulation and minimize permeability of volatile degradation 

products [52,75-77,81]. It has been noted that thermal decomposition of PCN materials usually 

shifts toward higher temperature because clay platelets prevent diffusion of oxygen and assists in 

formation of char after thermal decomposition [43,58,73,78,79]. Thermal stability increases as 

the clay content in PCN increases [58,80]. Depending on the intrinsic thermal characteristics of 

polymer or clay, different observations with general functions of clay for thermal stability can be 

found [63,81].  

In contrast with the normal phenomenon that onset of degradation is retarded (left thermal 

gravimetric analysis (TGA) plot of Figure 2-25), crosslinked PCN systems have shown a 

different trend. Onset of degradation was hastened as the clay content increased and degradation 

between 25 and 400 oC occurred at faster rate. There was a monotonic increase in degradation 

rate with increasing clay content because of the presence of hydroxyl group in the modifier of 

CL30B providing a supply of oxygen [63]. Thermal stability of PLA-based PCN has a unique 

characteristic in that clay platelets dispersed in PLA matrix hindered degradation of crystalline 
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structures of PLA hybrid at low temperature and accelerated deformation at high temperatures 

[81]. 

Optical property 

Properties of a matrix such as the degree of crystallization and the size of spherulites, 

interfacial refractive index difference between matrix and filler particles, and size of dispersed 

particles are factors needed to determine optical transmittance of polymer composites [44]. Deng 

et al. reported that optical transmittance was dependent on size of dispersed particles over the 

basal spacing of clay in their proposed model for epoxy/clay nanocomposites, (Equation (2-1)) 

[82].  
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where T is the optical transmittance of nanocomposites, C is dependent on the ratio of the 

refractive index of clay and matrix, d is the d-spacing, fw is the weight concentration of clay 

particle per unit volume, RC is the average aspect ratio, m is the Rayleigh scattering factor, nm is 

the refractive index of matrix polymer, and λ is the wavelength of incident light. Weight fraction 

of clay particles and their size determine optical transmittance of a composite based on this 

equation. Light scattering by uniformly dispersed particles in polymer that are much smaller than 

the wavelength of incident visible light will produce Rayleigh scattering. Therefore, it is 

generally acceptable that the size and dispersion of clay platelets are dominating factors to obtain 

better optical properties [32,73,78]. Lower optical clarity at higher clay loading was observed in 

PVA/MMT PCN because of the strong scattering of MMT [32]. Haze and gloss of Na+-saponite 

particles dispersed PVA hybrid films was not significantly different from those of pure PVA 

because of small aspect ratio of filler particles [78].  
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Barrier property 

PCN materials with high gas barrier properties are attractive for packaging materials. The 

barrier property of PCN is affected by the arrangement of each inorganic platelet in polymer as 

well as aspect ratio of these platelets. The length of diffusion path of gas molecules strongly 

influences the barrier property of a material and this can be extended or shortened by arranging 

impermeable platelets in polymer matrix. Therefore, depending on the materials used as a matrix 

or filler, the type of processing, and various processing variables such as volume fraction, barrier 

properties of resulting PCN materials are varied. 

Effects of Microstructure on Barrier Property 

Barrier properties of PCN can be affected by geometry and orientation of filler particles. 

Various barrier models have been proposed to predict the permeability of PCN. Based on the 

basic assumption that the direction of diffusion is normal to the surface, relative permeability 

(R

Extended Barrier Model for Polymer Clay Nanocomposite 

p

o
p P

PR =

) can be defined as permeability of PCN film relative to the unfilled film as following 

Equation (2-2). 

                                                                                                                                   (2-2)                                                                                                            

Where, P and Po

Nielsen and Cussler used ribbon-shaped filler for their models, suggesting the following 

barrier formulas. 

 are permeability of polymer clay nanocomposites and that of matrix 

polymer without nanoclay, respectively. As suggested by Takahashi et al. [83,84], each model 

has different particle geometries which then result in different barrier formulas. Figure 2-26 

depicts three particles’ geometries which have been used.  
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where α is the aspect ratio of a particle, which can be obtained by dividing the width by its 

thickness and, for the purpose of simplifying comparison between models, thickness, t, is set to 1 

nm for all models. This assumption is quite reasonable when considering that the actual 

thickness of clay platelets typically used as filler particles, such as Cloisite and Laponite, is about 

1 nm (the range of size is from 0.9 to 2 nm) [85-89]. And φ  is the volume fraction of filler 

particles in the matrix. Cussler [90] divided the model into two patterns, regular (Equation (2-4)) 

and more general random pattern (Equation (2-5)). Even though random array has lower barrier 

permeability than regular array, both cases commonly show that the change in barrier properties 

will be dominated by the increase in distance traveled for a gas molecule crossing the platelets-

filled film and the decrease in area available for diffusion as shown in Figure 2-27. Cussler also 

explored the efficient size of platelets to enhance the barrier properties and concluded that a 

small platelet could act as a shunt, allowing fast diffusion of gas molecules across that part of the 

film containing one layer of platelets. Therefore, this model has an advantage in that the design 

of material is possible to optimize the mechanical and optical properties of a barrier film by 

varying the size of platelets. Models devised by Nielsen [31] and Cussler did not contain any 

factor for confinement in polymer matrix. 
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Gusev [91] and Fredrickson [92] both developed barrier models based on disk-shaped 

particles as drawn in Figure 2-28 (b). The aspect ratio can be calculated by dividing the disk 

diameter, d, by the thickness, t, in these two models. Both models focused on the effect of the 

platelets geometries and concentrations on the reduction of permeability of PCN. Gusev 

established the role of the geometric factor alone with the barrier formula (Equation (2-6)) by 

assuming the platelets were randomly dispersed and non-overlapped. Rational reference point for 

the understanding of the contribution of molecular-level transformation such as crystallization 

and segmental motions was also provided in this model.  
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                                                                                                            (2-6) 

Fredrickson suggested a quantitative framework to estimate the degree of disorder and 

polydispersity of platelets with the assumption of randomly distributed disk centers-of-mass with 

no spatial correlations. Fredrickson also investigated how two levels of concentrations, dilute and 

semi-dilute, affect the barrier formulas and reported the following crossover barrier formula, 

Equation (2-7), which is quite versatile and can be easily extended to more realistic situations.  
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Where )2/ln(2/ απαφ=x  

As drawn in Figure 2-28, some differences were observed in effects of volume fraction on 

Rp as the aspect ratio increased. The changes in Rp were more sensitive to volume fraction of 

platelets with higher aspect ratio at loading level below 0.05 in Gusev model than Fredrickson 

model.  
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Xu [93] evaluated Rp by combining Rp

)()1( φξφ−=PR

 theory of semi-crystalline polymers with the detour 

theory. Assuming clay platelets as impermeable crystalline domains in semicrystalline polymer 

matrix based on Klute’s theory [94], Equation (2-2) can be also defined as Eq. (2-8), where 

                                                                                                                                    (2-8) 

and φ  and ξ  are volume fraction of clay particles in PCN and the reduction parameter of 

permeability as a function of φ  due to the nanoclay particles, respectively. Reduction parameter 

usually varies when the geometry of clay particle and orientation of these particles in polymer 

matrix are changed. In general, permeability reduction in PCN arises from two factors, polymer 

chain-segment immobility factor, ζ1, and detour factor, ζ2. Total permeability reduction 

parameter in PCN is a function of these two factors as given in Equation (2-9) and this relation 

made it possible to combine Rp

1

2 )()(
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 theory of semi-crystalline polymer with the detour theory.  

                                                                                                                             (2-9) 

The factor of the detour ratio was obtained by calculating the traveling path length of gas 

molecules when the dimension of clay platelets and the distances between these platelets vary. 

Figure 2-29 is a unit consisting of three silicate platelets (the geometry of platelet is a cuboid) 

which represent the arrangement of platelets in whole system of idealized PCN structure. From 

the definitions of effective volume and volume fraction suggested by Saunders [95], H was 

expressed using L, b, t and volume fraction as shown in Equation (2-10). 
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As a result, detour based barrier formulas were presented by Xu as the following Equation 

(2-11) and this formula can be converted into Equation (2-12) by means of Equation (2-10) 
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Comparing to other barrier formulas, Xu’s formula showed more complexity due to the 

consideration of edge-to-edge lateral distance and the relation among all dimension and spacing 

in a fixed volumetric space. Additionally, the chain segment immobility factor added complexity 

to the equation. Chain segment immobility factor (ζ1) implying the confinement effect of clay 

platelet on polymer matrix was contained in this model. When there is no confinement effect, or 

ζ1=1, no effects of crystallization on a diffusion constant of gas molecules would be found. 

Comparing Rp of the unconfined matrix with that of confined one, PCN with confined matrix has 

more enhanced barrier properties due to increased crystallinity as shown in Figure 2-30. As more 

clay is included in the system, more reduction in both ζ1 and H are expected, resulting in 

entropic penalty of polymer confinement. This accelerates the confinement effect of platelets on 

polymer chains. As a result, a drastically decreased Rp was obtained and this is closer to the 

actual Rp

One remarkable feature of Xu’s model is that the effect of lateral distance, b, on H and that 

R

 value which is lowered diffusion due to increased crystallinity.  

p varies depending on the aspect ratio of clay platelets as plotted in Figure 2-31. Meanwhile, 

the smaller particles show somewhat similar tendency of decreaseing in both H and Rp as b 

increases, the larger particles reveal a slight decrease in both H and Rp showing less dependence 

on b. This was explained using the concept of effective volume as described in Figure 2-32 that 

when there is the same amount of increase in b for both smaller and larger particles, smaller 
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particles form more layers and subsequently shorten H significantly within the same volumetric 

space and the same volume fraction. 

The basic assumption of all models is that the direction of diffusion of a gas molecule is 

perpendicular to the surface of platelets. However, this assumption causes some significant 

deviation from the actual permeability of PCN material. To overcome this limitation, Bharadwaj 

[96] introduced the orientational order parameter, S, which usually is used to describe an 

orientational order of a nematic phase in his barrier model. S is defined as  

>−<= 1cos3
2
1 2 θS

                                                                                                                (2-13) 

where Ɵ represents the angle between the direction of preferred orientation and the sheet 

normal unit vectors (refer to Figure 2-33). This descriptor reflected well the dependence of 

tortuosity on the orientational order of the platelets in a continuous manner. Figure 2-33 

represents how S varies depending on the degree of orientation of platelets schematically. Planar 

orientation of platelets is a perfect orientation for nematic structure which is regarded as an ideal 

barrier model. In contrast, any benefit in barrier properties can be achieved by orthogonal 

orientation of platelets. Tortuosity factor based barrier formula containing orientation order 

parameters was given by 
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                                                                                                       (2-14) 

where, S varies from -1/2 to 1.  

Figure 2-34 is a plot of Rp versus volume fraction drawn by Equation (2-14) when the 

orientation is completely random, or S = 0. When the assumption of fully exfoliated structure 

was made, there was no significant difference or remarkable feature observed in comparison to 

other barrier models. The effect of orientation of platelets on Rp as aspect ratio varies was 
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investigated. As a result, small aspect ratio was much more sensitive to S, showing that small 

rotation of platelets degraded barrier significantly. However, in the case of platelets with larger 

aspect ratio, enhancement in barrier with a random orientation of platelets is nearly as good as 

the case where the platelets were aligned perpendicular to the diffusing path (the right curve 

showing two red dot lines are positioned similarly). These tendencies were identified from two 

lower plots in Figure 2-34. As shown in the figure (completely overlapped two solid lines in the 

right curve), when orthogonal orientation was set for PCN structure, no barrier effects were 

found as expected, regardless of the aspect ratio. 

It is noteworthy that all models predicted comparable improvement in barrier properties 

and these models agreed on the fact that the degree of enhancement in barrier properties was 

higher with higher aspect ratio than with lower aspect ratio. Two curves in Figure 2-35 represent 

the case where at higher loading above 0.2 vol% of clay platelets with high aspect ratio, there is 

no further enhancement, and the value converges to 0. Based on these models, the smaller 

particles can fill more space in the polymer matrix to enhance the barrier properties further in 

comparison to larger particles. This fact also can be explained by the limitations of models in 

terms of volume fraction and/or aspect ratio. As shown in curves for all models drawn at the 

same volume fraction in Figure 2-36, every model has a certain limited aspect ratio above which 

it is no longer applicable to estimate barrier properties precisely. In other words, the estimation 

of barrier properties of PCN using high aspect ratio above 1000 can be achieved using 

Fredrickson, Bharadwaj and Xu’s barrier models. Therefore, models that can precisely predict 

the barrier properties of PCN have to be developed and more variables might be included. 

However, present models have suggested a good guidance for the design of PCN for barrier 

application with good consistency validated by reported experimental results. 
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In general, the degree of enhancement in barrier performance of the nanocomposites 

relative to the neat films is dependent on the microstructures of platelets in the polymer matrix 

with the intrinsic nature of impermeable particles such as large aspect ratio and surface area. The 

general barrier properties of PCN are based on the fundamental theory of physical tortuous paths 

which are maintained similarly in actual system with some exceptions. As shown previously, 

barrier models have shown that the degree of tortuosity is determined by geometric influences 

such as the extent of exfoliation/intercalation of the platelets and their mean orientation in the 

polymer matrix. Tortuosity was given as two permeability reduction parameters, polymer chain-

segment immobility factor, ζ

Practical Polymer Clay Nanocomposite for Barrier Applications 

1, and detour factor, ζ2,

The effects of microstructure of clay platelets on barrier properties 

 in barrier models [97,98]. In the real barrier 

system, these two factors are also meaningful in determining a permeability of a PCN material.  

Microstructure of platelets is a dominating factor when designing a high barrier material. 

The microstructure of practical PCN materials is a broad mixture of stacked particles, 

intercalated region, global-scaled exfoliation, and fully exfoliated region. A dominating 

microstructure in a PCN that can represent the whole structure usually determines the physical 

parameters such as the barrier properties. Bharadwaj [63,96] suggested that the effective width of 

silicate layers in his barrier model to describe the effect of exfoliation on barrier properties as 

drawn in Figure 2-37. Aggregation increases the effective width and disperses the same total 

number of sheet as this aggregated two-sheet results in a dramatic decrease in tortuosity. Thus, 

exfoliation is a crucial factor for obtaining the maximal performance of practical PCN materials 

for barrier application. 

A significant improvement in oxygen barrier properties was attained in HMW 

copolyamide/CL30B nanocomposite films obtained by a melt processing. Uniform dispersion 
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and high degree of exfoliation with a preferential orientation of clay platelets were proved by 

pronounced shear thinning rheological behavior [68]. Low molecular weight polymer chains 

were able to be crystallized readily in solution casting process such as PVA/MMT, leading to 

lower permeability [44]. However, for the melt process, high molecular weight has an advantage 

on permeability since it promotes higher shear stresses, hence favoring the delamination of clay 

platelets into individual platelets and maximizing tortuosity. Confinement of amorphous polymer 

chains in intergallery region also contributed to lowering permeability because hindered 

molecular motions restricted the channel formation for gas diffusion [68].  

Intergallery modifiers have played crucial roles in obtaining a desired microstructure by 

enlarging the intergallery region and accelerating the diffusion of polymer chains into this 

enlarged gallery space. Thus, the use of intergallery modifier is an efficient way to enhance 

barrier property of PCN materials [7,42,99-101]. It was reported that 1wt% of N-methyl 

diethanol amine (MDEA) based organoclay dispersed in PET specimen (obtained by in-situ 

polymerization) lowered the permeability by two-fold, compared to pure PET. As illustrated in 

Figure 2-38, MMT-PCN had higher permeability than MDEA-PCN. This was explained by the 

effect of modifier, MDEA, in this specific system since the hydroxyl and carboxylic end groups 

in MDEA reacted with ethylene glycol (EG) in PET, resulting in higher affinity of polymer 

chains to the intergallery region. As a result, while there observed large nanoclay bundles in 

MMT-PCN (a) which are phase-separated and intercalated regions, more exfoliated and well-

delaminated clay platelets were found in MDEA-PCN (b), promising much longer retention time 

of oxygen gas molecules in this PCN material. A similar barrier tendency depending on the use 

of organic modifier was also found in melt-blended acrylonitrile-butadiene copolymer (NBR) 

nanocomposites. In contrast with an unmodified MMT PCN, modified MMT by dimethyl 
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distearyl ammonium bromide (DDAB) was separated and dispersed well in NBR matrix. A few 

tens of layers were found in TEM micrographs and such separated layers extended the routes of 

diffusion significantly as suggested in the TEM micrographs of Figure 2-39. Increased volume of 

platelets further decreased the permeability and some deviation from Neilson’s theory was 

caused by the assumption of ideal perpendicular alignment of platelets to the direction of gas 

diffusion [100]. 

The effects of processing and selection of matrix on barrier properties 

Effects of shear stress and shear direction on microstructure of clay platelets in the polymer 

matrix have been reported so far [45,50,58,60,68,95]. Finding appropriate shear stress to 

exfoliate stacked particles and shear direction to obtain a preferred orientation is the main factor 

to achieve the ideal microstructure for barrier application with the use of intergallery modifier. 

Once a proper process is adapted from one of the three typical processes, melt process, solution 

casting or coating, and in-situ polymerization, the next step is to find the optimum processing 

parameters, which largely depend on the characteristics of materials. For instance, modified clay 

platelets that have larger d-spacing value require relatively lower shear stress for exfoliation than 

natural MMT. Subsequently, exfoliated platelets would promise much lower permeability. 

Therefore, for enhancement of barrier properties of PCN, processing parameters should be 

considered in the design of practical PCN materials. 

The PU/clay nanocomposites were prepared by in-situ polymerization [102]. To form an 

intercalated structure, PEG-MDEA-PEG (UE400) was used as a modifier and sonication process 

aided better dispersion of the modified clay platelets. As a result, an intercalated structure with 

some disorder was attained and their d-spacing was about 2.6–2.7 nm. In this study, varying clay 

contents and sonication time resulted in different degree of dispersion and dissociation of 

platelets. Fitting the results of gas permeability to a general physical detour theory suggests that 
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the incorporation of clay into polymer matrix decreases gas permeability by extending the 

tortuous path, as shown in Figure 2-40. PU/CLUE400S60 had lower gas permeability than 

PU/CLUE400S00, which means that the degree of dissociation could be increased by the 

sonication process. (S60 denotes that sonication process was conducted for 60 minutes) PU/CL-

UE400S60 5 wt% had the lowest gas permeability and its oxygen permeability was 41% lower 

than that of pure PU. Red dotted lines in the TEM micrographs illustrated the intuitive diffusion 

path of gas, showing that most lines are blocked by uniformly dispersed platelets in PU/CL-

UE400S60 5 wt%. As shown in this work, adapting optimum processing parameters depends on 

the specific materials and is a fundamental consideration to attain a high barrier property. 

Polyesteramide/nanomer composite films were obtained by melt mixing and subsequent 

compression molding [99]. Figure 2-41 is a TEM micrograph of a compression molded specimen 

containing 5 wt% of clay filler. The white arrow represents a void which still exists after 

compression molding. These microvoids usually deteriorate barrier properties of a composite 

film. Transmission rate of oxygen and water vapor decreased as the filler content increased, as 

generally expected. Compression molding could contribute to the reduction in permeability 

modestly by decreasing the void contents in films and increasing crystallinity. 

Ultrasonic treatment enhanced the intercalation of HDPE/organoclays nanocomposite 

system [103]. HDPE/organoclay nanocomposites were obtained using a single screw 

compounding extruder with the attached ultrasound die operating at various amplitudes. The die 

pressure and power consumption due to ultrasound were measured at different feed rates of 

nanocomposites with various clay concentrations (Table 2-3). The microstructures induced by 

the ultrasound treatment showed an increasing d-spacing up to 50% and these structures 

exhibited enhanced barrier properties such that a reduction in oxygen permeability of 
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nanocomposites was found after ultrasonic treatment at amplitude of 10 μm with the highest 

reduction by 20% at 2.5% clay concentration and a residence time of 21 s. According to this 

research, the reduction in permeability was achieved regardless of the reduced crystallinity 

induced by ultrasonic treatment indicating that the effects of extended detour path by incursion 

of homogeneously dispersed filler dominated the permeability coefficient rather than crystallinity 

of a polymer matrix in this specific condition.  

There is also a case that there is no significant effect of processing parameters on barrier 

properties. The role of processing parameter, specifically the screw speed for melt compounding 

process of poly(L-lactide) (PLA) and PLA/MMT, on barrier properties of nanocomposites was 

explored by Thellen [104]. Plasticized PLA/organically modified MMT nanocomposites were 

compounded and blown-film processed using a co-rotating twin screw extruder at various 

conditions (Table 2-4). Figure 2-42 represents effects of screw speed on oxygen permeability of 

resulting blown film samples. According to results (Figure 2-42), oxygen permeability of 

nanocomposite films was lower than the pure PLA films in all cases. Reduction in oxygen 

permeability ranged from 15 to 48%. It is generally true that the microstructure of platelets is 

controlled significantly by processing parameters and the optimum microstructure of these such 

as an exfoliation in polymer is one of the crucial factors to obtain high barrier properties. In this 

work, however, as screw speed varies at the same feed rate, no significant relationship between 

screw speed and oxygen permeability was observed. In contrast, oxygen permeability of PLA 

homopolymer was sensitive to processing conditions. Optimizing processing parameters was 

more critical when working with the PLA homopolymer than when working with the PLA/MMT 

nanocomposite. Apparently, variations in screw speed did not affect dispersion of platelets in 

PLA, nor did it influence final properties of blown-film nanocomposites.  
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Selection of polymer is another consideration for compatibility with clay platelets and 

dispersion of clay platelets. Because packing densities of polymer chains is an intrinsic 

characteristic that cannot be modified, selection of polymer should be considered carefully for 

high barrier applications. Permeability of styrene butadiene rubber (SBR) nanocomposite is 

mainly influenced by fractional free volume and tortuous diffusion path effects attributed to the 

clay platelet morphology [105-107]. Positron annihilation lifetime spectroscopy (PALS) suggests 

a useful method to probe the free volume between polymer chains which contributes to its barrier 

properties. The study on effects of free volume on barrier properties of SBR nanocomposites by 

Stephen et al. [107] reported that the gas barrier properties of nanoplatelets-filled latex 

membranes were enhanced due to platelet-like morphology and high aspect ratio of layered 

silicates. The free volume in the latex membranes decreased when layered silicates were 

embedded and this phenomenon was explained using the confinement of the chain segments. 

From the perspective of free volume, PVA is a potentially useful material for preparation of PCN. 

Because the large inter- and intramolecular cohesive energy resulting from the highly polar 

hydrogen bonding makes PVA a material with excellent barrier to oxygen, modified PVA or 

EVOH have been used as a promising matrix material to achieve high barrier properties. Strong 

hydrogen bonding and high degree of crystallinity of PVA significantly reduces excess free 

volume, which is used as a source to form channels for jumping of permeant gas. However, a 

significant drawback that oxygen permeability is increased in elevated humidity has been an 

obstacle for the use of PVA as a barrier application. The moisture in atmosphere is absorbed at 

high porosity sites weakening the cohesive energy of polymer by breaking secondary bonding. 

As a result, oxygen molecules diffuse into the structure and easily increase permeability. Thus, 

adding clay platelets to the polymer may be an efficient way to maintain and increase barrier 
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properties of water-soluble polymer in humid conditions. Yeun et al [78] enhanced barrier 

properties by casting PVA/saponite hybrid films onto BOPP and PET. The more clay added in 

hybrid film, the better barrier properties were attained. Higher amount of clay increased the 

degree of crystallization due to the role of clay platelets as a nucleation site and increased 

crystallinity led to decreased permeability. Coexistence of intercalated and exfoliated structure in 

all PVA/CNa hybrid films obtained by a solution casting method, over the full range of clay 

loading, was observed even though there were some differences found in the relative amount of 

intercalated region. The mixed structure in these practical composite films also gives rise to 

enhanced barrier properties [73]. Low compatibility with polymer of kaolinite caused by the 

large cohesive energy density resulting from the intrinsic formation of hydrogen bonding 

between consecutive layers was modified by intercalation of dimethyl-sulfoxide, methanol and 

octadecylamine. As a result, EVOH/kaolinite nanocomposite with well-intercalated/exfoliated 

structures was obtained by a simple melt blending. Because of the extremely low permachor 

value of EVOH, oxygen transmission rate of EVOH films is very low. As a result, the 

permeability of all prepared nanocomposite was below the detection limit of the instrument (i.e. 

below 10-5 (cm3 m)/(m2 day atm)) even at high temperature [108]. Barrier properties of 

PVA/CNa hybrid films coated on PET substrates using PVA with 87-89% of degree of 

saponification (DS), PVA with 99% of DS, and modified PVA, respectively, were investigated 

under various relative humidity (RH) conditions [44]. Modified PVA, a terpolymer used in the 

work consists of 97 wt% of VA, 2wt% of VAc and 1wt% of itaconic acid, as illustrated in Figure 

2-43. Permeability of terpolymer at 0 %RH showed the lowest value and the higher VAc content 

contained, the higher permeability observed, as shown in the results of permeability of Figure 2-

44. The author explained this in terms of the hydrogen bonding effect. While stronger hydrogen 
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bonding by –COOH on itaconic acid unit of terpolymer than –OH on vinyl alcohol unit induced 

larger cohesive energy, lower VA contents reduced the number of hydrogen bonding resulting in 

lower cohesive energy. 10 wt% of CNa in terpolymer decreased the oxygen permeability below 

0.001 cc.mil/m2

Three different clay platelets, Hexadecylamine-MMT (C16-MMT), dodecyltrimethyl 

ammonium MMT (DTA-MMT), CL25A were dispersed in two different polymer matrices, PU 

and PLA, respectively, by solution intercalation method [80,81]. For both cases, permeability 

reduced linearly with increases in clay content regardless of clay types. However, while C16-

MMT reduced the permeability significantly, when comparing to other two clay types, DTA-

MMT and CL25A in PU matrix, there was no significant differences in the degree of reduction 

of permeability among the three types of clay in PLA matrix. This might be explained by the 

better compatibility of C16-MMT with PU polymer chains. In other words, C16-MMT that has 

good compatibility with PU reduced the permeability by the reduction of the transport cross 

section and the increase in tortuous path for gas molecules through the completely dispersed 

platelets.  

.day at 55 %RH due to two effects, enhanced cohesive energy caused by stronger 

hydrogen bonding and extended diffusion path induced by highly exfoliated clay platelets. 

The barrier properties based on geometry of clay platelets 

According to the theoretical barrier model, permeability of a PCN material is a function of 

the volume fraction and the aspect ratio of clay platelet under a general assumption that the flow 

direction of diffused molecules is perpendicular to the platelets. To understand the actual 

permeability values, orientational order parameter [96], the concept of lateral spacing and 

effective volume [93], random or regular array model [90], and other factors [91,92] have been 

developed. To relate the aspect ratio of platelet to barrier properties of PCN, Kadanoff cell was 

used under the same general assumption as made previously [109]. To construct a barrier cell, at 
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least one vertex should be occupied with a platelet to the direction of permeation path as shown 

in Figure 2-45. The critical value of clay content for minimum permeability was obtained from 

the summation of probabilities that the cell is a barrier by iterative relation. And also, in this 

work, three main factors affecting barrier properties, aspect ratio (or degree of exfoliation, 

length/thickness (L/w)), orientational order parameter (S), and dispersion distance were included 

in barrier probability as shown in Equation (2-15). This equation also suggests that the 

theoretical prediction of barrier properties conformed well to the experimental critical thresholds 

as illustrated in the plot of various kinds of platelets of Figure 2-45.  

cc p
L
w

S 12
3
+

=φ                                                                                                                        (2-15) 

where Pc

Four different types of clay, hactrite (Raponite RD, Kakuhachi Ind. Co.), saponite 

(Smecton SA, Topy Ind. Co.), MMT (Kunipia F, Kunimine Ind. Co.) and synthetic mica (DM 

clean A, Topy Ind. Co.) were used to prepare polyimide (PI)/clay hybrid films [110]. As a result, 

synthetic mica with the largest aspect ratio of 1230 nm showed the lowest permeability. This 

result conforms to the theoretical expectation from Nielsen models [90-93,96] that relative 

permeability should be smaller as aspect ratio becomes larger.  

 represents the critical value of clay platelets for minimum permeability. This 

suggests a good indicator for aspect ratio controlled volume fraction in order to estimate the 

permeability of PCN materials.  

Good agreement was also seen with the result of barrier probability [109] as shown in 

Figure 2-45. From the comparison between theoretical and experimental results, it was 

concluded that the critical threshold of clay platelets with larger aspect ratio was smaller than 

platelets with other aspect ratios in reducing the oxygen permeability. The state of dispersion of 

clay types in PI/clay PCN specimens is another challenge to be considered for high barrier 
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solutions. While MMT and synthetic mica hybrid has no peak, hectrite and saponite hybrid 

showed small peak, representing the possibility of aggregated stacks of particles because weak 

ionic bonding between a protonated amine in the modifier and clay surface resulted in the 

detachment of organic modifier molecules from the surface during heating process. The state of 

dispersion and relative length of clay mainly determined a range of relative permeability in an 

order from the largest to the smallest: hectrite, saponite, MMT and synthetic mica [110]. Figure 

2-46 illustrated TEM micrographs for various PI/Clay hybrid films. Cussler insisted that based 

on his theoretical model and brief experiments, platelets with small aspect ratio could act as a 

shunt, which allows fast transport across that part of a film containing one layer of platelet [111]. 

This fact also supports the importance of aspect ratio for the design of barrier materials.  

Different types of barrier structure 

It is well known that a preferred orientation in the microstructure of PCN along the shear 

direction can be induced during processing and there exists a critical concentration to obtain 

highly ordered microstructures for highly concentrated nanocomposites [39,57,60,61]. Oxygen 

permeability of PCN is at its lowest value when the orientation of platelets is perpendicular to the 

direction of diffusion of gas molecules because perpendicularly orientated platelets 

spontaneously maximize their function to block the diffusion of gas molecules during shear 

process. And it is true that the OTR value of a film decreases to 1/5 and 1/2400 of the pure film, 

for a 5 wt% and 95 wt% content of inorganic clay platelet according to Nielsen’s tortuous-path 

model. Based on these two ideal concepts, several researchers have started to study the ideal 

stratified nematic microstructure of clay platelets for super barrier property [9,65,66]. Ebina [65] 

prepared a flexible transparent clay film by casting aqueous dispersion of synthetic saponite as a 

clay platelet and carboxymethyl cellulose sodium salt and PAA sodium salt as the binder 

additives. Oxygen transmission rate (OTR) of resulting clay film is 0.1 cc (20 μm)/m2.day.atm 
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and there have been no polymer films that have comparable gas barrier properties. Similarly high 

clay volume nanocomposite films were obtained with Na+-saponite and SPA as a binder additive. 

Resulting specimens obtained by the same experimental procedure have similar barrier 

properties [66]. However, gas barrier performance of these clay films was deteriorated under 

humid condition because hydrophilic clay platelets were swollen and subsequently densely 

stratified nematic morphology was collapsed. Like PVA-based PCN films, barrier properties can 

be damaged under humid conditions. A variety of techniques used to reduce oxygen permeability 

under high relative humidity have been developed by several research groups and one of the 

most common method used for commercial packaging film is to sandwich the material having 

high barrier property between two exterior materials which help maintain the barrier property 

and good looking exterior aesthetics. Figure 2-47 shows the laminated structure of commercial 

packaging products. For instance, the commercial food packaging film ‘KuraristerTM 

The limitation of clay film can be overcome with epoxy-clay fabric film composite 

developed by Triantafyllidis [9], which is a similar laminating structural composite. The 

resulting films consist of interior non-swellable inorganic clay barrier phase and modified 

organoclay phase. Cured epoxy exterior layers on both sides protect clay barrier phase inside. 

Oxygen permeability of these specimens was lowered by 2-3 orders of magnitude from the 

polymer films and lowered by 3-4 orders of magnitude from the clay films. The dramatic 

enhancement in barrier properties of clay composite films was independent of both aspect ratio 

C’ 

developed as a laminated structural composite by Kuraray Inc. Japan focused on its properties of 

easy printing and additional coating. The structure of Meal-Ready-to Eat (MRE) also consists of 

several layers to sustain its good barrier properties under various conditions such as radio 

frequency sterilization, microwave processing, and high pressure pasteurization.  
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of the clay and the nature of the exchanging cations at the external surfaces of the film. Rather, 

barrier properties of resulting films were enhanced by the filling of voids between platelet edges. 

This contribution factor for high barrier property different from normal PCN material caused 

some deviation from the extended barrier model based on Nielsen’s detour theory. The more 

appropriate barrier model for this material was suggested by Beall [112]. According to Beall’s 

barrier model, the polymer at the interface of the particle filler determines the overall barrier 

properties of the composite. However, the flexibility became a trade off for such unprecedented 

oxygen barrier property. 
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Table 2-1. Four different formulations to prepare polymer-clay composites [45] 
 Polymer matrix Clay Process 

F1 HMW PDMS I.44P (4 wt%) 1. Intensive batch mixing, 2. Twin screw extruder 

F2* LMW PDMS 

(Silanol terminated) 

I.44P 1. immediate curing with continuous sonication 

2. Twin screw extruder 

F3 PP I.30E Intensive batch mixing 

F4 PPMA I.30E 1. Intensive batch mixing, 2. Twin screw extruder 

*Low viscosity newtonian polymer to minimize  
 
Table 2-2. Average spherulites radius (Rsph) and Tc crystallized from the melt as a cooling rate of 

1o

Sample 
C/min [70] 

Rsph T *(μm) c (oC) 
HDPE 
HDPE/CL15A (5 wt%) 
HDPE-g-MA 
HDPE-g-MA/CL15A (5 wt%) 
HDPE-g-MA/CL15A (10 wt%) 

7.6 
4.5 
7.1 
4.4 
4.3 

122.7 
123.3 
119.0 
123.0 
121.0 

* The average dimensions of the spherulites were determined from the Hv patterns by means of 
the equation, Rsph=cλ/(nπ sinƟm), where c a constant (c =2.05 for spheres and 1.95 for discs), λ/n 
the wavelength of the light in a medium of refractive index n, Ɵ m

 

 the angle between the incident 
and the scattered beams corresponding to the maximum intensity. 
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Table 2-3. Oxygen permeability of HDPE/clay nanocomposites at different clay concentrations 
and ultrasonic amplitudes [103] 

sample Clay 

(%) 

Amplitude 

(μm) 

Feeding rate 

(g/s) 

Oxygen Permeability 

(cm3day m-2) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

0 

2.5 

5 

10 

2.5 

2.5 

2.5 

5 

10 

2.5 

2.5 

0 

0 

0 

0 

5 

7.5 

10 

10 

10 

10 

10 

0.75 

0.75 

0.75 

0.75 

0.75 

0.75 

0.75 

0.75 

0.75 

0.5 

0.25 

75.9 

76.2 

76.4 

79.7 

76.8 

80.6 

69.7 

71.2 

73.3 

65.9 

61.8 

 

Table 2-4. Processing conditions for blown film [104] 
Sample name Screw speed (rpm) Feed rate (g/min) Die temp. (oC) 

Neat no.1 

Neat no.2 

Neat no.3 

Neat no.4 

Nano no.1 

Nano no.2 

Nano no.3 

Nano no.4 

80 

110 

130 

80 

80 

110 

95 

80 

40.5 

40.5 

40.5 

40.5 

40.5 

40.5 

40.5 

40.5 

175 

175 

175 

175 

165 

165 

165 

165 
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Figure 2-1. Phase diagrams of polymer-clay mixtures at ρgr= 0.2, Ngr= 5 (the lowest value of Ngr

 

 
suggested in Ref.), Points represent calculated coexistence densities; lines serve as 
guide to the eye. Dashed lines represent approximate locations of phase transition 
boundaries (exact calculation is impossible because one or both coexistence points lie 
in the region ¼ > 0.6). ϕ is the clay volume fraction, and χ is the Flory-Huggins χ -
parameter between the surfactant and the polymer [33]. 

 

 

Figure 2-2. Expectation of arrangements of modifiers in the intergallery regions: Schematic 
diagram for tilt angle measurement of organic modifier, (I) [41]; typical arrangements 
of organic modifier in the intergallery space, (II); dependence of tilt angle of modifier 
molecules on layer-charge density of high-charge 2:1 phyllosilicates., (III) [40]; the 
formation of monolayers and bilayers in low charge 2:1 clay minerals depending on 
Ac and Ae in terms of d-spacing, (IV) [40]. 
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Figure 2-3. WAXRD patterns of the organically modified nanoclays and their nanocomposites 
and corresponding TEM micrographs [7] 

 

 

Figure 2-4. WAXRD Pattern of (a) HDPE/MMT–Nanofil 15 and (b) HDPE/HDPE–g-
MA/MMT–Nanofil 15 nanocomposites and corresponding TEM micrographs [42], 
(I); a TEM micrograph of PP/MAPP/I-30.E prepared by twin screw extruder [46], 
(II); a TEM micrograph of the same nanocomposite with (II) prepared by intensive 
batch mixing and twin screw extruder [45], (III) 
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Figure 2-5. WAXRD Patterns of (a) SAN/MMT and (b) EVOH/MMT at each reaction time and 
TEM micrograph of the final morphology of corresponding composites [47] 

 

Figure 2-6. Illustration showing distribution of organic MMT layers in a cross section of nylon-
66/organic MMT nanocomposites. The black lines represent the intersections of 
MMT layers, and the background is the polymer matrix [58] 

 

Figure 2-7. Illustration of peeling mechanism for the exfoliation process [50] 
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Figure 2-8. Shear-induced orientation of platelets with the flow (x), gradient (y) and vorticity (z) 
directions, as indicated is illustrated. A beam direction and general SANS patterns to 
show the effect of shear on the orientation are added to the figures [61] 

 

 

Figure 2-9. TEM micrographs showing PP/clay elongated at 150 °C with (a) elongation flow rate 
from 1.0 s-1 up to 1.3 (λ= 3.7) and (b) from 0.001 s-1 up to 0.5 (λ= 1.7), respectively. 
Illustration shows the stretching direction and the orientation of clay platelets which 
is perpendicular to the stretching direction [62] 
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Figure 2-10. TEM micrographs for EVA/SIOM, EVA/DIOM, EVA/TRIOM, (I); WAXRD 
patterns for organoclays (II) and corresponding PCN (III) [43] (inset figures in each 
TEM micrograph represent schematic diagrams for each structure) 

 

 

Figure 2-11. Illustration of the morphological hierarchy at different length scales extant in the 
PET/CL30B showing the dispersion of intercalated/exfoliated aggregates throughout 
the matrix and the local orientation ordering of the sheets within the aggregates and 
TEM micrographs of (a) a global scale exfoliation, (b) intercalated/exfoliated sheets 
at high magnification in exfoliated aggregates and (c) fully exfoliated structure in 
cross-linked PET/CL30B nanocomposites [63] 
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Figure 2-12. Variation of d-spacings of the MAPE/CL20A and MAPP/CL20A nanocomposite 
fibers depending on volume fraction of clay; Open circle symbol and open 
rectangular symbol indicate d-spacings of MAPE/20A and MAPP/20A calculated 
from SAXS data, respectively. Solid symbols mean d spacing created by shear-
induced orientation [60] 

 

 

Figure 2-13. A beam configuration of SAXS measurement and resulting SAXS photographs of 
MAPE/CL20A nanocomposite fibers with clay concentration of (a) 6, (b) 12, (c) 24, 
and (d) 42 vol % and MAPP/20A nanocomposite fibers with clay concentration of (e) 
6, (f) 12, (g) 24, and (h) 42 vol %, extruded at shear rate of 1000 s-1. Order parameter 
(S) of MAPE/CL20A and MAPP/CL20A fibers with the concentration of silicates 
was shown between two series of SAXS photographs [60] 
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Figure 2-14. Y- and Z- beam configuration of SANS measurement and resulting SANS patterns 
of both configurations of films consisting of PEO/LRD with lower aspect ratio or 
PEO/CNa with higher aspect ratio [39] 

 

 

Figure 2-15. Schematic diagram to represent the procedure for the preparation of a cured epoxy-
clay fabric film composite with with exfoliated clay nanolayers at the outer surfaces 
of the clay film [9] 



 

87 

 

Figure 2-16. (a) TEM of the nanocomposite viewed along xˆ showing layered-silicates oriented 
orthogonally to the BCP lamellae. PS layers appear light due to OsO4 staining of the 
PB layers. The high-magnification inset shows finely spaced black and white fringes 
indicative of the intercalated nature of the layered-silicates embedded in the PS 
domains, (b) paralleled oriented BCP lamellae and TEM image viewed along xˆ of 
the nanocomposite showing layered-silicates oriented parallel to the BCP lamellae. 
The small TEM micrograph is a high-magnification image showing the exfoliated 
nature of the layered-silicates, shown as single dark lines, surrounded by the thicker 
PS domains [64] 

 

      
Figure 2-17. Schematic picture to represent the fundamental concept for the use of anionic 

polymer as a binder additive to achieve a clay film of densely packed structures 

 

 

Figure 2-18. (a) TEM image of a cross section of the saponite film with 20 wt% of 
carboxymethyl cellulose sodium salt and corresponding schematic microstructure, (b) 
Schematic microstructures of the clay films of saponite/polyacrylic acid sodium salt 
film [65] 
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Figure 2-19. (a) TEM image of the film with a polymer loading of 20 wt%, showing the c-axis 
direction (crosssection), (b) Schematic crystal structure of saponite with [110] face in 
cb-plane, (c) Schematic crystal structure of saponite with [110] face in ab-plane, (d) 
TEM image of the film with a polymer loading of 20 wt%, showing the ab-plane 
(surface) and the corresponding SAED pattern (inset) [66] 

 

Figure 2-20. Schematic representation of the internal architecture of the PVA/MTM 
nanocomposite (left side) and (A) Cross section of the film, (B) Close-up of the cross 
section showing the separation of layers, (C) Top-down view of a fracture edge of the 
composite after tensile testing, (D) Top-down view of the composite’s surface [5] 

 

Figure 2-21. DSC crystallization exotherms plots of PE-g-MAn and I.44PA/PE-g-Man 
nanocomposites recorded at 20 oC/min (left) and XRD patterns for PE-g-MAn and 
I.44PA/PE-g-MAn systems depicting 110 and 200 reflections of polyethylene (right) 
[69] 
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Figure 2-22. Optical micrographs and Hv patterns of: (a) HDPE-g-MA, (b) HDPE-g-MA/CL15A 
(10 wt.%), and (c) HDPE/CL15A (5 wt.%) [70] 

 

 

Figure 2-23. TEM images of PUCCN with 5% C (a and b) and PULCN with 3% L (c and d), (I); 
AFM images of PUCCN (a and b represent height and phase image with 5% C) and 
PULCN (c and d represent height and phase image with 3% L), (II) [71] 
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(a)   (b)  
 
Figure 2-24. (a) Bright field TEM images of the extruded polystyrene/montmorillonite pellet A: 

room temperature, B: after heating at 85oC, C: 95oC, D: 110oC and corresponding in 
situ WAXD patterns between room temperature and 200oC [72], (b) expected 
orientation of phenyl ring with respect to clay particle after heating at 95 o

 

C. 

 
Figure 2-25. TGA result for normal PVA/organoclay PCN (left, [32]) and crosslinked 

PET/CL30B PCN (right, [63]) 

 

      

Figure 2-26. Three common particles’ geometries used in models 
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Figure 2-27. Theoretical effects of volume fraction on relative permeabilities, Upper curve 
calculated from Equation (2-3) and lower two curves of the Cussler model were 
drawn from Equation (2-4) and (2-5). (Redrawn from [90]) 
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Figure 2-28. Theoretical effects of volume fraction on relative permeabilities, Left curve 
calculated from Equation (2-6) of Gusev model and right plot of the Fredrickson 
model were drawn from Equation (2-7). (Redrawn from [91,92]) 

 

Figure 2-29. A unit of three silicate platelets representing the arrangement of platelets in whole 
system of idealized PCN structure (left); effective volume of a clay platelet was 
represented as dot line (right) 

 

Figure 2-30. Effect of confinement of clay platelets on polymer chain-segment immobility and 
resulting relative permeability depending on volume fraction of clay, two figures are 
drawn and calculated based on Equation (2-12). Where, ζ1=1 for left unconfined 
matrix and ζ1=1.25 (empirical value suggested in [93]) for right confined matrix were 
used. (Redrawn from [93]) 
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Figure 2-31. Effects of lateral spacing on d-spacing and relative permeability at different aspect 
ratio of platelets; this plot is based on Equation (2-12) (ϕ= 0.05) (Redrawn from [93]) 

 

 

Figure 2-32. Comparison of the changes in H spacing as b varies between larger and smaller 
platelets was presented (drawn from the concept of [93] and [95]); upper figure 
represent occupancy of larger particles with effective volume of small spacing of b 
and when b increases, H has to be decreased to fill up the same volumetric space as 
shown in middle figure. In the case of smaller particle, H decreases drastically for the 
same amount of increases in b as represented in the bottom figure. 
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Figure 2-33. Schematic figure to depict the variance of S values depending on platelets’ 
orientations. (Redrawn from [96]) 
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Figure 2-34. Effects of volume fraction on Rp when fully exfoliated structure (upper), two curves 
to depict the effect of S on Rp calculated at volume fraction = 0.05 using Equation (2-
14) (Redrawn from [96]) 
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Figure 2-35. Effects of volume fraction on Rp

 

 for present barrier models calculated at aspect 
ratio of 50 (upper) and 1000 (lower) 
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Figure 2-36. Comparison of prediction for Rp

 

 as a function of aspect ratio; all curves were 
plotted based on the Equation 2-2, 2-3, 2-4, 2-5, 2-6, 2-11, and 2-13 at ϕ = 0.05 

 

Figure 2-37. Illustration of effective width and its effect on barrier property of PCN (redrawn 
from [63,96]) 
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Figure 2-38. OTR chart of a pure PET sheet and PCN sheets (left) and corresponding TEM 
micrographs of MMT-PCN (a) and MDEA III-PCN (b) [101] 

 

 

Figure 2-39. TEM micrographs to represent the difference in tortuosity (refer to dot lines) 
between phase-separated microstructure of unmodified MMT-PCN and exfoliated 
one of modified MMT-PCN (left) and relative permeability of two PCNs and 
Neilson’s theoretical values (right) [100] 
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Figure 2-40. Oxygen relative permeability of composite depending on clay content (wt%) and 
TEM micrographs of PU/CL-UE400S00; (a) low and (b) high magnification of 1wt% 
clay and those of PU/CL-UE400S60; (c) low and (d) high magnification of 5wt% 
clay. (Red dot lines represent the diffusion path through the structure of composites) 
[102] 

 

 

Figure 2-41. TEM micrograph of a compression molded specimen containing 5 wt% of clay 
filler dispersed in polyesteramide matrix [99] 

Sample Clay Content (wt%) Rp 

PU/CL-UE400S00 1 

3 

5 

0.827 

0.718 

0.714 

PU/CL-UE400S60 1 

3 

5 

0.756 

0.639 

0.586 
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Figure 2-42. Oxygen permeability rate of various blown composite/neat film samples [104] 

 

Figure 2-43. Chemical structure of poly (vinyl alcohol-co-vinyl acetate-co-itaconic acid) where, 
x, y and z is 97, 2 and 1, respectively [44] 
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Figure 2-44. Effects of PVA contents on oxygen permeability of neat polymer containing no 
fillers (left) and effect of clay loadings on oxygen permeability of terpolymer/CNa 
composites; x represents the weight percent of vinyl alcohol group as shown in 
chemical structure in Figure 2-43. Thickness of all samples is 6 μm and permeability 
is the product of film thickness and oxygen transmission rate (OTR) measured at 
23°C (plotted based on results from [44]) 
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Figure 2-45. Concept of probability of a barrier cell using Kadanoff cell (left) and Critical 
volume fraction versus aspect ratio of platelets with S= 0. Thresholds for several 
typical clay fillers are obtained directly from Equation (2-15) based on their aspect 
ratios [110] (open symbols). Two solid symbols indicate the test data of O2 gas 
permeability in C18-montmorillonite (L/W= 150 and ϕc=1.25 (Ray et al., 2003)) and 
polyester-clay (L/W =200, and ϕc

 

=1.4 [63]) nanocomposites (right) [109]  

 

Figure 2-46. TEM micrographs of various PI/clay hybrid films [110] 

 

 

Figure 2-47. Commercialized structural composite to enhance oxygen barrier property (a) 
KuraristerTM

 

 C developed by Kuraray Inc. Japan; and (b) Composite structure 
developed for US army MRE case 
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CHAPTER 3 
POLYMER CLAY NANOCOMPOSITE COATINGS ON NON-POLAR POLYOLEFIN 

SUBSTRATE TO ENHANCE BARRIER PROPERTY 

Polymer clay nanocomposite (PCN) have been widely studied as property enhancers for 

polymers for mechanical strength [1,114], thermal stability [115] and barrier properties 

[116,117]. PCNs are sometimes referred to as “hybrids of inorganic functional fillers” and are an 

area of intense research activity. Dispersion of nanoparticles in polymers results in three typical 

structures that are classified as non-intercalated, intercalated and exfoliated as explained in 

Chapter 1. Exfoliated structures involve complete separation of particles into random 

arrangements [118,119]. Exfoliated structures are necessary to obtain maximum benefits from 

nano-particles. Exfoliation requires relatively high shear forces to separate particles in solution 

and complicates processing and production of PCNs [112,120]. Once the fully-exfoliated 

structure is obtained, maintaining the exfoliated structure without particle aggregation is another 

challenge in PCNs. Additionally, obtaining fully-exfoliated PCN in non-polar polyolefin 

polymers has been difficulties because silicate layers of clay are polar and therefore, 

incompatible with polyolefin. Significant efforts are underway to overcome this limitation 

[7,121,122].  

Introduction 

In this study, Laponite JS (Southern Clay Products, Louisville, KY) and polyvinyl alcohol 

were used to produce polymer nano-composite coatings as inorganic filler and a hydrophilic 

polymer matrix, respectively. Laponite JS is a synthetic layered fluorosilicate modified with an 

inorganic polyphosphate dispersing agent. Figure 3-1 shows SEM micrographs of Laponite JS 

powder and a schematic structure of Laponite JS. This clay is hectorite, prepared in a reaction 

between Mg, Li, and Na-silicate salts, which results in partially crystalline, monodispersed in 

size discs, 0.92 nm thick and ca. 25 nm long (aspect ratio of 25-55), with a bulk density of 950 
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kg/m3 and specific surface area of ca. 300 cm2

Poly(vinyl alcohol) (PVA) is a water-soluble polymer with linear chains. Figure 3-2 shows 

the representative chemical structure of general PVA grades. Depending on the degree of 

saponification (DS) of PVA, which is the degree of conversion to PVA through the 

saponification process, the physical properties of PVA varies significantly. PVA is known to be 

non-toxic and is recognized to be “generally recognized as safe” (GRAS) by the United States 

Food and Drug Administration (FDA).  PVA is recognized to be a biodegradable polymer and 

has found uses as a coating material, stabilizer, polarizing film, sizing agent, adhesive, drug 

delivery system, contact lens material, basic bio-material with expanding applications in nano-

technology [123,124]. PVA alone offers excellent oxygen barrier properties; however, ethylene 

vinyl alcohol (EVOH) is often the preferred polymer used in multilayer packaging film 

structures.  

/g [118]. As shown in scanning electron 

microscopy (SEM) micrographs in Figure 3-1, Laponite powder exhibited typical agglomerated 

and grained features of layered silicate particles. It hydrates and disperses in water to give 

virtually clear and colorless colloidal sols of low viscosity. Therefore, Laponite colloidal 

solutions of up to 18 wt% are stable for one month.  

Polymers with excellent oxygen barrier properties inherently have high crystallinity and 

large cohesive energy caused by highly polar hydrogen bonding. Nano-composites involving 

clay nano-particles in PVA have been studied in many laboratories [29,78,125-128]. While wet, 

PVA nano-composites demonstrate excellent particle dispersion in PVA gels. This state 

represents a true nano-scale organic-inorganic hybrid material. However, drying causes portions 

clay layers to reaggregate. Steric constraints of PVA impede complete reaggregation of clay, 

allowing some to remain in the dispersed state [128].  
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Nano-composite preparation techniques are designed to create amorphous domains with 

uniformly distributed mineral layers, but this approach is limited as the preparation of PVA/clay 

nanocomposites from solutions is difficult because of reaggregation of clay [129]. To prevent 

reaggregation, Yeun, et. Al [78] prepared PVA/Saponite nano-composites with various clay 

concentrations successfully. They reported that oxygen permeability values decreased with 

increasing clay loading within a 0-10 wt% range, while optical properties remained nearly 

constant.  

Another major limitation of PVA as a nano-composite matrix polymer can be caused by 

the polar nature of the hydroxyl (-OH) groups that make PVA hydrophilic and soluble in water. 

Small amounts of water, particularly relative humidity above about 35%, plasticize PVA 

resulting in dramatic loss of oxygen barrier properties [130,131]. A variety of techniques used to 

reduce oxygen permeability under high relative humidity have been developed by several 

research groups. One of the most common is sandwiching the water-sensitive polymer between 

hydrophobic layers such as polypropylene (PP) and/or polyethylene (PE) [24,132]. However, 

laminated structures are expensive and may suffer from poor flexibility. 

PP is an attractive packaging material because it is readily available, low cost and offers 

good overall mechanical properties. However, PP suffers from low oxygen barrier properties. 

Improvement of barrier properties of PP without creating expensive laminate structures would 

greatly enhance the usefulness of the polymer. Therefore, this work focused on development of 

techniques to produce and apply nano-based barrier coatings to PP, the substrate. Critical to this 

work was enhancement of bonding between the hydrophibic substrate and the hydrophilic, 

PVA/Laponite coating. In this work, atmospheric pressure plasma (APP) treatments were used to 

enhance bonding of coatings. 
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Materials 

Experiments 

A PCN solution was made with synthetic layered silicate known as Laponite JS (Southern 

Clay Products, Louisville, KY). To evaluate effects of molecular weight (MW) and degree of 

saponification on coating adhesion and oxygen barrier, PVA provided by Celanese Company 

(Dallas, TX) and Scientific Polymer Product Co. (Ontario, NY) with MW and DS shown in 

Table 3-1 were used. Organic ammonia chloride (OAC); [2-(Acryloyloxy)ethyl]-trimethyl 

ammonium chloride was used for intergallery modification which can increase the intergallery 

distance by replacing swollen sodium ion with organic molecules to make it easier for polymer 

chains to be diffused into this space as shown in Figure 3-3. (For more explanation, refer to 

Chapter  1, Introduction) Preparation of PCN solutions was conducted through the four steps as 

presented schematically in Figure 3-4.  

OAC buffer solution of 1 wt% of clay was added into a corresponding amount of deionized 

water at 40 

Step 1: Preparation of Polymer Clay Nanocomposite Solutions 

oC and pH 10 were premixed for 2-3 minutes with a magnetic stirrer. Laponite JS 

was added gradually to prevent aggregation. Prepared clay solutions were placed at room 

temperature for less than a day to obtain good ion-exchange reaction in the intergallery of clay 

platelets. Polymer stock solutions were prepared by dissolving PVA in deionized water at 

elevated temperature and stirring with magnetic stirrer for at least 6 hours. Prepared PVA stock 

solution was added to clay solutions and mixed for 1 hour with a magnetic stirrer and then mixed 

with a high shear mixer (KadyMill-L, Kady® International, Scarborough, ME). Prepared PCN 

solutions were placed in a hood at ambient temperature for 3–10 hours depending on viscosity in 

order to allow entrained air bubbles to dissipate. Table 3-2 outlines the compositions of all 

prepared PCN solutions for coating in this study. 
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APP treatments were performed using a Dyne-A-Myte VCP (Enercon Industries Co., 

Menomonee Falls, WI). Air and nitrogen gas (about 50/50) were used to create plasma. Figure 3-

5 illustrates the four controllable variables when treating the surfaces. These variables are flow 

rate of nitrogen gas, working distance between the tip and the surface of target specimen, 

treatment times and belt speed. Table 3-3 lists specific conditions used in this study.  

Step 2: Atmospheric Pressure Plasma Treatment 

Step 3: Coating Samples after APP Treatment 

Surfaces of rigid PP were spin coated with 20g PCN solution at fixed spin-coating 

parameters involving a two-step process to obtain uniform thickness of coated layer. First step 

was 500 rpm for 1.5 min. Second step was 700 rpm for 30s.  The spin coater used was a Model 

Laurell WS-400B-6NPP/LITE (Laurell Technologies Co., North Wales, PA).  

Step 4: Drying PCN-Coated PP specimens  

PCN-coated PP specimens were dried at ambient temperature in vacuum desiccators to 

remove possible air bubbles for 10 – 12 hours.  

Morphological effects of APP surface treatments were analyzed using Model JSM-6400 

SEM (JSM-6400, Jeol Ltd., Tokyo, Japan). Samples were washed with acetone and then surfaces 

were sputter coated with gold-palladium alloy (Au-Pd). Micrographs of submicron-detailed 

surfaces were obtained under ambient conditions using atomic force microscopy (AFM) (Digital 

Instruments Dimension 3100,Veeco Instruments., Plainview, NY) by contact mode. Oxygen 

transmission rates of PCN-coated samples were measured in accordance with the procedure 

described in ASTM D-3985 using a Model OX-TRAN 2/20MH (Mocon Corporation, 

Minneapolis, MN). Permeation cell area was 50 cm

Characterizations 

2. Degree of exfoliation was measured by 

analyzing changes in intergallery spacing of clay platelets. The change in spacing was measured 
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using an Wide Angle X-Ray Diffractometer (WAXRD) (Philips XRD APD 3720 powder 

diffractometer, Philips Electronics, Mahwah, NJ) with a Cu anode (CuKα radiation (λ = 1.54056 

Å; scanning range from 5° to 69.99°). Clay powder was mounted on a sample holder with a large 

cavity and a smooth surface was obtained by pressing the particles with a glass plate. Samples 

for PCN solution were prepared by spin-coating using a silicon wafer as a substrate. The changes 

in the basal spacing at the small angle range from 2o to 10o

Results and Discussion 

 of clay platelets for LP20PVA, 

LP40PVA, LP50PVA and LP70PVA were investigated by using XRD (Philips MRD X'Pert 

System, Philips Electronics, Mahwah, NJ) with a CuKα radiation. PCN-coated PP specimens 

were able to be used directly without a sample holder. 

Surface Modification by Atmospheric Pressure Plasma Treatment 

Degree of surface modification caused by APP is determined by several important factors 

such as plasma energy source, which can be classified regarding the excitation mode, exposed 

area energy density, and the collision time and intensity of the electron energy source [133]. In 

this research, air and nitrogen gas were used as a plasma source and the flow rate of nitrogen gas 

and the distance between tip and surface of specimen were controlled to investigate effects of 

APP treatment on surface modification as well as resulting oxygen barrier property. Resulting 

SEM micrographs of APP treated and untreated PP at 6k magnification are shown in Figure 3-6 

(a-d). Enhanced roughness was observed microscopically depending on the APP treatment 

parameters. Generally, the harsher condition such as short working distance (WD) or higher N2 

flow rate resulted in more rough surfaces. As shown in Figure 3-6 (b), some pattern on the 

surface was observed along the treatment direction and this pattern was disappeared as WD was 
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getting closer to the surface. However, no significant effects of APP were observed for WD of 

3cm or greater. This can be checked by comparing Figure 3-6 (c) and (d).  

Surface topography of nitrogen plasma PP substrate measured by AFM on a 20 x 20 µm2 

area is shown in Figure 3-7. Non-treated surfaces in Figure 3-7 (a) appeared to be flat and 

smooth while APP treated surfaces appear to have surface contours (Figure 3-7 (b)). Figure 3-8 

and 3-9 shows the effects of APP parameters on the surface roughness. These figures are the 3-

dimensional height images taken by AFM on a 50 x 50 µm2

For quantitative analysis of surface roughness of the AFM images, R

 area of (a) untreated surface and 

from (b) APP treated by App-Cond01 to (k) App treated by App-Cond10 as listed in Table 3-3. 

Apparently more surface contours were observed in (c) - (e) and (h) - (j) when comparing others. 

This could be caused by the fact that the harsher APP conditions make plasma jet to be excited 

more by obtaining more energy subsequently resulting in better etching effect on the surface.  

a, Rmax and Root 

Mean Square (RMS or Rq) values were measured. Ra and RMS are both representations of 

surface roughness, but each is calculated differently. Ra is calculated as average roughness 

(Equation 3-1) of measured microscopic peaks and valleys. RMS is calculated as the root mean 

square of measured microscopic peaks and valleys (Equation 3-2). Each value uses the same 

peak and valley dimension measurements. A single large peak or flaw within the microscopic 

surface texture will affect the RMS value more than the Ra value. Rmax
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 is defined as a maximum 

height representative of a difference between a highest point and a lowest point [133-135]. 
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Where, L = evaluation length, Z(x) = the profile height function 
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The largest RMS value of 132 nm was obtained at 18 l/min nitrogen (Figure 3-10). No 

additional roughness was measured at greater nitrogen flow rates. Therefore, 18 l/min nitrogen 

was used for APP treatments for this study.  The increase in surface roughness by APP treatment 

is caused by the surface activation involving grafts of active chemical functions onto the surface 

[133]. Working distance was the distance between the plasma jet tip and the sample. WD was 

determined to be critical for effectiveness. Figure 3-11 shows increased surface roughness at WD 

of 20 mm. 

Degree of exfoliation depends on how platelets are modified and how well the intergallery 

is opened. Because of the small intergallery distance, high shear processes are needed to achieve 

exfoliation of nano-particles. Each platelet peels away from a stacked clay layer. WAXRD 

patterns of pure Laponite JS and PCNs are shown in Figure 3-12. As a silicate material, Laponite 

exhibits low angle peaks, much like natural MMT clay. Two high angle peaks were also 

observed for Laponites JS at about 48 degrees and 62 degrees. Therefore, according to Bragg’s 

law (d=nλ/2sinθ), d = 1 x 1.54 / 2 sin (48/2) = 1.89 Å and d-spacing for 62 degree = 1 x 1.54 / 2 

sin (62/2) = 1.50 Å. These d-spacings should correspond to the lattice spacings of the crystalline 

unit cells. The two typical peaks of Laponite JS at 48 and 62 degrees disappeared on curves in 

Figure 3-12 for exfoliated LP10PVA, LP30PVA and LP50PVA because of the exfoliation of the 

silicate or high disorder of the clay platelets [136]. However, as shown in Figure 3-13, a sharp 

strong peak at 48 degrees was shown at the unexfoliated LP20PVA, abbreviated as ‘LP20PVA-

UE’, which means that silicate layers were not delaminated nor dispersed. XRD patterns of PCN 

showed no peak between 40 and 70 degrees and signal intensities showed a broad hump between 

60 and 63 degree for LP30PVA and LP50PVA in Figure 3-12. This can be explained by 

Clay Exfoliation 
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exfoliated silicate layers of the clay mineral showing characteristic XRD pattern of amorphous 

material when platelets are randomly dispersed. This pattern is a characteristic XRD pattern of a 

clay-exfoliated type of polymer-clay nanocomposite [122]. The more clay added in PCN, the 

more distinctive the hump observed by XRD. However, if the clay platelets are fully exfoliated, 

d-spacing cannot be detected by the XRD method because the d-spacing would become too large. 

X-ray diffraction patterns of coated samples were also obtained at low angle range from 2 to 10 

degree as shown in Figure 3-14. As shown in this figure, the peaks for (001) plane around 5 to 6 

degree were disappeared for LP20PVA, LP40PVA and LP50PVA indicating that exfoliation of 

clay was achieved for these three samples. However, a broad peak which is shifted to lower 

degree from the (001) peak position was observed for the sample containing higher amount of 

clay. Partial exfoliation which is a mixture of partially exfoliated and intercalated structures was 

occurred for LP70PVA because the amount of polymer is not enough to approach the complete 

exfoliation of all clay resulting in some aggregated particles. 

PVA as a coating material for food packaging materials to reduce oxygen permeability has 

several advantages in terms of its structural properties as described in Chapter 2. The large inter- 

and intramolecular cohesive energy resulting from the highly polar hydrogen bonding provided 

PVA with excellent oxygen barrier properties at low relative humidites. Due to the combination 

of strong hydrogen bonding and high degree of crystallinity, PVA has lower oxygen transmission 

rate (OTR) values when comparing to PET by three orders of magnitude.  

Barrier Properties 

Clay platelets with large surface area and high aspect ratio were expected to show 

increased oxygen barrier properties in much the same way as increasing crystallinity of the 

polymer. Figure 3-15 indicates OTR was a function of clay concentration. Greatest barrier 

properties as indicated by lowest OTR values were obtained at 50 wt% of clay concentration in 
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the final dried film. Between 20 to 40 wt% of clay concentration, no significant difference in 

OTR values was observed. Additionally, dramatic increases in OTR values were observed for 

loadings in excess of 50 wt%. This is due to high degrees of reaggregation of clay resulting in 

reduced effective surface area per unit concentration as well as lower degrees of exfoliation 

caused by steric interference [7,44,63].  

Once high degrees of exfoliation are obtained, oxygen barrier properties are dominated by 

adhesion strength between PCN-coated layer and the surface of substrate. Therefore, it was 

found that quality of surface treatment plays a significant role in determining extent of barrier 

achieved with PCN barrier coatings.  

Figures 3-16 and 3-17 illustrate effects of parameters of APP treatment on OTR values. 

Similar tendencies were observed as a result of surface roughness. Figure 3-16 illustrates effects 

of nitrogen gas flow rate on the OTR values. Figure 3-16 shows that flow rate of nitrogen gas did 

not affect OTR, which was consistently in the range of about 10 cc/m2

DS of PVA used for making PCN solutions was important. Low DS PVA obtained from 

(Scientific Polymer Product co.) resulted in relatively poor control barrier coatings (0 wt% clay). 

High DS PVA obtained from Celanese resulted in good barrier properties with OTR values on 

the order of 10 cc/m

/day. Figure 3-17 shows 

effects of working distance on surface roughness. Working distance was shown to be critical. 

Poor results were seen when the plasma head was too close or too far away from test specimen. 

2/day. Decreasing DS leads to relatively fewer number of OH groups 

comparing to that of high DS as well as larger number of bulky side group which remained from 

precursor. Therefore, the combination of strong hydrogen bonding and high degree of 

crystallinity might be lower resulting in poor barrier property. MW of PVA did not appear to be 

significant. OTR values of PVA-coated PP specimen were given in Table 3-4. 
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Table 3-1. Specific data of PVA samples 
Grade DS MW Company 
Celvol107 99.3% + 31,000-50,000 Celanese Company 
Celvol425 95.5 – 96.5% 120,000-150,000 Celanene Company 
PVA-PH 88% 120,000-150,000 Scientific Polymer Product Co. 

 1)  High DS: 99.3 +, 2) Fully saponified: 93 - 98, 3) Intermediate saponified: 91-93, 4) Partially 
saponified: 88 

 

Table 3-2. Compositions of PCN solutions used for coating 
Sample name PVA grade (MW/DS) Clay (wt%) High shear process 

LP0PVA 31,000-50,000/99.3%+ 0 O 

LP10PVA 31,000-50,000/99.3%+ 10 O 

LP20PVA-EX 31,000-50,000/99.3%+ 20 O 

LP20PVA-UE 31,000-50,000/99.3%+ 20 X 

LP30PVA 31,000-50,000/99.3%+ 30 O 

LP40PVA 31,000-50,000/99.3%+ 40 O 

LP50PVA 31,000-50,000/99.3%+ 50 O 

LP60PVA 31,000-50,000/99.3%+ 60 O 

LP70PVA 31,000-50,000/99.3%+ 70 O 
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Table 3-3. Specific conditions of APP treatment 
Condition no.  N2

(l/min) 
 flow rate  WD  

(mm) 
Treatment times  Belt speed  

APP-Cond01  25  20 4  20  
APP-Cond02  20  20 4  20  
APP-Cond03  18  20 4  20  
APP-Cond04 15  20 4  20  
APP-Cond05 12  20 4  20  
APP-Cond06 20  30 4  20  
APP-Cond07 20  25  4  20  
APP-Cond08 20  20 4  20  
APP-Cond09 20  10 4  20  
APP-Cond10 20  5  4  20  

 

Table 3-4. OTR results of PVA coated PP specimens 
PVA APP condition 

(refer to Table 3-3) 
OTR value 
(cc/m2/day) MW DS (wt%) 

150,000 88 8 APP-Cond09 119.34 

150,000 95 8 APP-Cond09 8.05 

50,000 99 8 APP-Cond09 8.12 
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Figure 3-1.  SEM micrographs of Laponite JS powder (a) showing agglomerated feature as 
indicated as dotted arrows and grained region in a circled region and (b) layered 
features as shown in a dotted rectangle. (c) schematic structure of Laponite JS. 
Laponite JS consists of platelets containing Mg, Li, Si, O and Na cations in 
intergallery regions. Average aspect ratio of Laponite JS is between 25 and 55 and its 
bulk density and specific surface area is 950 kg/m3 and ca. 300 cm2

 

/g, respectively 
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Figure 3-2. A chemical structure of PVA. Depnding on x and y, DS of PVA is determined 

 

 

Figure 3-3. Schematic mechanism showing the formation of ideally exfoliated PVA/Laponite JS 
nanocomposite solution through the ordered experimental procedures  
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Figure 3-4. Schamtically illustrated experiment procedures 

 

 

Figure 3-5. Controllable variables when APP-treating the surface of i-PP 
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Figure 3-6. SEM micrographs taken at 6000X of (a) untreated surface, (b) APP-treated surfaces 
by APP-Cond06, (c) APP-Cond01 and (d) APP-Cond09 
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Figure 3-7. 3D surface and height images taken by AFM (contact mode) on a 20 x 20 µm2

 

 of 
untreated surface (a) and APP-treated surface by APP-Cond09 (b) 
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Figure 3-8. Influence of the flow rate of nitrogen gas which is one of the APP parameters; 3D 
surface images taken by AFM (contact mode) on a 50 x 50 µm2 of untreated surface 
(a) and APP-treated surface by APP-Cond01 (b), 02 (c), 03 (d), 04 (e) and 05 (f) 
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Figure 3-9.  Influence of the WD which is one of the APP parameters 3D surface images taken 
by AFM (contact mode) on a 50 x 50 µm2 of untreated surface (a) and APP-treated 
surface by APP-Cond06 (g), 07 (h), 08 (i), 09 (j) and 10 (k) 
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Figure 3-10. Influence of the flow rate of nitrogen gas which is one of the APP parameters on 
surface roughness 

 

 

Figure 3-11. Influence of WD which is one of the APP parameters on surface roughness 
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Figure 3-12. WAXRD patterns of the pure Laponite JS powder and several PCNs having 
exfoliated silicate layers in PVA matrix 

 

 

Figure 3-13. Difference in WAXRD patterns between LP20PVA PCN samples prepared with 
and without high shear process 

 (300) 

  
 

 (220)  

With Shear Process 

Without Shear Process 
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Figure 3-14. WAXRD patterns of several PCN-coated surface containing various amount of 
silicate particles obtained at low angle range from 2 to 10 degree 

 

 
Figure 3-15. Dependence of the content of clay loaded in PCN on OTR values 

 

(001) 
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Figure 3-16. Effect of the flow rate of nitrogen gas on OTR values 

 

 

Figure 3-17. Effect of the working distance on OTR values 
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EFFECT OF PH ON MICROSTRUCTURE OF LAYERED SILICATE AND BARRIER 
PROPERTIES IN NANOCOMPOSITE COATING SYSTEMS 

CHAPTER 4  

Introduction 

Properties of polymer clay nanocomposite (PCN) materials can be enhanced by altering the 

characteristics of filler particles due to competitive interactions between attractive forces of 

polymer chains and silicate layers, and electrostatic forces between silicate layers. One of three 

microstructures of silicate platelets in a polymer matrix (phase-separated, intercalated, and 

exfoliated) usually dominates when a composite is formed. Each microstructure can be tailored 

by adjusting a variety of factors such as silicate particle types [7,42,45], volume fraction of 

particles [57,60,69], and the processing techniques used [45,46,56]. 

The aim of this study was to optimize barrier properties of PCN films by designing and 

engineering the microstructure of silicate particles. According to the detour models of 

permeability [31], parallel platelets are required to be perpendicular to the permeation direction 

to achieve superior barrier materials. However, in real nanocomposite systems, crystallization 

characteristics of the polymer [137,138], degree of dispersion / exfoliation [63,69,96] and 

orientation of clay particles [63,96,139] will hinder ideal barrier routes. To minimize these 

possible hindrance factors and extend attainable detour length in composite materials, a dense 

stratification of silicate platelets using a polymer as a binder material to be attached to the edges 

of platelets was devised.  

The silicate particles used in this study was Laponite JS. The concentration of sodium ions 

over the whole surface range of the Laponite JS platelets in the intergallery regions was constant 

prior to addition of platelets into water. Initially, when clay platelets were added to the water, the 

clay powder formed the aggregated particle stacks. These stacks were separated and swollen by 

the hydration of sodium ions (Figure 4-1).  
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Hydrated sodium ions distributed in the intergallery are affected by two forces; 

electrostatic attraction with a negatively charged platelet surface and osmotic pressure caused by 

differences in chemical potential between intergallery phase and aqueous phase. The osmotic 

pressure applied to sodium ions at the edge of the crystal will be stronger than that at the center 

region. Furthermore, when two crystals approach, their mutual positive charges repel each other. 

Therefore, hydration of sodium ions and mutual repulsive forces open intergallery regions, 

lowering the osmotic pressure. As a result, sodium ions at platelet center are attracted more to the 

surface. Therefore this interaction resulted in concentration gradient of sodium ions over the 

surface of platelets proving that attractive forces of the platelet edge have been weakened and 

therefore displayed a relatively weaker positive characteristic due to lack of sodium ions (Figure 

4-2 (a)).  

To halt further diffusion of sodium ions and reach a stable equilibrium, addition of polar 

compounds is required. Addition of polar compounds results in a relatively weaker positive ions 

being attracted to the negative surfaces of adjacent particles forming a unique structure (Figure 

4-2 (b) and (c)). As a result of a series of these successive interactions in the system, ‘a house of 

cards’ structure consisting of weak ionic bonds is formed. The microstructure of clay platelets 

formed by obtaining ‘a house of cards’ structure of dispersed clay platelets in a water-clay-polar 

compound system will collapse when water molecules evaporates with an orientation of clay 

platelets in [001] direction. Dense stratified arrangement of clay platelets maintaining this 

orientation and stronger ionic bonding among platelets may be required. To maintain this unique 

collapsed structure and fill microvoids, a polymer thah attaches at specific locations as a filler 

and linker is required. Ogoshi and Chujo [140] proposed that optically transparent organic-

inorganic polymer hybrids with anionic polymers could be prepared by controlling pH in an 
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aqueous solution. They also reported that the structure of the anionic polymer, poly(acrylic acid) 

(PAA), could be controlled by varying the pH due to the electric repulsion between polymer 

chains. Gudeman and Peppas [141] also found that the swelling ratio of poly(vinyl alcohol) 

(PVA)/PAA interpenetrating network can be adjusted by varying pH value in an aqueous 

solution.  

In this study, PAA was used as a filler polymer. Anionic PAA can be prepared by placing 

PAA chains in a basic solution. As a result, PAA chains are extended by mutual electric 

repulsive forces between chains as the side chains are negatively charged (COO-). These PAA 

chains should be short enough to fill the microvoids. The driving force of PAA chains into 

microvoids is electric attraction (Figure 4-3(a)). 

PAA chains are attracted to the center of the platelets as the positive ions at the edge are 

relatively weak and already bonded with adjacent crystals forming ‘a house of cards’ structure. 

Weak shear forces helped the short PAA chains diffuse into the structure and, with time, 

reorientation of clay platelets removes shear forces. The drying process and appropriate degree 

of external pressure leads to dense stratified clay structure filled with small amounts of PAA 

chains. Therefore, anionic PAA attaches two crystals by electrostatic force and the ideal barrier 

structure may be obtained by forming densely stratified structure (Figure 4-3 (b)). In this study, 

the microstructure of clay platelets for better barrier properties was devised based on the concept 

suggested by Ebina [65] and Tetsuka [66]. The effect of pH on the microstructure of clay 

particles and barrier properties of resulting composite-coated films as well as visual evidence 

revealed during experimental procedures have been explored using MOCON, scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), fourier trnasform infrared (FTIR) 

spectroscopy, and x-ray diffractometer (XRD). 
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Experiments 

Preparation of Polymer Clay Nanocomposite Solutions at Various pHs 

‘A house of cards’ structure was identified by investigating the microstructure of clay 

aerogel. At first, a clay hydrogel was prepared from 15 wt% clay aqueous solution with 

ammonium chloride and sodium tetraborate as additives after aging for 24 hours. A clay 

hydrogel was frozen in 2L glass lyophilization shells at 173K (-100 oC) and a frozen clay 

hydrogel was sublimed using a labconco Freeze Dryer 8. Half-filled shells were rotated at 30rpm 

at a temperature of -80 o

To prepare composite coating solution, first of all, low molecular weight PAA (Degree of 

Polymerization (DP) of 25) was dissolved in distilled water and the pH of the mixture was 

controlled using aqueous HCl (1 M) or NaOH (1 M) solution. PAA chains under three different 

conditions (acidic, basic and intermediate condition) were prepared to compare effects of pH on 

the filling void and stratifying clay platelets. An amount of Laponite JS based on weight ratio of 

clay to PAA in the final dried film was added into deionized water gradually to prevent 

aggregation. Samples were premixed for 1-2 minutes with a magnetic stirrer. Polar compound, 

ammonium chloride (NH

C until frozen and the ice from frozen shells was then evacuated for 36 

hrs.  

4Cl) buffer solution, at 1 wt% (according to the amount of clay used) 

was added to solution to maintain ‘a house of card’ structure by lowering osmotic pressure in the 

intergallery. Prepared PAA stock solution was added into the clay mixture and mixed gently for 

1 hour with a magnetic stirrer. A prepared mixture of water, clay, polar compound, and PAA was 

degassed in vacuum to minimize structural defects by removing remaining flocculated or 

aggregated clay impurities. Specific conditions for preparation of nanocomposite solutions are 

listed in Table 4-1. A schematic of experimental steps is represented in Figure 4-4. 
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Coating Samples After Atmospheric Pressure Plasma Treatment 

The optimum conditions for atmospheric pressure plasma (APP) treatment were chosen 

based on the previous results [55]. These conditions were 18 l/min of nitrogen gas flow rate, 20 

mm of working distance, and 4 treatment times. Composite solutions were coated on isotactic (i-) 

polypropylene (PP) film after APP treatment to enhance adhesion. Surfaces of rigid PP were spin 

coated with 20g coating solution at fixed spin-coating parameters involving a two-step process. 

First step was 500 rpm for 1.5 min. Second step was 700 rpm for 30s.  The spin coater was a 

Model Laurell WS-400B-6NPP/LITE (Laurell Technologies Co., North Wales, PA). Samples 

were dried at ambient temperature in a vacuum desiccator.  

Characterizations and Analysis 

Chain conformations of anionic PAA in composite material were identified by Diffuse 

Reflectance Infrared Fourier Transform (DRIFT) Spectroscopy (Thermo Electron Magna 760, 

Thermo Scientific Inc., MA). The structure of the clay film was characterized by WAXRD 

(Philips XRD APD 3720 powder diffractometer, Philips Electronics, Mahwah, NJ). The change 

in spacing was measured using an X-ray diffractometer with a Cu anode (CuKα radiation λ = 

1.54056 Å) with a wide range scanning angle. Clay and clay composite powder were mounted on 

a sample holder with a large cavity; a smooth surface was obtained by pressing particles with a 

glass plate. A clay composite sample prepared by rod coating on a silicon wafer was compared 

with the composite powder to investigate effects of coating shear direction on orientation of clay 

platelets. X-ray diffraction patterns were obtained at the small angle range from 2o to 10o to 

investigate effects of polymer loadings on microstructures of clay platelets using WAXRD 

(Philips MRD X'Pert System, Philips Electronics, Mahwah, NJ) with a rotation anode and CuKα 

radiation. PCN-coated PP specimens were able to be used directly without a sample holder. 
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In order to analyze the morphological characteristics of clay aerogel and surfaces of 

composite films, those samples were sputter coated with gold-palladium alloy (Au-Pd) and 

observed using SEM (JSM-6400, Jeol Ltd., Tokyo, Japan). TEM (TEM-200CX, Jeol Ltd., Tokyo, 

Japan) micrographs of clay film showed microstructure of clay platelets. TEM was operated at 

an accelerating voltage of 200 kV. The dispersion liquid was dropped directly on a copper grid 

supported with a collodion membrane. Oxygen transmission rate (OTR) values of coated 

specimens were measured in accordance with the procedure described in ASTM D-3985 using a 

Model OX-TRAN 2/20MH (Mocon Corporation, Minneapolis, MN) to investigate barrier 

properties.  

Results and Discussion 

A House of Cards Structure 

‘A house of cards’ structure of Laponite JS clay powder in the aqueous solution was 

identified by investigation of the microstructure of clay aerogel. Figure 4-5 shows the changes in 

morphology from the clay powder to clay aerogel. As shown in SEM micrographs (Figure 4-5 

(a) and (b)), the structure of nanoclay powder as received was a randomly stacked aggregate 

while the clay aerogel (Figure 4-5 (c) and (d)) showed regular microchannels in the range of 5 – 

20 μm in the bulk. This structure is representation of a house of cards formation mechanism 

(Figure 4-2 and 4-3). Morphological features and formation of house of cards structure have 

been reported by several researchers [62,89,95,142]. Corresponding TEM micrographs are 

shown in Figure 4-6. Aggregated platelets are clumping together because of the van der Waals 

attraction in dry condition showing a large dark spot containing several dark lines which 

represent edge-standing platelets. However, clay platelets were arranged with three features tilted, 

edge-standing, and paralleled platelets to the surface through the formation of house of cards 

structure as illustrated schematically in Figure 4-6 (c). These three orientations result in confined 
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spaces for short PAA chains that are negatively charged to be diffused into microvoids by ionic 

attraction toward the center of the surface of platelets rather than platelet edges.  

Effects of pH on the Clay Platelet Microstructure 

It has already been reported that PAA changes depending on pH in an aqueous solution 

[141]. PAA chains under basic condition can be expanded by electric repulsive force according 

to the dissociation of ionic groups. Therefore, it was necessary to estimate the range of molecular 

weights of PAA to obtain a best fit on microvoids, which clay microstructure produces. It was 

assumed that PAA chains are fully extended under basic condition due to electric repulsion 

among adjacent carboxylate anions, end-to-end distance <R> (<R> = nl, where n is the number 

of repeat unit and l is the bond length) can be used to estimate an approximate molecular weight 

of PAA that can diffuse into the space of the densely stratified structure of clay platelets resulting 

from the collapse of the house of cards structure. Average surface diameter of Laponite JS is 55 

nm and bond length of C-C is 0.15 nm and therefore ‘n’ should be in the range of 1 and 336, 

which means that low molecular weight or oligomer of PAA is required.  

The chain conformations of anionic PAA in composite material were identified by DRIFT 

Spectroscopy as shown in Figure 4-7. The peaks at 1550 cm-1 and 1710 cm-1 are for C=O 

stretching vibration of the carboxylate anion (-COO-) and carboxylic acid group (-COOH), 

respectively. In the case of PAA under basic condition, relatively higher peak at 1550 cm-1 were 

detected, while the much higher peak at 1710 cm-1 for PAA under acidic condition were 

observed. Under acidic condition, short PAA chains will be entangled together rather than 

extended showing a critical concentration which will not allow PAA chains to diffuse into the 

clay platelets and this was confirmed by experimental evidence. Aggregated white small 

particles were dispersed in a composite gel as shown in Figure 4-8 in the case of the samples 

prepared under acidic and isoelectric point (IEP) conditions of PAA after 3 weeks storage.  
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These particles can be formed by two possible reactions. The first potential reaction is salt 

extraction caused by the sodium cations that diffuse from the intergallery region and dissociated 

chlorine anions from added ammonium chloride added. Second reaction can be a phase 

separation of entangled PAA chains due to the higher intra- and intermolecular hydrogen 

bonding in acidic conditions. To examine which reaction occurred in the system at various pH 

levels, SEM samples were prepared by drying the gel-like sample on a glass slide at 70 o

To investigate the specific differences in interspacing of particles among samples 

depending on pH and the relative amount of PAA in the composite system, three plots were 

obtained from WAXRD results as presented in Figure 4-10. These results confirmed the 

possibility of aggregated PAA particles observed during experiments. All samples showed a 

C for 1 

day. The white particles were mounted on the SEM sample holder using a sharp tweezers. Some 

small residual dried clay particles were shown adjacent to these larger particles and there are 

some coated layers along the surface of these particles (Figure 4-9). Particles sizes in acidic 

condition were larger than ones in Isoelectric Point (IEP) condition because there were more 

favorable interactions between PAA chains at lower pH resulting in larger sizes of particles of 

400 – 600 μm. Energy dispersive X-ray spectroscopy (EDS) result (Table 4-2 and Figure 4-9) 

showed that the white particle portion had greater amounts of C and O and relatively small 

amounts of Si atoms. Other spots on broken dried clay gel particles and coating layer showed 

higher intensity of Si and relatively weaker peaks of C and O. Therefore, phase-separated PAA 

particles are aggregated and dispersed in a clay gel. There were no particles in basic conditions 

of PAA after 6 weeks storage, which proves that diffusion of short PAA chains to the surface of 

clay platelets had occurred. Therefore, particles formed as a result of the phase separation of 

entangled PAA chains caused by effects of pH.  
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similar increase in d-spacing regardless of the amount of PAA used. Red lines represent 

positions of peaks for pure Laponite JS powder [143]. As shown in Figure 4-10 (a), the 

interplanar distances for (110) and (300) planes, corresponding to peak positions of 36.5 and 62 

degrees, respectively, showed some increases for all pH conditions, while the characteristic peak 

for Laponite JS at 47.6 degree showed much larger increase under basic conditions. Under acidic 

conditions, no peak for (005) plane at 27.5 degree was found. Among these three samples, 

having the lowest PAA contents, the largest overall increase in interplanar distances at pH 6 for 

all planes was observed.  

The peaks for (005) plane decreased as the amount of PAA increased as presented in 

Figure 4-10 (b) and (c). More PAA content resulted in disappearance of regularity of particle 

orientation by the insertion of PAA into the intergallery region. In the case of acidic conditions 

of (b), there was a significant increase for (100) plane from 20.4 to 16.3 degrees, which means 

the distance increased from 4.35 Å to 5.44 Å according to the Bragg’s law. This may be 

explained by the fact that entangled short PAA chains inserted into platelets and enlarged the 

spacing. pH 4 and 7 showed similar increases in interplanar distance of most planes. Less than 

critical amount of PAA has no effect on interplanar distances and subsequent microstructure of 

clay platelets. There was no change for (100) under acidic and IEP conditions when more PAA 

content were used (Figure 4-10 (c)) because more PAA increases possibility of forming phase-

separated PAA chains resulting in aggregates that are too large to be inserted between platelets. 

Under basic condition, the similar tendency for increase of each interplanar spacing is shown for 

all PAA content except for (005) and (110) planes. To investigate changes in position of (001) 

peaks depending on the amount of PAA at basic condition, X-ray diffraction was obtained at 

lower angle ranges from 2 to 10 degrees (Figure 4-11). As shown in this figure, the peak 
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observed in C5PA91BS disappeared at C5PA73BS and reappeared at C5PA55BS. This might be 

explained by a larger amount of oriented clay platelets in [001] direction resulting in a peak for 

C5PA91BS that contains more clay. However, this peak disappeared as the amount of polymer 

increased showing similar characteristic peaks with exfoliated samples (C5PA73BS curve of 

Figure 4-11). Finally this peak was shifted to a lower degree due to some diffusion of PAA 

chains into intergallery. Because of the relatively small aspect ratio compared to natural 

montmorilonite (MMT) or other clay types, it would be easier for the structure of Laponite JS to 

collapse by diffusion of polymer. Therefore, randomly collapsed structure of C5PA55BS could 

result in microvoids and subsequently showing poor barrier properties.  

Figure 4-12 shows TEM micrographs of samples prepared under basic condition (a) and 

acidic conditions (b) of PAA. Figure 4-9 (a) shows that there was no apparent feature of edge-

standing clay platelets or tactoids under basic conditions of PAA, while several black lines in (b) 

represent edge-standing clay tactoids were separated from entangled PAA chains. Effects of 

shear direction on orientation of clay platelets for coating processes were shown in Figure 4-13. 

Overall intensities of C5PA91BS_c (coated layer by a coating rod) were much lower than those 

of C5PA91BS_p (clay composite powder) and all peaks except for (005) plane disappeared. This 

suggests that clay platelets were oriented in the direction that was parallel to the shear direction 

as illustrated in Figure 4-13, which conforms to the relation of shear direction with relative 

orientation of clay platelets reported [39,60,95]. This shows that the coating processes with 

inherent shear direction such as rod coating, doctor blade, or calendaring promise orientation of 

filler particles in the composite system resulting in better barrier properties.  

Barrier Properties 

Barrier properties of prepared composite solutions with PAAs of different pH values were 

investigated by measuring OTR of prepared films from each solution. From our previous work 
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[55], it was reported that significant increases in OTR were observed for loadings in excess of 50 

wt%. This is due to high degrees of reaggregation of clay as well as lower degrees of exfoliation 

caused by steric interference. The amount of clay in this composite system is over 50 wt% and, 

according to our previous results, significant decrease in barrier properties should be observed 

regardless of pH of polymer used. However, C5PA91BS, which contains 90 wt% of clay in the 

system showed good barrier properties of 9 - 10 cc/m2

Figure 4-15 shows SEM micrographs of composite-coated i-PP surfaces. Figure 4-15 (a) 

and (b) shows small cracks in the coating surface and this lowered barrier properties of specimen 

dramatically by allowing gas molecules to contact to the substrate directly. The more PAA in the 

composite solution such as C5PA73 and C5PA55 added, the more cracks on the surface were 

observed, with associated high OTR values over 100 cc/m

/day, which is similar with OTR of 

composite solution coated specimens having lower clay content with good exfoliation. This 

lower OTR value could be approached by densely stratified structures as shown in Figure 4-14. 

The difference in microstructure of clay platelet resulted in different barrier properties at the 

same amount of clay. 

2

 

/day. Lower pH also has significant 

effects on barrier properties. The poor interactions between negatively charged PAA under lower 

pH and clay platelets squeezed polymer out from the microvoids and microchannel and resulted 

in many cracks on the coated surface (Figure 4-15 (c) and (d)). Figure 4-16 illustrates OTR 

results depending on pH, which confirm morphological features of the surfaces of coated layers.  
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Table 4-1. Specific conditions for the preparation of each specimen 

 
Table 4-2. EDS results for white unknown particles dispersed in clay composite solutions 
Element Spot 1 Spot 1-2 Spot 2 Spot 3 

Elmt % Atom % Elmt % Atom % Elmt % Atom % Elmt % Atom % 
C K 15.08 21.97 25.06 35.64 26.24 41.95 4.46* 8.38* 
O K 47.75 52.23 36.26 38.71 11.00 13.20 12.64 17.83 
Na K 2.64 2.01 1.50* 1.11* 3.57 2.98 29.81 29.25 
Mg K 23.61 16.99 20.55 14.43 13.22 10.44 15.19 14.10 
Si K 10.92 6.80 16.62 10.11 45.97 31.42 37.90 30.44 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
* = <2 Sigma 

#. Sample name Clay 
(wt%) 

PAA 
pH Ratio (by weight) 

1 C5PA91AS 5 2 9:1 
2 C5PA91IS 5 4 9:1 
3 C5PA91BS 5 6 9:1 
4 C5PA73AS 5 2 7:3 
5 C5PA73IS 5 4 7:3 
6 C5PA73BS 5 6 7:3 
7 C5PA55AS 5 2 5:5 
8 C5PA55IS 5 4 5:5 
9 C5PA55BS 5 6 5:5 
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Figure 4-1. Structure of silicate layers, Laponite JS when dispersed in water phase 
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(a)                                                                      

 
(b) 

 
 

(c) 

 
 
Figure 4-2. Schematic mechanism of ‘a house of cards’ structure (a) initial stage as a powder 

state, (b) the formation of concentration gradient of sodium ions in the intergallery 
regions and the addition of polar compounds and (c) the formation of ‘a house of 
cards” structure 
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(a) 

 
 

(b) 

 
 
Figure 4-3. (a) Schematic mechanism of ‘a house of cards’ structure through the diffusion of 

LMW anionic PAA chains into a clay structure and (b) expected ideal barrier 
structure 
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Figure 4-4. Schematically illustrated experiment procedures 
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Figure 4-5. SEM micrographs of (a, b) Laponite JS clay powder and (c, d) corresponding clay 
aerogel  
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Figure 4-6. TEM micrographs of clay aerogel consisting of three structural features, edge-
standing, tilted and paralleled as indicated as arrows 
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Figure 4-7. DRIFT results of composite samples of C5PA73 prepared at pH 2, 4, and 6  

 

 
Figure 4-8. Photographs of the states of composite solutions prepared under different pH 

conditions; (a) pH 2 (b) pH 4, and (c) pH 6 after 3 weeks storage 
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Figure 4-9. Picture of C5PA91IS solution after 2 weeks storage and SEM micrographs of its by-
product, white particles dispersed in the solution 
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Figure 4-10. Effects of the pH on the peak positions of XRD results depending on PAA contents. 

The positions of peaks for pure Laponite JS powder were indicated 
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Figure 4-11. Effects of the amount of PAA on the changes in basal spacing ((001) peak position) 

of PCN samples prepared at basic condition 

 

 
Figure 4-12. TEM micrographs of C5PA73BS (a) and C5PA73AS (b) 
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Figure 4-13. XRD results of clay composite powder (C5PA91BS_p) and corresponding coated 

layer by a coating rod (C5PA91BS_c) 
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Figure 4-14. Effect of clay platelet microstructure on barrier properties when the same amount of 

clay was arranged (a) as a randomly dispersed state and (b) as a stratified state. Red 
dot lines show the diffusion path of oxygen gas molecules through the PCN material  

 

 
Figure 4-15. SEM micrographs of nanocomposite-coated surfaces (a), (b) C5PA91BS (c) 

C5PA91IS (d) C5PA91AS 
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Figure 4-16. Dependence of permeability on pH and the amount of PAA for highly filled PCN 
coating system 
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THEORETICAL ESTIMATION OF BARRIER PROPERTIES OF POLYMER CLAY 
NANOCOMPOSITE CONTAINING TWO CLAY TYPES "PC2N" 

CHAPTER 5  

Introduction 

Polymer clay nanocomposite (PCN) are attractive for packaging materials because of 

superior barrier properties such as gas permeability and water vapor transmittance when 

compared to conventional polymer materials. As explained in previous chapters, barrier 

properties of PCN are affected significantly by the arrangement and orientation of platelets in the 

polymer matrix. Gas permeability in PCN is a function of the aspect ratio, volume fraction, and 

relative orientation of anisotropic nanoclay filler in the polymer matrix. Impermeable platelet 

arrangement and/or aspect ratio will result in the extension or reduction of the diffusion path as 

suggested by Nielsen [31].  

Recently, improvements in the gas barrier properties of PCN especially at low 

concentrations of clay platelets (below 5 wt%) have been widely reported and it is important to 

use model to predict the optimized barrier properties. Several models [31,91-93,96] which are 

based on a tortuous path of diffusants have been proposed to relate permeability of PCN to 

volume fraction, particle dimension and arrangement of filler particles. To date all models 

predicting the barrier properties of PCN are based on using one nanoclay type. In order to obtain 

super barrier properties which cannot be prepared by using one nanoclay in PCN, new types of 

microstructure are required. The author anticipated that by inserting small-sized clay particles in 

the intergallery region of large platelets, the tortuous path, which diffusants need to travel around, 

is expected to be maximized. Recently, the same type of microstructure consisting of two 

different clay types was suggested by Stefanescu et al [144,145]. This work proved that the 

mechanical behavior of PCN could be controlled by adjusting the ratio of Laponite (small aspect 

ratio) to montmorilonite (MMT) (large aspect ratio) in PEO matrix. Stefanescu et al. also 
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proposed an idealized orientation for two clay types. However, no model has been proposed to 

predict the idealized microstructure and subsequent optimized barrier properties for PCN of two 

clay types. In this study, estimation of relative permeability (Rp) of PCN consisting of two clay 

particles having different aspect ratios (PC2N) is modeled by modifying existing tortuosity-

based models in order to explore the benefit of using two different particle types and compared 

with experimental Rp

Experiments 

 results of several PC2N specimens 

Preparation of PC2N Films 

In order to compare with the barrier model and equation, brief experiments were conducted. 

Cloisite Na+ (CNa), Cloisite 30B (CL30B) and synthetic layered silicate, Laponite JS (Southern 

Clay Products, Louisville, KY) were used to prepare a PC2N solution. Table 5-1 lists the specific 

information on the clays used. A 7 wt% poly(vinyl alcohol) (PVA) (Sigma-Aldrich co, St. Louis, 

MO; Mn = 132,000 and degree of saponification = 99%) aqueous solution was prepared as the 

polymer matrix. Organic ammonium chloride (OAC), [2-(Acryloyloxy)ethyl]-trimethyl 

ammonium chloride was used for an intergallery modification reaction of the natural clay. Two 

PCN solutions were prepared following the procedures reported in16-22. To prepare a PC2N 

solution, polymer stock solution was prepared by dissolving high molecular weight (HMW) 

PVA in deionized water at elevated temperature and stirring with magnetic stirrer. Laponite 

powder was added in predetermined amounts of deionized water with vigorous agitation with a 

mechanical stirrer at room temperature until all powder was well hydrated. Aging was required 

to complete hydration. Laponite solution was added to polymer stock solution with agitation. 

Vigorous agitation with a mechanical stirrer for 10 minutes was conducted to prepare a 

completely exfoliated Laponite in a PVA matrix. The intergallery of Cloisite platelets was 

modified with OAC and prepared as an aqueous solution and then added to a PCN solution 
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consisting of PVA and Laponite. Further shearing with a mechanical stirrer was required for the 

final insertion process. This process was carried out by inserting PVA mixed with the smaller 

Laponite particles into the intergallery region of Cloisite. All prepared solutions were arranged as 

films with the size of 4 inch diameter by a casting method using a Teflon petridish. 

Characterizations 

Oxygen transmission rates (OTR) of prepared film specimens were measured in 

accordance with the procedure described in ASTM D-3985 using a Model OX-TRAN 2/20MH 

(Mocon Corporation, Minneapolis, MN). Permeation cell area was 50 cm2. Table 5-2 lists the 

specific experimental conditions followed to prepare each composite sample and the associated 

OTR results. Rp

Discussion of Model and Results 

 values for samples were calculated by Equation (5-1) with obtained OTR values. 

Optical transmittance values were measured using an UV-visible photometer with wavelength 

range of 350 – 800 nm. 

PC2N consists of two clay types such as clay 1 a natural MMT with a large aspect ratio 

and clay 2 a synthetic layered silicate particle with a relatively smaller aspect ratio. Figure 5-1 

shows relative dimensions of clays used. Synthetic layered silicates are aligned readily as a 

‘house-of-cards’ structure due to the smaller aspect ratio and their charge interaction along the 

electrical double layers resulting in good exfoliation with relatively weak shear forces 

[89,118,142]. A natural MMT can also be exfoliated or intercalated by the surface-modification 

of nanoclay and subsequent shear processing as reported in many papers [39,43,74,118,146].  

High barrier properties may be achieved by designing the maximum detour length in the 

microstructure of PC2N composite materials. Based on detour theory, Rp of PC2N system is 

given as Equation (5-1)  
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Where, L1, L2 and H1 can be defined as lateral length including edge-to-edge distance, 

(l1+b1) and (l2+b2) of clay 1 and 2 and vertical length (h1+w1

Figure 5-2 represents how the ratio of volume fraction of clay 2 to clay 1 affects R

) occupied by clay 1 per unit 

volume, respectively. 

p of 

PC2N system, which is calculated from Equation (5-1). Rp decreases linearly as total volume 

fraction of filler increases, but there is no apparent difference among the five ratios showing a 

completely overlapped line. The effect of increased da caused by an increase in the quantity of 

clay 2 on Rp might be diminished by the lower quantity of clay 1 platelet in the system. There 

was no difference in Rp values when one clay type systems and two clay types systems were 

compared. Therefore the fact that Rp

Figure 5-3 shows R

 of PC2N can be determined by total volume fraction of two 

fillers can be confirmed theoretically, the model and the equation established in this paper is 

important for predicting the relationship between permeability and microstructure of particles in 

the matrix. 

p for various composite systems with the ones as shown in Table 5-2. 

OTR value of HMW PVA film was 34.5 cc/m2/day and Rp

o
p P

PR =

 values of all composites were 

calculated using Equation (5-2).  

                                                                                                                                   (5-2) 

Where, P and Po are permeability of polymer clay nanocomposites and that of matrix 

polymer without nanoclay, respectively. P, L, and 30B represent HMW PVA, Laponite JS and 

Cloisite 30B, respectively. Therefore, PC2N Sample ‘PLCNa’ consists of HMW PVA, Laponite 
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JS and CNa. There is no significant change in OTR values when varying the size of particles at 

the same total fraction of particles for the composite films prepared as expected from theoretical 

values as shown in Figure 5-2. Contrary to our expectation, in fact, there was no significant 

effect of inserting smaller nanoclay into the interspacing between larger clay platelets on Rp

21 :φφ

 of 

PCN. However OTR values of composite films containing 30B were lower apparently than those 

of others composites in Figure 5-3. That is because that larger size particle exhibited better 

barrier properties as expected in Bharadwaj’s model [96]. The reason that both two values for 1:0 

and 0:1 of  are similar in Figure 5-2 may be explained the fact that orientation was not 

incorporated into this model. Also deviations caused by lateral distances, b1 and b2

Although extended experiments need to be done with this concern, our preliminary results 

clearly shows that, though higher volume fraction of clay particles led to lower permeability, the 

ratio of three components in the PC2N system should be optimized to take advantage of the 

properties of each clay platelet. For example, while Cloisite gives poor transmittance and 

relatively heavier weight, it exhibits better barrier properties. Therefore when mixed with 

Laponite much improved transmittance and reduced weight can be obtained while maintaining 

similar barrier properties. This fact could be confirmed by the results in Figure 5-4 and 5-5. 

Generally, properties of a matrix such as the degree of crystallization and the size of spherulites, 

 at lower 

volume fractions may have affected permeability. Considerations such as the orientation of 

particles, the possibility of existing aggregated particles in the matrix, and actual lateral distances 

were not considered here. Even though there have been limiting factors for accuracy of the 

model, some consistency between theoretical expectation and real permeability that volume 

fraction of clay particles in PC2N system is significantly affects permeability rather than the 

relative size of two particles was observed. 
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the interfacial refractive index difference between matrix and filler particles, and the size of 

dispersed particles determine the optical transmittance of polymer composites [82,147].  

The scattering of light by well dispersed particles in matrix which are much smaller than 

the wavelength of incident visible light will lead to Rayleigh scattering. Therefore Laponite JS 

with the average aspect ratio of 25 nm was able to produce a near transparent film. However 

CL30B with higher aspect ratio can be utilized only for a better barrier material because of its 

high density and poor optical transmittance. PLCNa which is a PC2N composite shows median 

transmittance value between those of PL and PNa. 

Derivation of Barrier Equation for PC2N 

In order to develop a model to estimate Rp of PC2N, several assumptions were made. First 

it was assumed that clay platelets have no effect on crystallization of the polymer matrix as 

assumed in other detour-based models. The second assumption was that lateral separations 

(edge-to-edge distance) ‘b1’ and ‘b2’ were much smaller than the lengths of particles ‘l1’ and ‘l2

In order to reduce the complexity of PC2N model, the author also assumed that both clay 

types maintained a parallel arrangement to the surface of specimen as shown in Figure 5-1. The 

direction of diffusion is normal to the surface. R

’ 

respectively as shown in Figure 5-1.  

p

o
p P

PR =

 can be defined as permeability of PCN film 

relative to unfilled film. 

                                                                                                                                   (5-2) 

Where, P and Po are permeability of polymer clay nanocomposites and that of matrix 

polymer without nanoclay, respectively. Assuming clay platelets as impermeable crystalline 

domains in semicrystalline polymer matrix based on Klute’s theory [94], Equation (5-2) can be 

also defined as Equation (5-3) 
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)()1( TTPR φξφ−=                                                                                                                      (5-3) 

Where, Tφ  and ξ  are total volume fraction of clay particles in PCN and a function for the 

reduction of permeability due to the nanoclay particles, respectively. As with other researches 

the authors have made the assumption that the polymer matrix is unconfined. Therefore the 

permeability is only a function of the volume fraction of filler, i.e. nanoclay, when all the 

variables are fixed. The total volume of nanoclays, Tv , in the polymer matrix is defined as 

Equation (5-4), 

21 vvvT +=                                                                                                                                  (5-4) 

Where 1v is volume of nanoclay type 1 and 2v  is that of nanoclay type 2. The authors have 

assumed as with Bo Xu et al [93] and Saunder et al [95] that the shape of a nanoclay platelet is a 

hexahedron which its length and depth are equal. Therefore total volume of nanoclays is  

2
2
21

2
1 wlwlvT +=                                                                                                                          (5-5) 

And, based on the effective volume model suggested by Saunders et al [95], the effective 

volume model for this system is modified as illustrated in Figure 5-6. As shown in Figure 5-6, 

the left top quadrant is an effective volume which is dispersed uniformly in the whole system. 

This unit space represents the whole composite system, which contains both nanoclay types 

arranged in layers. Each unit cell is defined by the length of the larger nanoclay platelet. The unit 

cell cannot be smaller than this dimension. A number of the smaller nanoclay platelets can 

occupy a layer in the unit cell and the total number of the smaller platelets, n, is dependent of the 

size of this platelet. 

Total volume fraction of nanoclays can be defined as Equation (5-6).  

221121 effT vNvN +=+= φφφ                                                                                                       (5-6) 
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Where 1φ , 2φ  are the volume fraction of particles 1 and 2, respectively, and N1 and N2

121 =++=+ polymerPolymerT φφφφφ

 

represent the number of nanoclay 1 and 2 per unit volume within the effective volume of clay 1, 

respectively. Note that total volume fraction in the composite system can be regarded as 

. Once the fully occupied nanoclay 2 platelets between two 

larger platelets is regarded as a tactoid which moves together, the volume fraction of clay 2 can 

be estimated using effective volume of clay 2 instead of the volume of clay 2.  

The number of clay platelets of type 2 (N2) should be described in a different manner than 

N1 because effective volume of clay 2 falls within the effective volume of clay 1 (Veff1

)()( 11
2

111 whblveff ++=

) by the 

assumption. Since the effective volumes for clay 1 and clay 2 are calculated from 

                                                                                                             (5-7) 

)()( 22
2
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Total number of nanoclay per unit volume in the system, NT

2

2
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1
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 can be written as following 

                                                                                                        (5-9) 

Equation (5-10) and (5-11) are obtained from Veff and the definition of N1 and N2
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The tortuous path (d') per unit volume of diffusant may be estimated by summing lateral 

distances that a diffusant must travel due to particles (da) per unit volume relative to the shortest 

path through unfilled polymer (d) per unit volume. The distance of diffusant through the matrix 

without filler can be calculated from Equation (5-12). The additional lateral distance created 
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when clay 2 particles are embedded into the gap between the layers of clay 1 particles (da2) per 

unit volume is described in Equation (5-13) and total detour distance (da

)()( 11
1

1
111 hw

v
hwNd +=+=

φ

) per unit volume caused 

by all fillers in the system may be estimated from the extended term as given in Equation (5-14). 

Note that the dimension of all tortuous path described here is length/volume and the ‘N’ is also 

the number per unit volume.  
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From Equation (5-11), nl may be expressed as Equation (5-15) 
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According to the definition of da, maximum values of da promise the longest path distance 

corresponding lower Rp
)( Tφξ values. By the definition of , 









++






 +

+





 +

+
==

)(
22

)()(

11
22

2
11

1

111
'

hwblNblN

hwN
d
d

Tφξ

                                                          (5-16) 

Therefore Rp
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 of PC2N system is given as Equation (5-17) after combining Equation (5-3) 

and (5-16) 

                                                                                                     (5-1) 
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Where, L1, L2 and H1 can be defined as lateral length including edge-to-edge distance, 

(l1+b1) and (l2+b2) of clay 1 and 2 and vertical length (h1+w1

 

) occupied by clay 1 per unit 

volume, respectively. 
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Table 5-1. Specific information of all clays used for the preparation of PC2N 
  Cloisite 30B Cloisite Na+ Laponite JS 
d-spacing h (nm) 1.85 1.17 0.001 
aspect ratio l (nm) 200-1000 75-150 25 
avg. aspect ratio* l (nm) 600 112.5 25 
 w (nm) 1 1 0.92 
lateral spacing** b = l/10 (nm) 60 11.25 2.5 
Density ((g/cm3 1.98 ) 2.86 0.95 

*, ** these two values are based on the assumptions of the Rp
 

 equation of PC2N 

Table 5-2. Specific experimental conditions for the preparation of composite films 
samples Conc. of PVA (wt%) Φ1** Φ2** Φt OTR (cc/m2/day) 
P 7 0 0 0 34.500 
PL 7 0 0.050 0.050 0.734 
PCNa 7 0.050 0 0.050 0.650 
P30B 7 0.050 0 0.050 0.488 
PLCNa* 7 0.025 0.025 0.050 0.657 
PL30B* 7 0.025 0.025 0.050 0.504 
*PC2N, **1; Cloisite Na+

 
 or 30B, 2 ; Laponite JS 
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Figure 5-1. Schematic diagram showing a filled polymer with (a) one clay type and (b) two 
different clay types (dark rectangle represents clay 1 with the dimension of width of 
w1 and length of l1 and grey scaled rectangle is clay 2 with the dimension of width of 
w2 and length of l2. The separations of each particle are denoted as b1 and b2 for 
lateral edge-to-edge distance and h1 and h2 for face-to-face distance between the 
same clay type platelets. The face-to-face distance between two different type 
platelets is denoted as h12. Note that the dot line is the tortuous path for a gas 
molecule in PCN (P) and thick solid arrow line can be described as the shortest path 
(d) through unfilled polymer (Po

 

)) 
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Figure 5-2. Effect of the total volume fraction of clay2 on the relative permeability of PC2N: 

obtained by Equation (5-1) from l1= 100 nm, l2= 5 nm, w1 = w2 = 1 nm, b1= l1/10, 
b2=l2/10, h1= 1 nm, h2= 0.001 nm 

 
Figure 5-3. Actual relative permeability of various composite films calculated from OTR values 

measured by MOCON 
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Figure 5-4. Optical transmittance of composite films at the visible wavelength range (350 – 800 

nm) 

(A)

(B)

(C)

(D)

(E)

(F)

 
Figure 5-5. Pictures of prepared transparent and translucent composite film samples: (a) PVA, 

(b) PL, (c) PLCNa, (d) PCNa, (e) PL30B, and (f) P30B 
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Figure 5-6. Parallel arrangement of two nanoclays in an effective volume: ‘n’ is the total number 

of the smaller platelets which can occupy in a layer in the unit cell and ‘l’ is the 
number of layers in the unit cell. Others are defined in the caption of Figure (5-1) in 
the Discussion Part. 
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EFFECT OF POLY(ACRYLIC ACID) ON BARRIER PROPERTIES OF HIGHLY FILLED 
NANOCOMPOSITE FILMS 

CHAPTER 6  

Introduction 

In order to enhance barrier properties, extending tortuous path a permeant molecule should 

travel is indispensible to polymer clay nanocomposite (PCN). This has been approached by 

dispersing impermeable fillers in polymer. Because extending tortuosity is achievable using 

completely separated and dispersed nanosized clay fillers, researches to lower permeabilities of 

PCN have been focused on obtaining better dispersion and exfoliation of clay platelets in various 

polymer matrices [46,53,54,148-151]. However, a PCN in which nanoclays are completely 

separated and dispersed has not been satisfied for practical barrier applications. Triantafyllidis et 

al reported a preparation of an epoxy-clay fabric film composite with significant oxygen barrier 

property enhancements via a partial ion-exchange reaction [9]. Oxygen permeability of resulting 

specimens was lowered by 2 to 3 orders of magnitude when compared to a pristine polymer film 

and by 3 to 4 orders of magnitude when compared to a pristine clay film. Because of an intrinsic 

nature of thermoset epoxy resins, it was difficult to obtain a good film flexibility. Achieving film 

flexibility and super barrier properties can be obtained by designing a new microstructure of clay 

platelets using negatively charged organic molecules as a binder additive. As introduced in 

Chapter 2, Ebina et al [65] successfully prepared flexible transparent clay films with high barrier 

properties. These films were made based on a hypothesis that significant reduction in barrier 

properties can be obtained by maximizing tortuous path. Due to highly dense self-laminating 

microstructures of clay platelets, maximized tortuous path and good flexibility were able to be 

realized. One challenge for PCN design proposed by Ebina is that clay films can be readily 

damaged and its shape can be distorted as a result of minor contact under humid conditions due 

to swelling of natural montmorilonite (MMT) clay by water molecules. Water content in clay 
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films is important as it will contribute to better flexibility. Therefore a critical quantity of water 

molecules is required to maintain moderate flexibility of the films. 

In this work, existing concept of stratified microstructure reported by Ebina [65,66] was 

studied and developed to achieve a film for enhanced barrier applications. Effects of polymer 

loading in clay films on barrier properties and resulting microstructures of clay platelets were 

investigated. Exterior layers were formed to prevent the swelling of clay films and to promote a 

better flexibility.  

Experiments 

Preparation of Highly Filled Nanocomposite Films 

Closite Na+

The mixture was degassed in vacuum for 1 hour and then poured onto a Teflon caster, 

dried in hot oven at 60 

 (CNa), a natural MMT (Southern Clay Products, Louisville, KY) powder was 

dispersed slowly in distilled water using a high shear agitator for 3 hours. Poly(acrylic acid) 

(PAA) with average molecular weight (Sigma Aldrich, St. Louis, MO) of 250,000 was dissolved 

in distilled water and pH of prepared PAA solution was controlled using aqueous HCl (1 M) or 

NaOH (1 M) solution. Negatively charged PAA was attained by setting pH of the mixture to 

basic condition [140,141]. These negatively charged PAA binder molecules will attach to edges 

of clay platelets. Prepared PAA stock solution was poured into a clay solution and mixed for 

another 2 hours. Table 6-1 lists corresponding relative amounts of clay and PAA for each sample.  

oC for 15 – 20 hours. Formed film specimens was detached from the 

caster and dried at room temperature for several minutes. To prevent swelling of clay films by 

water molecules, poly(vinyl butyral) (PVB), B60H (Kuraray Inc., Japan) solution dissolved in 

ethanol with a concentration of 5 wt% was used as an exterior coating. Clay films were dip 

coated in PVB solution and dried overnight at room temperature. Thicknesses of prepared films 

were measured using a micrometer and compared with scanning electron microscopy (SEM) 
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micrographs with error ranges of ±1 μm. Figure 6-1 represents schematic of experiment 

procedures for preparing highly-filled PCN film coated with PVB. 

Characterizations 

Microstructures of clay platelets were characterized by x-ray diffractometer (XRD) 

(Philips MRD X'Pert System) using CuKα radiation (λ = 1.54056 Å) with a range of scanning 

angle from 2 to 10 degree. Transmission electron microscopy (TEM) (TEM-200CX, Jeol Ltd., 

Tokyo, Japan) also was used to investigate orientations of clay. An accelerating voltage of 200 

kV was used for TEM analysis. Dispersion liquid is dropped directly on a copper grid supported 

with a collodion membrane. Field emission SEM (FE-SEM) (JEOL JSM-6335F) was conducted 

on fractured crosssection areas of film specimens as well as film surfaces. Film samples for FE-

SEM were sputter coated with gold-palladium alloy (Au-Pd). Submicron-detailed surfaces 

characteristics were obtained under ambient conditions using atomic force microscopy (AFM) 

(AFM Dimension 3100, Veeco Co.) by tapping mode within 5 x 5 μm2 areas. Oxygen 

transmission rate (OTR) value, which is a steady-state rate of transmission of oxygen gas, is 

widely used as a standard method for estimating barrier properties of a material; it is defined as a 

quantity of oxygen gas passing through a unit area of parallel surfaces of a plastic film per unit 

time under conditions of test. OTR of samples were measured using a procedure and instruments 

(Model OX-TRAN 2/20 MH module, MOCON Co.) described in ASTM D3985-05. Flexibility 

of obtained film specimen was measured using an intuitive curvature test as shown in Figure 6-2. 

In a curvature test, three points, A, B and P on a curved line were fixed and r values, radius of 

curvature at P from a point o, center of curvature for P were measured. Local curvature of k was 

obtained by taking a reciprocal value of r. Endothermic heat flows of these composites were 

measured using Differential Scanning Calorimeter (DSC) (MAS-5800, model DSC 200). All 
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samples were tested in crimped aluminum pans at a heating rate of 25 oC/min under dry nitrogen 

gas over a temperature range from 25 to 300 oC. Dynamic weight loss tests were conducted by 

using the same instrument. All tests were performed using sample weights of 10-12 mg at a 

heating rate of 5oC/min over a temperature range from 30 to 250 o

Results and Discussion 

C. 

Variables Affecting Barrier Properties 

In general, it has been reported that barrier properties of polymeric clay nanocomposite 

materials are improved as weight fraction of embedded fillers increases. However, variances of 

OTR of highly filled nanocomposite samples resulted in a completely different tendency with 

that of conventional PCN system where nanoclay loading is usually less than 10 wt%. As 

observed in Figure 6-3, barrier properties deteriorated as wt% of polymer decreased. Densely 

arranged unique microstructure of clay platelets and filling voids theory suggested by Beall [112] 

can be two explanations for this counter tendency. Detour paths of oxygen molecules resulting 

from randomly dispersed filler particles will not be an important factor for barrier properties of 

highly filled nanocomposite materials. Rather, it is important to compare morphological features 

to analyze roles and effects of polymer loading on barrier properties. Morphological feature of 

clay platelets in nanocomposite film specimens were observed using SEM. Figure 6-4 represents 

a proposed microstructure of clay platelets and PAA chains schematically with SEM 

micrographs of prepared film samples. As reported by Ebina, negatively charged PAA chains 

under basic conditions lead to parallel arrangement by promoting edge-to-edge attachment 

among clay platelets as shown in Figure 6-4. This arrangement is unlike the ‘house of cards’ 

structure formed in Laponite JS aqueous solution as observed in Chapter 4. A face-to-face 

arrangement of CNa is due to high aspect ratio (Aspect ratio is ca. 75-150 nm [85]). CNa clay 

spontaneously arranges its platelets in a (001) direction [39]. Arrangements of CNa clay platelets 
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at various polymer loadings were confirmed by SEM micrographs of cross-section area and 

XRD analysis. For all SEM micrographs of film specimens, intrinsic sinusoidal morphology of 

clay platelets was observed. A notable difference is a chevron pattern which was observed in 

Figure 6-5 (a). This pattern disappeared and debris was reduced as PAA loading increased. This 

indicates that negatively charged PAA chains plays a significant role in determining specimens’ 

brittleness affecting therefore barrier properties. CN3P0 containing no polymer showed more 

winding features, which produced more microvoids between platelets. In fact, because of highly 

brittle characteristics of CN3P0 specimen, OTR measurement was not able to be conducted. Use 

of PAA polymer to organize clay platelet by inducing edge-to-edge arrangement and fill up voids 

made it possible to improve barrier properties. OTR was lowered when polymer loading 

exceeded 23 wt%. The lowest OTR value was recorded at 50 wt% of polymer composition.  

PAA attached to clay platelets’ edge resulting in more curved features and these features 

were found in (e) and (f) in Figure 6-5. When PAA loading exceeded critical amount which is 

required to induce clay platelets’ edge-to-edge attachment, excess PAA might diffuse into 

microvoids which were resulted from winding features of clay platelet microstructure. Some 

microvoids were filled with these PAA chains resulting in dense structure as shown in CN3P70 

(e) and CN3P100 (f) of Figure 6-5. Therefore it could be deduced that enhanced barrier 

properties of CN3P70 and CN3P100 were caused by densely stratified microstructure of clay 

platelets and polymer-filled voids. 

Difference of microstructural features was investigated using X-ray diffraction as 

illustrated in Figure 6-6 (a). There was no difference in peak positions for all the samples 

indicating that the polymer chains were not diffused into the intergallery region between clay 

platelets. Stacked clay platelets were bound to each neighbor by ionic bonds with the aid of 
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negatively charged PAA chains. Full Width at Half Maximum (FWHM) values were measured 

to compare a degree of orientation as shown in Figure 6-6 (b). Like that more flatten 

morphological features of clay platelets were found as polymer loading increased in Figure 6-5 

SEM micrographs, FWHM values decreased suggesting improved orientation was obtained at 

higher polymer loadings. Decreasing FWHM values with increasing polymer loadings also 

suggested that higher crystallinity was achieved as polymer content was increased. This 

supported OTR results; lower OTR values were obtained at higher polymer loading as oxygen 

molecules were blocked more.  

DSC results as shown in Figure 6-7 also showed the same crystallinity tendency. Total 

crystallinity of a polymer is a dominating factor which makes it possible to analyze barrier 

properties to gas molecules among samples comparatively. However, it should be noted that 

polymer free volume, and diffusion gas type need also to be considered. 

According to a barrier mechanism, a penetration of oxygen molecules initiates with an 

adsorption on polymer film surfaces prior to diffusion into films’ interior. However, if there are 

some micro- or macro-sized cracks on film surfaces, oxygen molecules will go through the film 

directly without any adsorption on polymer surfaces. Therefore it is necessary to compare an 

amount of polymer and cracks on surfaces, and to relate their surface characteristics to barrier 

properties. Surface characteristics were analyzed by performing SEM and AFM. Figure 6-8 is 

SEM micrographs of nanocomposite films with various amounts of PAA. Micro-sized cracks on 

surfaces observed in CN3P0 (a) and CN3P10 (b) resulted from lack of polymer; film surfaces 

were easily damaged due to low polymer loading. Therefore, OTR values for samples with high 

polymer content were lower by having less probability of a direct diffusion through cracked 
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regions into interior regions. Excess polymer enhanced barrier properties by filling cracks on the 

film surface retarding total diffusion time of gas molecules.  

Roles of Poly(vinyl) Butyral Layer 

Clay films have several drawbacks in that these films are so brittle and susceptible to water 

molecules. Highly filled nanocomposite films which were prepared based on spontaneous 

arrangements of clay platelet also had similar drawbacks with those of clay films. Exterior PVB 

layers were used to enable PAA/CNa nanocomposite films for use as practical barrier 

applications. Two main roles of PVB layer were to prevent swelling of clay with water 

molecules and to improve flexibility of films. As PVB layer was nonsoluble in water, penetration 

of water molecules was prevented. Degree of physical interlocking which can determine 

adhesive property between PAA/Clay films and the PVB coating was estimated by examining 

surface roughness. SEM micrographs of surfaces indicated that high polymer loading contributed 

to a smoother surface of resulting films. However, surfaces became rough when amount of 

polymer exceeded 33 wt% (from CN3P30 to CN3P50). A smoother surface returned at 50wt% 

(CN3P100) of polymer loading as shown in (f) of Figure 6-8. This tendency was confirmed again 

with RMS data analyzed by AFM as provided in Figure 6-9.  

A large RMS value of CN3P10 was caused by weakly attached stacked clay platelets and 

broken pieces of this brittle specimen, thereby contributing to increased roughness. The largest 

root mean square (RMS) value was shown in the case of CN3P70. The largest RMS value of 

CN3P70 might be due to large aspect ratio of CNa clays showing more curved morphological 

features. At film surfaces some of these clay platelets protruded their surface layer. This effect 

was also enhanced by large excess in PAA polymer chains which were diffused in microvoids. 

Increased amount of polymer of CN3P100 lowered RMS value significantly than that of 

CN3P70. A reason that CN3P100 has a lower RMS value could be due to protruded edges of 
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curved platelets of tactoids which were covered by polymer making it smoother. This was drawn 

schematically in Figure 6-10.  

To identify excess polymer on surfaces and effects of this excess polymer on roughness 

specifically, several 3D surface images with two 2D phase contrast images of CN3P10 and 

CN3P100 and Power spectral density (PSD) were obtained as shown in Figure 6-11 and 6-12, 

respectively. 3D height contrast images of samples showed a good match with RMS values and 

SEM surface images. 2D phase contrast images (f) and (g) illustrated well differences in amount 

of excess polymer on surfaces. A polymer phase which is close to viscoelastic materials exhibits 

a high phase angle between a cantilever response and that in free air. This corresponds to 

brighter region in a phase contrast image. Lower phase angle is usually observed as darker region 

which is more elastic. This difference in phase contrast image of tapping mode depending on 

phase angle was shown in (h) Figure 6-11 [152]. Therefore phase image of (g) CN3P100 was 

much brighter than (f). PSD is a good indicator to investigate correlation lengths of rough 

surfaces. Lower frequency region exhibits a macro-sized roughness and higher frequency is a 

micro-sized roughness which is required to know overall roughness of a sample. All samples 

showed similar tendency for lower frequency regions as shown in Figure 6-12. However, 

CN3P70 has higher micro roughness than CN3P100, as excess polymer covered micro-sized 

rough surfaces.  

Flexibilities of obtained specimens were tested using an intuitive curvature test. During 

sample tests, no visual delamination of PVB layer from surfaces of nanocomposite films was 

observed proving good adhesion between highly filled nanocomposite film and PVB layer. As 

shown in SEM micrographs (Figure 6-4 and 6-5) of fractured surfaces of these specific 

nanocomposite specimens, delaminated layers were observed. Figure 6-13 shows flexibilities of 
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nanocomposite film specimens before and after PVB coating process. For all samples except 

CN3P70, flexibilities were improved after PVB coating. Especially, at lower polymer loading, 

PVB layers contributed to improving flexibility because energy of crack propagation of brittle 

specimen dissipated into ductile exterior PVB layer. Ductile PVB layer adhered to PAA/CNa 

nanocomposite film by preventing an initial delamination of brittle clay platelets effectively 

resulting in much higher curvatures. When amount of PAA increased, effects of PVB layer on 

flexibility were reduced. Nanocomposite film itself was quite flexible for CN3P10 and CN3P30 

and, in fact, they could be folded without any cracking. This is because amount of water 

molecules existing in PAA linkage molecules to connect clay platelets within structure of clay 

nanocomposite film is optimum used for CN3P10 and P30 showing a good flexibility. Therefore, 

it can be concluded that flexibilities of highly loaded nanocomposite films are governed by the 

extent of hydration of clay platelets as well as the densification of the stratified structure rather 

than amount of polymer or how the platelets are arranged in this particular case. Even though 

brittle characteristics of clay platelets were improved by addition of PAA chains as shown in 

SEM micrographs, flexibilities of specimens were not enhanced by increasing the polymer 

loading.  

PVB coating on both sides of PAA/CNa nanocomposite films contributed to enhanced 

barrier properties as shown in OTR results in Figure 6-3. PVB layers have its own crystalline 

structure to prevent diffusion of gas molecules and PVB layers also assist with covering and 

filling cracks on surfaces of nanocomposite films. 

Frequently observed Tg of PAA about 102-109 oC is completely overlapped with 

endothermic peak from 50 to 150 oC contributing to typical water desorption of MMT 

[42,153,154,157]. An endothermic peak shown on a curve of CN3P0 which contains no polymer 
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was due to water desorption of MMT. Heat of fusion for overlapped endothermic peaks for all 

specimens can be expressed as ΔHtotal = ΔHPAA + ΔHMMT. ΔHMMT dominated over all peaks of 

CN3P10, P30 and P50. As polymer content increased, peak area increased as well. PAA 

inherently shows a high degree of intermolecular hydrogen bonding involving “bound water” 

acquired during polymer preparation process [153,154]. Therefore, in the cases of CN3P70 and 

P100, increased degree of intermolecular hydrogen bonding caused by excess amount of PAA 

resulted in a much larger area of heat of fusion. As a result, it can be concluded that when 

amount of polymer exceeded a certain threshold, endothermic peaks are affected more by 

intermolecular hydrogen bonding of PAA. Peak position shifted slightly toward lower 

temperature as amount of polymer increased as indicated as an arrow in Figure 6-7. This 

phenomenon can be explained by that excess PAA chains, which exist on surfaces or which are 

not associated to clay platelets, require less energy for an initiation of chain motions. Thermal 

gravimetric analysis (TGA) thermograms were measured to confirm effects of water on thermal 

properties of specimens as demonstrated in Figure 6-14. Weight loss attributing to water removal 

of MMT was identified on a curve of CN3P0. Water molecules contained within PAA polymer 

chains were bound to clay platelets resulting in retardation of rate and onset of water removal 

from the composite system. Because small amount PAA polymer chains mainly acts as a linkage 

molecule to connect between clay platelets in CN3P10 and P30, water molecules within PAA 

polymer chains or from hydrated clay platelets were not easily removed causing less weight loss 

than CN3P0 by 220 oC. Final weight loss showed much smaller increment from previous one 

with similar increment of polymer as amount of polymer increased. It was more difficult to 

remove water molecules when PAA contents increased because of a much higher degree of 

intermolecular hydrogen bonding. In fact, based on flexibility tests, the author expected that 
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water contents of CN3P10 would be highest while CN3P100 would exhibit poor flexibility due 

to lower water content. However, results were completely contrary to expectations. Therefore 

flexibility is determined by amount of water molecules existing in PAA linkage molecules that 

connects clay platelets within structures of nanocomposite systems, and not by amount of water 

in complete nanocomposite system. Even though water content of CN3P100 is the largest, a role 

of water ascribing to flexibility would be reduced as lower quantity of clay used and added PAA 

increased brittleness of specimens resulting in poor flexibilities. Paralikar et al and Jiang et al. 

reported that PAA is a typical brittle polymer therefore PAA in composite systems increases 

brittleness of specimens [155,156]. Critical amount of PAA needed to maintain flexibility has to 

be determined as exceeding a critical loading will result in a deterioration of macromechanical 

properties. Large amount of PAA predicted lower oxygen transmission rate. Increased packing 

density of polymer chains induced by higher degree of intermolecular hydrogen bonding as well 

as well aligned structures of clay platelets which are flattened showed increased crystallinity as 

indicated as the largest peak areas in Figure 6-7. Therefore a barrier property of CN3P100 was 

enhanced more than any other system. It was concluded that optimum range of PAA to achieve 

good flexibility and barrier property was 30 -35 wt%. It is also important to note that by 

adjusting pH of PAA, PAA also act as linkage molecules for the clay platelets. 
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Table 6-1. Corresponding relative amounts of clay and PAA for each sample 
Samples Conc. of clay  

(wt%) 
Amount of PAA 
(wt%) 

Thickness
(μm) 

1 Thickness
(μm) 

2 

CN3P0 3 0 25 N/A* 
CN3P10 3 9 28 32 
CN3P30 3 23 29 34 
CN3P50 3 33 31 33 
CN3P70 3 41 33 37 
CN3P100 3 50 31 34 
1, thickness of clay sample before PVB coating; 2, thickness of clay samples after PVB coating 
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Figure 6-1. Schematically presented experiment procedure for the preparation of PVB-coated 
PAA/CNa nanocomposite film 
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Figure 6-2. Schematic diagram of an intuitive curvature test to measure flexibility of obtained 

film specimens 

 

 

 
Figure 6-3. OTR values of highly filled nanocomposite film specimens of different polymer 

loading. OTR values of PVB coated film specimens were also conducted to estimate 
the contribution of exterior layer on barrier properties. (RPtoC represent the ratio of 
polymer to clay; refer to table 6-1 for details) 
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Figure 6-4. Schematic microstructure of clay platelets and PAA chains and corresponding SEM 

micrographs of prepared film specimen 
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Figure 6-5. SEM micrographs (x 5,000) of cross-section areas of obtained highly filled 
nanocomposite film specimens (a) CN3P0, (b) CN3P10, (c) CN3P30, (d) CN3P50, 
(e) CN3P70 and (f) CN3P100 



 

180 

(a)                                                                   

 
(b) 

 
 

Figure 6-6. (a) X-ray diffraction patterns for CN3P0, P10, P30, P50, P70, and P100; (b) a 
FWHM as a function of polymer loadings  
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Figure 6-7. DSC thermograms of highly filled nanocomposite films with various amounts of 
polymer 
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Figure 6-8. SEM micrographs (x 5,000) of surface areas of obtained highly filled nanocomposite 
film specimens (a) CN3P0, (b) CN3P10, (c) CN3P30, (d) CN3P50, (e) CN3P70 and 
(f) CN3P100 
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Figure 6-9. Dependence of RMS on the amount of polymer in highly filled nanocomposite films 

 

 
 

Figure 6-10. An expected schematic picture of protruded curved edge of tactoids from the 
surface of CN3P70. Covered region (grey scale) with excess PAA lowered roughness 
by removing micro roughness on the surface. (Entangled lines and stacked bold lines 
represent polymer chains and tactoids, respectively) 
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(h) 

 
 
 
Figure 6-11. 3D height contrast images taken by AFM (tapping mode) on a 5 x 5 µm2 on (a) 

CN3P10, (b) CN3P30, (c) CN3P50, (d) CN3P70, (e) CN3P100; 2D phase contrast 
images taken by AFM (tapping mode) on a 5 x 5 µm2 on (f) CN3P10, (g) CN3P100; 
Schematic diagram to illustrate the definition of phase angle shown in (h) [152] 
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Figure 6-12. Power spectral density diagrams of highly filled nanocomposite samples (a) 
CN3P10, (b) CN3P30, (c) CN3P50, (d) CN3P70 and (e) CN3P100 
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Figure 6-13. Curvature of highly filled nanocomposite films with various amounts of polymer 
and a picture of a flexible film specimen (CN3P50) 
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Figure 6-14. TGA thermograms of highly filled nanocomposite films with various amounts of 
polymer 
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CHAPTER 7 

The hypothesis and resulting major findings from each section were addressed in this 

chapter based on the work done so far as following; 

CONCLUSIONS 

Chapter 1: 

 Typical three conventional microstructures (phase-separated, intercalated and 

exfoliated structure) of layered silicate particles in the polymer matrix and their 

correlations to the barrier property of resulting materials were introduced with the 

fundamental concept for barrier function of a polymer clay nanocomposite (PCN) 

material. 

Chapter 2: 

 Controlling microstructure of filler particles in practical PCN systems is a key 

factor to achieve an effective barrier material. This chapter has reviewed variables 

which have effects on the formation of certain microstructure of layered silicate 

particle in actual PCN systems from the stage of the materials selection to 

processing parameters. 

 To maximize physical properties of PCN material, interplay among three main 

components, polymer matrix, nanoclays and organic molecules covering these 

nanoclays and other processing parameters has to be considered.  

 A variety of microstructures of PCN have been reported under various actual 

conditions. A practical PCN material can be defined as a broad mixture of 

intercalated and exfoliated structure with different ratios and a dominating 

structure representing whole composite systems determines physical properties of 

resulting PCN materials.  
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 Several models have been suggested to design a PCN material with better barrier 

properties. All existing barrier models are based on Nielsen’s detour theory and 

conform well to results of permeability of practical PCN systems. And there were 

two common points for all barrier models. First, barrier property was enhanced 

with increasing total volume fraction of filler particles. Secondly it was noted that 

the larger aspect ratio promised better barrier properties. 

Chapter 3: 

 Works in Chapter 3 demonstrated the potential for PCN coatings to enhance 

barrier performance of packaging materials. 

 PCN, which consists of Laponite in poly(vinyl alcohol) (PVA) matrix, coated 

polypropylene (PP), polyolefin after atmospheric pressure plasma (APP) surface 

treatment showed a good barrier performance. Oxygen transmission rate (OTR) 

value of PP was reduced from 150 to 10 cc/m2

 As a result of AFM study, it was found that two optimum conditions for the APP 

treatments promising the highest level of surface roughness and the lowest 

permeabilities were 18 l/min of nitrogen flow rate and below 20 mm of working 

distance. 

/day when coated with a PCN 

solution containing 50 wt% of filler particle. 

 Through XRD analysis, it was found that an exfoliated structure of PCN sample 

was obtained after a high shear mixing process. However, when filler content 

increased above 60 wt%, an intercalated feature was detected because of restacked 

filler particles in limited volumetric spaces of polymer matrix. 
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 OTR values showed a general barrier tendency that barrier property is enhanced 

with increasing volume fraction of filler particle. However, as a result of restacked 

particles at above 60 wt%, diffusion length of gas molecules was reduced resulting 

in sharp increase in OTR values. 

Chapter 4: 

 To obtain better barrier properties and to maintain a good barrier properties under 

various conditions, an extended tortuous path models using clay platelets as a 

major component and polymer as a linkage molecules (Highly-filled PCN 

material) was suggested as a new barrier solution in Chapter 4 

 Using a unique ‘A house of cards’ structure of Laponite JS and negatively charged 

poly(acrylic acid) (PAA), microstructures can approach a densely stratified 

structures through the face-to-face attachment of clay platelets. 

 Identification of ‘a house of cards’ structure of Laponite JS in an aqueous solution 

was found by forming a clay aerogel through a freezing and drying process. 

Transmission electron microscopy (TEM) micrographs of a clay aerogel showed 

well three typical morphological features of the microstructure, which are tilted, 

edge-standing and paralleled position. 

 The behavior of PAA chain in highly filled PCN coating solution depending on pH 

was examined by EDS test and, in conclusion, PAA chain in the coating solution 

prepared under pH level of isoelectric point of PAA was entangled each other with 

the small amount of embedded clay platelets. 
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 PAA in basic condition played a role as a linkage molecule to realize edge-to-edge 

contact between clay platelets, the lowest OTR value about 10 cc/m2

 A significant amount of cracks on the surface were observed by scanning electron 

microscopy (SEM) when PP was coated with PCN coating solution that were 

prepared at pH 2 and 4, and these cracks resulted in sharp increase in OTR value 

to 120 cc/m

/day was 

obtained for negatively charged PAA based-PCN coated PP.  

2

Chapter 5: 

/day. 

 Barrier model to estimate relative permeability (Rp

 Based on Nielsen’s detour theory(Nielsen, 1967), Xu’s barrier model (Xu et al., 

2006) and a definition of effective volume from Saunder (Saunders et al., 1999), 

the barrier formula for PC2N microstructure was obtained as following equation: 

) of PCN containing two 

different particle types (PC2N) have been proposed in Chapter 5. Initial purpose of 

this microstructure, PC2N, was to explore the benefits of dispersing smaller 

platelets between larger sheets such as Cloisite. 
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, where, L1, L2 and H1 can be defined as lateral 

length including edge-to-edge distance, (l1+b1) and (l2+b2) of clay 1 and 2 and 

vertical length (h1+w1

 However, contrary to initial expectations, it was concluded based on the 

comparison with actual experimental results that total volume fraction of filler 

) occupied by clay 1 per unit volume, respectively. (Refer to 

Chapter 5 for specific details) 
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particles in a composite material determines barrier properties regardless of 

specific ratio between two particle types.  

 Prepared PC2N composite films were beneficial in terms of their relatively light 

weight and improved optical transmittance by mixing two clay types due to lower 

density and smaller size particle which is advantageous for elastic light scatterings.  

 This work suggested that characteristics of each type of clay particles in the PC2N 

composite can be manipulated and designed to enhance the physical properties 

while maintaining good barrier properties. 

Chapter 5: 

 Cloisite Na+

 Barrier tendency with polymer loading of prepared highly filled PCN film samples 

was opposite to the general barrier tendency of normal PCN material based on 

Nielsen’s detour theory. This is because that different polymer loading resulted in 

different morphological features varying barrier properties of prepared samples. 

Morphology of cross sectional area, Crystallinity tendency and microstructure 

study obtained through SEM, XRD and DSC analysis also conformed well to the 

barrier tendency with polymer for these samples. Average OTR value of prepared 

films was 0.5 cc/m

 platelets form a paralleled oriented microstructure due to their larger 

aspect ratio and high particle density. Thus it was possible to form a flexible self-

supporting highly filled PCN film through edge-to-edge attachments using 

negatively charged PAA chains 

2/day and the lowest OTR of 0.1 cc/m2/day was found when 

PCN film containing 50 wt% of polymer loading was coated with exterior PVB 

layer. 
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 To investigate effects of surface morphological feature of PCN films on barrier 

properties, RMS values and PSD diagram were obtained. As a result of these AFM 

studies, it was concluded that PCN film containing 41 wt% of PAA showed the 

highest level of surface roughness and this was because the highest level of 

microroughness caused by protruded curved edges of stacked clay tactoids.  

 Flexible highly-filled PCN film is usually prepared by obtaining densely stratified 

microstructure and sufficient amount of water molecules in the whole composite 

system. However, flexibilities of these specific samples were determined by water 

molecules existing in PAA linkage molecules and clay platelets themselves. 

Through SEM micrographs, curvature test and thermal analysis, it was found that 

23 -33 wt% of PAA loading promised the best flexibility of prepared PCN films. 

 Exterior poly(vinyl butyral) (PVB) layer was able to contribute to better barrier 

properties and flexibility. PVB exterior layer was not delaminated from PCN film 

proving that PVB layer adhered well to the PCN film by preventing the initial 

delamination of brittle clay platelets effectively resulting in an increase in 

curvature and PVB layer also contributed to enhancing barrier property by 

preventing direct diffusion of gas molecules. For example, CN3P30 showed 

changes in curvature from 0.4 to 1.0 mm-1 and in OTR values from 0.8 to 0.5 

cc/m2

 

/day. And optimum range of PAA contents to achieve good flexibility and 

barrier property at the same time was 30 -35 wt%. 

I hope that these results will be useful to those who want to do research in the fascinating 

field of PCN materials. 



 

194 

APPENDIX A 
CLASSIFICATION OF COMMONLY USED LAYERED SILICATES 
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APPENDIX B 
COMMERCIALLY AVAILABLE ORGANOCLAYS AND ORGANIC MOLECULES USED 

FOR THE MODIFICATION OF THE SURFACE OF NANOCLAYS 

*tallow represents a mixture of long alkyl homologues with octadecyl the most prominent 
component. 

 

 

 

 

 

 

 

 

 

 

 

Commercial Name Class Modifier 

Nanofil 757 Natural MMT (MMT-Na+) NONE 

Nanofil 919 Modified MMT Dimethyl (Benzylmethyl) tallow* quaternary ammonium 

Nanofil 804 Modified MMT bis(2-hydroxyethyl) hydrogenated tallow ammonium 

Nanofil 32 Modified MMT alkylbenzyldimethylammonium (benzalkonium) 

Nanofil 15 Modified MMT Dimethyl dihydrogenated tallow ammonium 

Cloisite Na+ Natural MMT (MMT-Na+) NONE 

Cloisite 15A Modified MMT dimethyl,dehydrogenated tallow ammonium 

Cloisite 20A Modified MMT Dimethyl dihydrogenated tallow ammonium 

Cloisite 25A Modified MMT dimethyl 2-ethylhexyl (hydrogenated tallow alkyl) ammonium 

Cloisite 30B Modified MMT methyl tallow bis-2-hydroxyethyl quaternary ammonium 

Nanomer-I.44P Modified MMT dimethyldialkyl quaternary ammonium 

Nanomer-I.30E Modified MMT Octadecylamine quaternary ammonium 
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