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1. Introduction
Considering fossil fuel consumption and 
environmental contaminants, packaging 
industry tends to use biodegradable and 
eco-friendly polymers instead of petro-
leum-based conventional plastics such 
as polyethylene (PE), polypropylene (PP), 
polyvinyl-chloride (PVC), and polyamide 
(PA) that are widely employed in the pack-
aging industry.[1–4] Bio-based, semicrystal-
line poly(lactic-acid) (PLA) is one of the 
widespread materials which is used as 
the biodegradable polymer in the pack-
aging application, tissue engineering, drug 
delivery systems, etc.[5–9] PLA, due to its low 
cost of polymerization, appropriate thermal 
behavior, excellent barrier properties, high 
strength, and stiffness, is richly applicable 
but have noticeable drawbacks such as brit-
tleness and hydrolysis.[10] Blending of PLA 
with a tough or rubbery polymer combined 
with nanoparticles inclusion are quietly 
accessible approach to cover its shortages. 
There are several reports about blending 
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posites. Inclusion of high aspect ratio of platelet-like nanoclay to the blend 
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observed on introducing 5 wt% poly(ethylene/n-butyl acrylate glycidyl meth-
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and wide-angle X-ray scattering studies reveal that inclusion of compatibi-
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the interface of the blend. Analysis of selectivity parameter (α) shows the 
lowest O2 permeability and the highest αCO2/N2 and αO2/N2 values for the 
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of PLA with various biodegradable or non-biodegradable (co) 
polymers.[2,6,11,12] Among them ethylene-co-vinyl acetate (EVA) 
is a suitable material for blending with PLA, since it compen-
sates the brittleness of PLA due to its high toughness and flex-
ibility.[6,13,14] It is thought that the blend of PLA/EVA is generally 
immiscible, but the compatibility of the blend depends on the 
vinyl acetate (VA) content which increases with respect to the VA 
content.[15] There are a few reports on using different agents as 
a compatibilizer specially between the PLA and EVA.[3,5,16,17] Less 
Obviously, using compatibilizer will cause a higher level of inter-
calation of clay in a polymeric matrix which leads to a higher in 
situ aspect ratio and a significant enhancement of barrier prop-
erty.[18] This phenomenon is due to creation of a strong polymer–
filler interface and a proper filler dispersion in the polymer 
matrix[19] which directly affect the gas transport properties.

An acceptable gas barrier performance which needs to be 
boosted is recognized as a crucial factor in packaging films 
industry. For having an appropriate film for food packaging, O2 
permeability through the film must be considerably low and 
also the film must allow CO2 to diffuse out of the package. Fur-
thermore, the permeability of N2 as an inert gas helps to reduce 
the degeneration rate of the food.[2] One of the commonly used 
manners to promote gas barrier performance of a polymer is to 
add platelet nanofillers like nanoclay.[20–23] Clay has a high aspect 
ratio owing 2D platelet-like structure, which can prolong the gas 
diffusion pathway by a mechanism known as tortuosity.[24] In this 
context, gas diffusion will be delayed and overall permeation can 
be reduced. By incorporating nanoclay platelets, besides the gas 
permeability reduction, one can also expect promising mechan-
ical properties for nanocomposite.[3,25] Mainly, diffusivity and 
solubility are two parameters in permeation characteristics that 
are kinetic and thermodynamic parameters; relating to the gas 
mobility through the filler and the gas solubility in filler/polymer 
of the filler–polymer interface.[18,20] The interfacial adhesion 
between filler and polymer is another factor which can affect 
the gas permeation.[26] Recently, the role of interfacial behavior 
of graphene oxide on gas permeation through rubber compos-
ites has been scrupulously identified by some researchers.[27] The 
results showed that increase in rubber–filler interactions leads 
to strong adhesion at the interface, thicker interphase layers, 
and more bound rubber. This parameter, which can be altered 
either by functionalization or compatibilization, has been consid-
ered as an important factor similar to tortuosity effect. Creation 
of a strong interface depends on the compatibility of the filler–
polymer, nature of side chain, or backbone groups of the matrix 
and also crystallinity.[28,29] Crystallinity, especially in plastic mate-
rials can cause improvement in gas barrier property due to chain 
packing.[9,30] In a crystalline polymer, gas molecules cannot easily 
diffuse or dissolve into the crystalline domain, so the solubility 
and diffusion coefficient are small.[2] Also, it has been reported 
that with rise of VA content in EVA, polarity increases which 
positively affects clay dispersion and improves its degree of exfo-
liation/or intercalation. Moreover, the degree of intercalation or 
exfoliation of clay directly affects the in situ aspect ratio of clay 
which itself can be affected by mixing method[15] .

For estimating the in situ aspect ratio of embedded platelet 
filler in a matrix, there are vast types of phenomenolog-
ical models which are available in open literature.[31,32] The 
Nielsen,[33] Cussler et  al., and Bharadwaj models[34,35] are the 

most widely employed ones in the case of platelet-like fillers.[36] 
Usually, the value of in situ aspect ratio is lower than that of 
the intrinsic particle aspect ratio because of the stacking and 
formation of tactoids resulting from the agglomeration and/or 
incomplete exfoliation of filler in the matrix.[18]

In our previous works, we deeply investigated the localiza-
tion of nanoclay in PLA/EVA/nanoclay nanocomposites and 
also performed an in-depth analysis of micromechanisms of 
the mechanical property alternations of the nanocomposites.[3,5]

In continuation, here we perform a theoretical and experi-
mental analysis of effect of nanoclay on gas perm-selectivity of 
biodegradable PLA/EVA blends in the presence and absence of 
compatibilizer. An attempt is made to establish a correlation 
between the perm-selectivity and microstructural characteris-
tics of the developed systems.

2. Experimental Section

2.1. Materials

PLA (Ingeo 4043D; density  =  1.21  g cm−3, Mw  =  100 000  g 
mol−1, L/D isomeric forms = 98/2) was purchased from Nature 
Works, USA. EVA (UL00218 grade; density  =  0.94  g cm−3, 
MFI at 190  °C and 2.16  kg  =  1.7  g/10  min and VA content of 
18 wt%) was obtained from Exxon Mobile Chemical Company. 
Elvaloy PTW as compatibilizer, which is a terpolymer of eth-
ylene, butyl acrylate, and glycidylmethacrylate, was purchased 
from Dupont, USA (density = 0.94 g cm−3, MFI at 190 °C, and 
2.16  kg  =  10  g/10  min). Commercial clay Cloisite 30B (MMT-
Na+ modified with bis-(2-hydroxyethyl) methyl tallow alkyl 
ammonium cations, wet density = 1.77 g cm−3) was purchased 
from Southern Clay Products, USA. All components were dried 
at 80 °C for 4 h in a vacuum oven before the melt mixing stage.

2.2. Sample Preparation

A corotating twin screw extruder Micro 27 (Leistritz, Nuremberg) 
equipped with gravimetric and a strand pelletizer was used to 
fabricate the composites. All runs followed by a screw speed of 
150 rpm and throughput of 10 kg h−1. The extrusion temperature 
profile was set from 160 to 190 °C from hopper to die. Afterward, 
the obtained pellets were vacuum dried at 50  °C for 24 h for 
characterization and testing. The different compositions of the 
prepared sample are listed in Table 1. For gas permeation meas-
urements, thin films with a thickness of 150–200 µm were fabri-
cated by compression molding using a hot press (20 MT minilab, 
Labtech, Thailand) under a pressure of 15  MPa for 2  min. For 
each specimen, an equal weight of 3 g was preheated at 180 °C 
for 1 min in a thin film cavity, to obtain the thin film. The name, 
composition, filler content and compatibilizer loading of samples 
are reposted in Table  1. It should be mentioned that according 
to the previous studies on the similar blend nanocomposite sys-
tems[2,3] only a set of optimized systems with a fixed clay loading 
of 5 wt% were chosen to investigate the role of blend composi-
tion, clay, and compatibilizer on the gas perm-selectivity of the 
developed blend nanocomposites. Higher loadings of clay lead to 
server reduction in gas permeability of these materials.
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2.3. Morphology

In order to monitor the state of clay dispersion, the effect of 
compatibilization and blend morphology as well as crystallinity 
and its changes, scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM) images, wide-angle X-ray 
scattering (WAXS), and differential scanning calorimetry (DSC) 
were implemented.

2.3.1. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM; NEON 40 EsB, Carl 
Zeiss, Oberkochen, Germany) was used to characterize the 
morphology and state of dispersion in blends. An extruded 
strand of each sample after drying was cryo-fractured in liquid 
nitrogen. The sample was sputter coated with 3 nm of platinum 
for good conductivity of electron beam.

2.3.2. Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM; Philips EM208 micro-
scope, 100  kV, Netherlands) was employed to elucidating the 
dispersion quality of nanoclay within the matrix and nanostruc-
tures of the nanocomposites. The sample was microtomed at 
−100 °C.

2.3.3. Wide-Angle X-Ray Scattering (WAXS)

Wide-angle X-ray scattering (WAXS) analysis was performed on 
injection molded specimens with XRD (Seifert-FPM Freiberg/
Sa 3003, Germany) using Cu Kα X-ray radiation source over a 
2θ range of 0.5 to 10°, with a scanning rate of 1° min−1 and a 
step size of 0.05° at 40 kV and 30 mA.

2.4. Gas Permeation Measurements

The permeability coefficient of CO2, O2, and N2 gases in neat 
PLA, EVA, and their nanocomposites was measured using 
a gas permeability apparatus (Coesfeld, GDP-C, Germany), 
ASTM D1434 82 (M). The permeation measurements were 

performed at room temperature (25 °C) and pressures (3 bars). 
It is worth mentioning that the measured value is based on the 
barrer (1 barrer  =  3.348 × 10−16  mol m (m2 s Pa)−1. The sche-
matic diagram of experimental setup for the single gas permea-
tion depicts in Figure 1. In order to ensure the reproducibility 
of the results, the permeability of each gas through each sample 
was measured three times and the average values with standard 
deviations in the range of 4–6% were reported. Besides the dry 
state, the experiment was performed at the different relative 
humidity of 20%, 40%, 60%, 80%, and 100% for investigating 
the effect of moisture.

3. Results and Discussion

3.1. Morphology

The final properties like gas permeability and particularly 
selectivity of a multicomponent system strongly depend on its 
morphology. Correspondingly, morphology of polymer blend 
composites, i.e., size, volume fraction, and spatial distribution 
of the dispersed phase, is a key factor in controlling the gas 
perm-selectivity of the hybrid materials. Thus, development of 

Table 1. PLA/EVA hybrids with different compositions.

Sample Sample coding Filler loading [wt%] Components composition

PLA EVA PTW

PLA PLA 0 100 0 0

EVA EVA 0 0 100 0

PLA/EVA-1 75/25 0 75 25 0

PLA/EVA-2 25/75 0 25 75 0

PLA/EVA/Cloisite 30B-1 75/25/C5 5 75 25 0

PLA/EVA/Cloisite 30B-2 25/75/C5 5 25 75 0

PLA/EVA/Cloisite 30B/PTW 75/25/C5/Co5 5 75 25 5

Figure 1. Schematic of gas permeation measurement.
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a polymer system with improved permeability requires detailed 
knowledge of the inter-relationships between the microstruc-
ture and the permeability of the system.

A detailed morphological investigations on PLA/EVA blends 
and their corresponding nanocomposite systems is reported in 
our previous works.[3,5] Here, we briefly present the relevant 
morphological information needed to explain the perm-selec-
tivity behavior of the system from microscopic point of view. 
In this context, the microstructure of PLA/EVA (75/25) blend 
and its nanocomposites, i.e., PLA/EVA/Cloisite 30B (75/25/C5) 
and PLA/EVA/Cloisite 30B/PTW (75/25/C5/Co5) are shown in 
Figure 2a–c. The matrix–droplet morphology is observed in the 
all samples with EVA and PLA as dispersed and matrix phases, 
respectively. These micrographs clearly display that the EVA 
dispersed droplets have been distributed uniformly within the 
PLA matrix. By comparing the droplet size in the SEM micro-
graphs (Table  2), the average radius of the EVA domains is 
about 2.0 µm for the PLA/EVA blend. When 5 wt% of Cloisite 
30B is added to this blend it leads to reduction of EVA dis-
persed droplets to about 1.2 µm possibly due to changing the 
viscosity ratio of the blend. The change in viscosity ratio may in 
turn augment the viscose forces needed to break the dispersed 
phase into smaller droplets. When PTW, as compatibilizer, is 
added to the blend nanocomposite (75/25/C5/Co5), the EVA 
dispersed droplets are elongated and tend to form larger ellip-
tical shape with a mean average size of about 1.4 µm implying 
that the efficiency of the compatibilizer has been reduced in 

the presence of clay. Similar results were reported by other 
researchers.[37].

The SEM micrographs displaying the morphology of PLA/
EVA (25/75) blend and the corresponding nanocomposite, i.e., 
PLA/EVA/Cloisite 30B (25/75/C5) sample are presented in 
Figure  3a,b. The quantitative data regarding PLA droplet size 
and size distribution are reported in Table  2. It is evident that 
the EVA-rich blend (25/75) has smaller droplet size (1.4 µm) than 
that of the PLA-rich blend (75/25) which was attributed to vis-
cosity difference between the two components.[4] With incorpo-
rating 5 wt% clay to PLA/EVA (25/75) blend the PLA droplet size 
becomes slightly smaller (1.3  µm) than that of the neat blend. 
This phenomenon has been explained on the basis of clay locali-
zation/migration studied by the TEM investigation. A brief sum-
mary of the main TEM findings will be presented subsequently.

TEM and XRD investigations on PLA/EVA blend nanocom-
posites were carried out to reveal the clay dispersion, exfolia-
tion/intercalation states and its partition in the blend phases, 
as main controlling factors, which affect gas barrier proper-
ties of the final system.[38] The TEM micrographs of PLA/EVA 
(75/25) blend nanocomposites in the presence and absence 
of compatibilizer are depicted in Figure 4a,b. Combination of 
mainly intercalated and some exfoliated structures are seen in 
both the systems confirmed by XRD analysis too (Figure 4c). It 
is also seen that clay particles are mostly localized in the PLA 
phase with some portion remaining at the blend interface. The 
localization of clay particles within PLA matrix will be probed 
from thermodynamic aspects subsequently. Incorporation 
of the compatibilizer to the nanocomposite system results in 
migration of clay particles from PLA matrix toward blend inter-
face (Figure 4b). Moreover, the compatibilizer has a significant 
effect on dispersion state and intercalation level of clay parti-
cles. These morphological features of the clay localization and 
migration can directly affect the gas transport properties of the 
system which will be discussed in the next sections.

The selective localization of the nanoparticles in a polymer 
blend is due to the balance of interfacial energies between 
different components of the system. To confirm the previous 
results obtained by SEM and TEM on the localization of nano-
clay, the interfacial energies can be estimated by the harmonic-
mean equation
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where γ12 is the interfacial tension between two phases (sub-
scripts 1 and 2), and γd and γp are the dispersive and polar com-
ponents of the surface energy for both the constituents.

Figure 3. SEM micrographs of a) PLA/EVA(25/75) and b) PLA/EVA/
Cloisite 30B (25/75/C5).

Figure 2. SEM micrographs of PLA/EVA blends in the presence and 
absence of clay and compatibilizer: a) PLA/EVA (75/25), b) PLA/EVA/
Cloisite 30B (75/25/C5), and c) PLA/EVA/Cloisite 30B/PTW (75/25/
C5/Co5).

Table 2. The quantitative values obtained from SEM micrographs of 
neat blends and corresponding nanocomposites.

Sample name Rn [µm] Rv [µm] PDI = Rv/Rn

75/25 2.0 5.5 2.8

25/75 1.4 2.2 1.6

75/25/C5 1.2 1. 6 1.4

25/75/C5 1.3 2.0 1.6

75/25/C5/Co5 1.4 1.9 1.4
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Classical thermodynamics is often used to predict the loca-
tion of fillers in blends of immiscible polymers. In the equi-
librium state, the location of a filler in a polymer blend can be 
predicted by minimizing the interfacial tension. From Young’s 
equation, the location of the nanofillers in the equilibrium state 
can be estimated by calculating the wetting coefficient (ωa) as 
follows

a
PLA Clay EVA Clay

PLA EVA

ω
γ γ

γ
=

−− −

−
 (2)

where  γClay−PLA, γClay−EVA,  and  γPLA−EVA  are the interfacial ener-
gies between clay and PLA, clay and EVA, and PLA and EVA 
phases, respectively. The values of the wetting coefficient give 
three possibilities for the location of the clay in the blend 
system (Figure 5).

The wetting parameters (ωa) from the Young’s equation 
were determined by using the interfacial tension between the 
components. Hence, based on the surface energy values pre-
sented in Table 3 the interfacial tension values between PLA–
EVA (γPLA–EVA), PLA–clay (γPLA–Clay), and EVA–clay (γEVA–Clay) are 

equal to 1.50, 0.23, and 2.19 (mN m−1), respectively. Eventually, 
ωa of the mentioned system is −1.30; therefore, thermodynami-
cally the clay platelets are preferably located at PLA phase that 
is inline with the TEM findings.

3.2. Gas Transport Properties

3.2.1. Gas Permeability

For obtaining comprehensive information about the gas trans-
port properties of the described materials, single gas tests were 
carried out on a time-lag measurement machine. Permeability 
of the neat PLA and EVA components, their neat blends and 
the clay-containing blend systems against N2, O2, and CO2 
gases are presented in Figure 6 and then the values of perme-
ability and permeability reduction of whole samples compared 
to PLA and EVA-rich blends are tabulated in Table 4. It is seen 
that among all gases, N2 exhibits the lowest diffusion in all 
samples which can be attributed to its inert nature while CO2 
shows the highest diffusion due to its polar nature. The gas 

Figure 4. TEM image of a) 75/25/C5, b) 75/25/C5/Co5, and c) WAXS patterns of Cloisite 30B, 75/25/C5, 25/75/C5, and 75/25/C5/Co5.
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permeability coefficients of the neat PLA against all gases (N2, 
O2, and CO2) are considerably lower than that of the neat EVA. 
This is related to the intrinsic low permeability of PLA due to 
its molecular structure. Another notable reason is the glass 
transition temperatures of the neat PLA and EVA which remain 
at the glassy and rubbery states, respectively at the measure-
ment temperature (25 °C). Consequently, EVA chains have 
higher chain mobility than that of PLA[2] and this difference in 
mobility in turn affects the barrier properties of these materials. 
Hence, PLA has more desirable barrier properties than that of 
EVA. Incorporation of EVA with intrinsic high permeability to 
PLA increases the PLA permeability against all the gases to a 
large extent beyond the simple mixing rule implying that the 
permeability in this system is mainly controlled by EVA com-
ponent of the blend. Therefore, the EVA-rich (25/75) blend has 
significantly higher gas permeability than that of the PLA-rich 
(75/25) blend. The permeability of the EVA-rich blend is almost 
near to the permeability of the neat EVA confirming that the 
permeability in PLA/EVA system is mainly controlled by EVA 
component of the blend.

It is known that incorporation of clay to a polymer gener-
ally reduces the gas permeability against all the gases due to 
creation of a tortuous path and decrease in free volume fraction 
that prolongs the gas diffusion pathway. However, this behavior 
may change when one deals with an immiscible blend system 
in which blend morphology plays crucial role in controlling 
permeability.

From Figure 6 it is seen that when clay is loaded to the PLA-
rich blend the permeability of the blend against all the gases 
reduces however, it has no significant effect on the perme-
ability of EVA-rich blend. The observed reduction in the perme-
ability of PLA-rich system can be explained by localization of 

nanoclay. As discussed earlier, the clay platelets are preferably 
localized at PLA phase of the blend which can create a tortuous 
path against infiltration of the gases through the PLA matrix. 
As confirmed by the SEM results, the localization of nanoclay 
within PLA matrix can also decrease the size of dispersed EVA 
domains. This refinement of morphology can also be respon-
sible for the observed reduction of permeability. On the other 
hand, since clay particles are localized in PLA phase they have 
no discernible effect on reduction of permeability in the EVA-
rich system.

From the data presented in Figure  6, it is also possible 
to infer the influence of compatibilizer on permeability 
behavior of PLA/EVA systems. It is seen that inclusion of 
compatibilizer to PLA-rich nanocomposite (75/25/5) slightly 
improves its gas barrier properties. This reduction can be 
explained by the role of compatibilizer in improving disper-
sion of clay platelets and their migration toward blend inter-
face as confirmed by XRD and microscopic observations. The 
presence of clay platelets in the interface decreases the gas 

Figure 6. Permeability of neat PLA, EVA components, neat blends, and 
filled blends.

Figure 5. Schematic representation of different possibilities for clay distribution in the PLA/EVA blend.

Table 3. Surface free energies and dispersive and polar components of 
the materials.

Material γ  p [mJ m−2] γ  d [mJ m−2] γ [mJ m−2] Ref.

EVA 6.51 27.9 34.41 [39]

PLA 16.54 2.53 19.07 [40]

Cloisite 30B 12.60 22.40 35 [40]
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transport throughout the interfacial region. Since clay had no 
discernable effect on permeability of EVA-rich system there-
fore it is expected that the compatibilizer plays no role in per-
meability behavior of EVA-rich system.

3.2.2. Gas Selectivity

Figure 7 shows the selectivity of both CO2/N2 and O2/N2 for 
the neat PLA and EVA, and their blends and nanocompos-
ites. It is seen that the selectivity of CO2/N2 in all samples is 
greater than the selectivity of O2/N2. This is due to the fact 
that, in comparison with O2, the CO2 has higher diffusion in 
the samples. The selectivity of both CO2/N2 and O2/N2 for the 
neat EVA is slightly higher than that for PLA. The nonpolar 
nature of EVA and CO2 allows the CO2 gas to pass though the 
EVA more than the PLA. The blends (PLA-rich and EVA-rich) 
exhibit almost the same gas selectivity in between those of the 
neat components. However, the selectivity in both the blends 
is lower than the mixing rule indicating that the immiscible 
nature of these blends plays some roles in reducing the gas 

selectivity due to the poor blend interface. Incorporation of 
clay to the blends improves the gas selectivity in the PLA-rich 
system while it has no discernable effect on gas selectivity in 
the EVA-rich system. As discussed above, this difference in 
the gas selectivity can be attributed to the localization of clay 
platelets in the PLA phase. The improvement of gas selec-
tivity in the presence of clay has been reported to the role 
of clay in increasing gas surface adsorption and enhancing 
specific interactions with gases.[41] Incorporation of com-
patibilizer to the PLA-rich system further improves the gas 
selectivity due to polar nature of the compatibilizer, interface 
modification and improvement of clay dispersion within the 
PLA matrix.

Comparison of the permeability and gas selectivity of all the 
studied samples indicate that the compatibilized filled PLA-rich 
has the lowest O2 permeability and the highest CO2/N2 selec-
tivity among all the samples making it the most suitable candi-
date for food packaging applications. For such applications, low 
O2 and high CO2 permeability is needed to preserve the food 
against O2 diffusion and allow CO2 to pass through out of the 
package. Additionally, the diffusion of N2 reduces the degenera-
tion of food.[2]

3.2.3. Influence of Relative Humidity on Gas Permeability

Environmental factors like relative humidity play an impor-
tant role in packaging industry and they may affect the barrier 
properties of polymers.[42] So, it is important to investigate gas 
permeability on different range of moisture as a function of rel-
ative humidity. Figure 8 summarizes gas permeability in humid 
conditions for PLA/EVA blends and their nanocomposites in 
the presence and absence of compatibilizer. As shown, the per-
meability of all the samples against all the gases reduces in the 
humid conditions and the order of gases diffusion remain the 
same. Similar to the dry condition, the PLA-rich system has sig-
nificantly lower permeability than that of the EVA-rich system 
in the humid conditions and the barrier properties of clay again 
plays important role in reducing the gas diffusion through the 
filled systems particularly in the PLA-rich system. Moreover, the 
results show that the PLA-rich system is slightly more sensitive 
toward relative humidity as compared to the EVA-rich system 
attributed to more hydrophilic nature of PLA. In the PLA-rich 

Table 4. Permeability of samples and permeability reduction for samples in comparison to PLA- and EVA-rich blends.

Permeability reduction [%]

Compared to PLA-rich blend Compared to EVA-rich blend

PO2 PN2 PCO2 O2 N2 CO2 O2 N2 CO2

PLA 0.12 0.05 0.62 – – – – – –

75/25 2.45 0.76 9.14 – – – – – –

75/25/5 1.9 0.38 6.9 22.45 50 24.51 – – –

75/25/5/5 1.7 0.31 6.1 30.61 59.21 33.26 – – –

25/75 4.47 1.73 21.42 – – – – – –

25/75/5 4.42 1.7 20.7 – – – 1.12 1.73 3.36

EVA 4.05 1.44 20.5 – – – – – –

Figure 7. O2/N2 and CO2/N2 gas selectivity in neat PLA, EVA compo-
nents, neat blends, and the filled blends.
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system it is seen that in the absence of clay the gas permeability 
coefficient slightly increases after certain level of humidity due 
to saturation of the system while in the presence of clay such 
behavior is not observed due to barrier effect of clay. In addi-
tion, the polar nature of used clay can also play some role in 
water absorption.[43]

3.3. Phenomenological Models for Aspect Ratio Estimation

Platelet nanofillers aspect ratio (L/D) is a dominant factor in 
the tortuosity path against gas diffusion which can affect the 
permeability behavior of a filled system. Therefore, an in situ 
aspect ratio is defined as the criterion for aspect ratio within 
the matrix. Various models based on the tortuous path theory 
have been developed for estimating the aspect ratio or tor-
tuosity factor. Some of the most common analytical models 
are presented in Table  5. Among these models, the Nielsen 
model[33] is the most simple one for predicting L/D of a filler. 
The Bharadwaj model has been developed and modified based 
on the Nielsen model.[35] In this model, the orientation of clay 
platelets, directly depending on sample preparation technique 
and the mixing conditions, is considered as a main character-
istic that influences the clay aspect ratio. The other two models, 
known as Cussler models,[34] are used for disk type fillers; how-
ever, by a rough approximation they can be used for the platelet 
fillers too.[44]

The description of the Bharadwaj model as a typical example 
is as follows

1

1
2

2
3

1
2

0

D

D S

ϕ
α ϕ

=
−

+ 









 ′ +





 (3)

In the above equation, D0 and D are the diffusivity of neat 
and filled samples, φ is the filler volume fraction, and α and 
S′ are aspect ratio and orientation factor, respectively. The ori-
entation factor (S′) can assume three values of 0.5, 0, and 

Table 5. Some of the analytical models for predicting clay aspect ratio.

Model Formulae Filler geometry Ref.

Nielsen 1

1
2

0

D
D

ϕ
α ϕ

= −

+

[33]

Bharadwaj 1

1
2

2
3

1
2

0

D
D

S

ϕ
α ϕ

= −

+ 









 ′ +





[35]

Cussler
(regular orientation) (1 ) 1

( )
4

0
2D

D
ϕ αϕ− = +

[34]

Cussler
(random orientation) (1 ) 1

3
0

2D
D

ϕ αϕ− = +





[34]

Figure 8. Gas permeability of samples at different relative humidity.
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1 attributed to parallel, random and perpendicular arrange-
ment of filler platelets against gas diffusion path, respectively. A 
favorable alignment of platelets exists in the matrix when S′ = 1 
which results in the highest barrier efficiency. The aspect ratio 
of clay was evaluated for the filled systems against nitrogen gas, 
as an inert and noninteracting gas, using all the four models 
and the results are summarized in Table 6.

As shown, the obtained aspect ratio values, as a criterion of 
clay dispersion state, vary in the investigated nanocomposite 
systems. All the applied analytical models predict a higher 
aspect ratio for the PLA-rich system as compared to the EVA-
rich system implying a better dispersion state of clay in the PLA 
matrix. As discussed before, clay has better interaction with 
PLA than EVA, and it tends to localize mainly in the PLA phase, 
and therefore, it has better dispersion state and consequently a 
higher aspect ratio in the nanocomposite system in which PLA 
is the matrix. Incorporation of compatibilizer to the PLA-rich 
filled system leads to higher aspect ratio implying that the com-
patibilizer has improved the dispersion state of the filler. It is 
worth mentioning that the clay aspect ratio has a direct effect 
on the tortuosity path. The tortuosity increases with an increase 
in the filler aspect ratio which imposes a barrier effect against 
gas diffusion. Strong interfacial adhesion between filler and 
polymer has a significant effect on dispersion and aspect ratio 
of filler. These results are in agreement with the XRD, SEM, 
and TEM findings.
Figure  9 demonstrates the variation of relative diffusivity 

versus filler volume fraction for the noncompatibilized and 
compatibilized filled PLA-rich system calculated based on 
the obtained aspect ratio values using different models. As 
expected, the figures demonstrate that the relative permeability 
reduces with an increase in the filler volume fraction and the 
presence of compatibilizer leads to lower relative permeability 
values. Moreover, the Bhradwaj S′ = 0 and the Cussler (regular) 
models predict the lowest and highest limits for the relative per-
meability values, respectively. The other models generate the 
curves which lie in between these two limits. It is to be noted 
that the discrepancy between the curves particularly at low filler 
volume fraction is higher than that at higher filler contents 
indicating that the filler orientation/dispersion state plays more 
important role when it is loaded at low quantities. Comparison 
of both set of the curves in Figure 9a,b reveals another impor-
tant finding which the discrepancy between the models outputs 
particularly at low filler volume fraction is much lower when the 
compatibilizer added to the filled system. This indicates that the 
orientation of clay does not play significant role in permeability 
as a result of improved clay dispersion state due to compatibi-
lizer which is in favor of random orientation of clay platelets.

4. Conclusion

The perm-selectivity of PLA- and EVA-rich blend nanocompos-
ites in various compositions was determined for O2, N2, and 
CO2 gases. The PLA-rich system exhibited significantly lower 
permeability than that of the EVA-rich system both at dry and 
humid conditions. The effect of nanoclay and compatibilizer 
incorporation on the gas permeability of the blends was inves-
tigated. Introducing nanoclay as a platelet filler in the PLA-rich 
system could significantly reduce the gas diffusion because of 
tortuosity effect, which prolongs the gas diffusion pathway. For 
a precise analysis of the tortuous path effect, N2 permeability 
data fitted to analytical models to obtain filler aspect ratio in the 
nanocomposites. Incorporation of compatibilizer to the PLA-
rich filled system led to higher aspect ratio implying that the 
compatibilizer has improved the dispersion state of the filler. 
Investigation of variation of relative diffusivity versus filler 
volume fraction for the noncompatibilized and compatibilized 
filled PLA-rich system calculated based on the obtained aspect 
ratio values using different models revealed that the filler ori-
entation/dispersion state plays more important role when it is 
loaded at low quantities. It was also found that the orientation 

Table 6. Aspect ratio of clay in the filled PLA/EVA blends based on the applied models.

Sample Aspect ratio values

Nielsen Bharadwaj Cussler
(rando)

Cussler
(regular)S′ = 0 S′ = 0.5 S′ = 1

PLA/EVA/Cloisite 30B (75/25/5) 125 340 278 125 154 94

PLA/EVA/Cloisite 30B/PTW (75/25/5/5) 239 510 392 239 280 151

PLA/EVA/Cloisite 30B (25/75/5) 108 217 159 108 149 77

Figure 9. The variation of relative diffusivity versus filler volume fraction 
for a) 75/25/C5 and b) 75/25/C5/Co5.
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of clay does not play significant role in permeability as a result 
of improved clay dispersion state due to compatibilizer which 
is in favor of random orientation of clay platelets. The micro-
structural analysis of the systems by scanning electron micro-
scope, transmission electron microscopy and wide-angle X-ray 
scattering revealed that inclusion of compatibilizer to the filled 
blends, improved the blend morphology, dispersion state and 
intercalation level of clay platelets which were mainly localized 
at the interface of PLA/EVA immiscible phases and partly in the 
PLA phase. A correlation was established between the gas per-
meability and microstructure of the systems. Analysis of selec-
tivity parameter (α), showed the lowest O2 permeability and the 
highest CO2/N2 and O2/N2 selectivity which are favorable for a 
food packaging application. Investigation of gas permeability of 
the filled and nonfilled blends in the presence and absence of 
compatibilizer at humid conditions showed that the PLA-rich 
system was slightly more sensitive toward relative humidity 
as compared to the EVA-rich system attributed to more hydro-
philic nature of PLA.
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