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Abstract

We analyzed the effects of clay layers on the barrier properties of polymer/clay nanocomposites containing impermeable and oriented clay
layers. Using the relative permeability theory in combination with the detour theory, we obtained new relative permeability expressions that allow
us to investigate the relative permeability R, as a function of lateral separation b, layer thickness w, gallery height H, layer length L, and layer

volume fraction ®y. It was found that intercalated and/or incomplete exfoliated structures and dispersed tactoids with several layers can effectively

enhance the barrier properties of the materials. Furthermore, we developed the chain-segment immobility factor to briefly discuss the chain
confinement from clay layers. The results showed that the chain confinement enhanced the barrier properties of the intercalated nanocomposites.
Our model is better consistent with the experiments when ®&,>0.01. The findings provide guidelines for tailoring clay layer length, volume
fraction and dispersion for fabricating polymer—clay nanocomposite with the unique barrier properties.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer/clay nanocomposites (PCN) with low clay loading
are novel materials used as high-barrier packaging products for
food and electronics [1-4]. Such materials typically consist of
nano-scaled silicate layers dispersed in a polymer matrix,
consisting of which the clays belong to the general family of
2:1 layer- or phyllo-silicates, such as montmorillonite,
saponite, synthetic mica, etc. composed of stacked silicate
layers of approximately 10-2000 nm in length and 1 nm in
thickness [1-7]. Experimental results showed dispersed silicate
layers with the aspect ratio as high as 10-2000 lead to the
unique barrier property of PCN [3-7]. Unfortunately, because
of great challenges in preparing PCN, it is difficult to
understand the effects of clay layers on barrier properties of
these materials.

Considerable efforts have been focused on correlating and
predicating barrier properties of polymeric composite materials
filled with whiskers (fibers, the filled polymer systems, carbon
nanotubes, cellulose, etc.), or plate-like inorganic fillers
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(talcum, clay, mica, etc.) [7-9,11,12]. The detour theory of
Nielsen was provided for predicting the permeability of
conventional composites [8]. An analytical model for the
barrier properties of oriented cubic composites was developed
by Fredrickson and Bicerano [13]. This model extended the
previous work to examine disorder and polydispersity effects,
and accounted fully for an improved equation which is valid
over a much wider concentration range. Based on the
numerical simulation method of Gusev [14], three-dimensional
periodic computer models introduced by Gusev and Lusti [15]
evaluated barrier properties of nanocomposites comprised of
perfectly aligned randomly dispersed dish-like platelets. For
the PCN, Bharadwaj [12] showed that the Nielsen’s formula
could be modified to demonstrate the relationship between gas
barrier property with the length and relative orientation of
silicate layers, and the state of filler aggregation. As a result, the
theoretical strides have been made progress in analyzing the
permeability reduction engendered from dispersion of fillers.
Evaluating the permeability of materials, on the other hand,
requires an investigation on the transformations of a polymer
matrix which result in changes of the local gas permeability
coefficient [16-20]. In the PCN, the transformations of a
polymer matrix caused by the presence of the nanometer-
scaled clay layers, have been widely studied. Compared with
the conventional composites, the chain-segment immobility in
the PCN (especially the intercalated) increases to a certain
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extend in the confined environment provided by the clay layers
[21,22], which is suggested as an increase in the glass transition
temperature (T,) of poly(styrene-b-butadiene) copolymer [23],
poly(butylene terephthalate) [24], polypropylene [25], poly-
methylphenylsiloxane [26], etc. What are the influences of the
change of the polymer matrix on permeabilities of PCN?
Furthermore, the dispersed clay layers sometimes affect the
nature of the crystallization, resulting in transformation of the
crystal form and the crystallinity [27], and a decrease in the
crystallite size [28]. In general, the latter is also influenced
from annealing. Thus, we only consider the former transform-
ation here and ignore the latter. Additionally, according to
X-ray diffraction (XRD) data and transmission electronic
spectroscopy (TEM) [1-10], one can easily obtain the
extraordinarily important parameter discerning the dispersion
of clay layers—the spacing between diffractional lattice planes
in PCN. Clearly, the previous analytical and numerical models
rarely elucidate these influences and hardly utilize this
parameter. The present paper attempts to fill in some of the
gaps in our understanding.

In this study, we combine, for the first time, the relative
permeability theory of semi-crystalline polymers [16-20] with
the detour theory [8] to evaluate the relative permeabilities of
PCN. We propose a model to calculate the factor of the detour
ratio, incorporate Michaels—Bixler formula [17]—chain-seg-
ment immobility factor into our model, and then obtain the new
relative permeability expressions for PCN. We focus in great
detail on discussing the effects of clay layers, including the
layer length, clay loading, the layer dispersion, and the chain
confinement on the barrier properties in PCN assuming no
change in the nature of the crystallizations.

2. Model

In order to investigate the relative permeabilities of PCN,
we assumed the individual clay layers as cuboids with length
and width L and thickness w [13,29,30]. The PCN are simply
viewed as the crystal ordering of clay layers dispersing in a
polymer (shown in Fig. 1), which leads to the maximized
barrier properties and are therefore of most interest to
applications. Assuming silicate layers are considered as
crystalline lamellas in the matrix in a semi-crystalline polymer
based on Klute’s theory [16—18], we estimate the permeability
P for PCN as

Fig. 1. Crystalline structure of cuboid silicate layers dispersed in a matrix as
similar to Kuznetsov and Balazs’ model [31]. The arrow presents the path of a
penetrant through a PCN film.

P = Py(1 —D){(Dy) (D

where Pj, @ and { are the permeability of the matrix in PCN,
the clay layers volume fraction and a function for the reduction
of permeability due to clay layers in the polymer matrix,
respectively. Thus, the relative permeability for PCN can be
obtained as the following equation:

Ry = (1= ®)L(®,) @)

Owing to silicate layers dispersed in the films, a penetrant
has to bypass clay layers and move through amorphous region
of PCN, leading to a decrease in permeability. Moreover, the
mobility of polymer chain segments in the PCN is obviously
different from pure polymer due to confined geometry
environment [21,31], which affects the gas permeability.
Thereby, we are considering two factors for the permeability
reduction, namely the factor of polymer chain-segment
immobility, {;, and the factor of the detour ratio, {,, which
can be defined as the ratio of the film thickness, d, in nominal
diffusion flow direction to average length of the diffusion
tortuous distance between silicate layers. According to the
ideas in Refs. [16,17], we present { as a function of ®y as
follows

cZ((I)s)
&

To evaluate {,, we developed a model based on the detour
argument in the Nielsen’s theory [8]. Due to their high aspect
ratio, silicate layers are easily exposed to orient ordering at a
low volume fraction in the melt extrusion. The crystalline
structure for the exfoliated PCN can be obtained in the casting
films [32], which is just similar to the one shown in Fig. 1. The
traveling tortuous distance may be given as

L(Dy) =

3)

d=d,+d 4)

where d, is obligatory traveling path of a penetrant through a
film corrected with regard to the thickness due to filled silicate
layers. In term of Vincent and co-workers’ equation [33], we
can illuminate our model as

L*w

@+Ww+m=¢s

(&)

Here, b and H are the lateral separation (edge-to-edge
distance) and the separation gap between adjacent cuboids
(face-to-face distance), respectively. We denote the average
number of cuboid layers which a penetrant must go around by
N,=d/(w+ H). Additionally, the penetrant has to penetrate a
certain lateral separation between adjacent cuboids throughout
a film. The distance dt of the lateral separation should not be
ignored in calculating the path distance d,. For example, b=
30 nm was evaluated in the maleated polyethylene—clay
nanocomposites by TEM [34]. Compared to L=140 nm, b
should be regarded. Considering dr=>5/2 as shown in Fig. 1,
we present the path distance d, as

L d L+b
da =Np (E‘i‘d'r) = — (6)

w+H 2
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Then, we obtain the detour ratio as

d 1
G0 = = (7

C1+L (142 s,

From Egs. (2), (3) and (7), the relative permeability R, is
given by

(1 —®H/,
_ 8
T L1+, ®

Combining Egs. (5) and (8), R, can also be expressed as

(I —®)/E,

RP - L 12 —3/2
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3. Comparison with other models

Nielsen formulated a detour model for the circular or
rectangular filler particles, which may be compared with the
present model for cuboid layers. In case that b<< L, and {; =1,
our equation is similar to Nielsen’s formula, namely:

1—®,

Rp=— %
)

(10)

Hence, the Nielsen’s formula is appropriate in the condition
of not only the clay layers with high aspect ratio and no
confinement on a polymer matrix, but also the dilute
dispersions discussed by Gusev and Lusti [14,15].

Fredrickson and Bicerano explicitly estimated the detour
factor for randomly positioned cuboid particles of uniform size
and shape, and provided a crossover formula to interpolate
between the asymptotic dilute and semi-dilute regimes [13].
The finite-element based methodology was successfully
adopted for predicting effects of the platelet aspect ratio and
the volume fraction on the transport properties of nanocompo-
sites by Gusev and Lusti [15]. Both models account for
influences from the inherent characters of fillers on the
permeability reduction of composites. Moreover, we take
into account the dispersion of fillers and the chain confinement
in our model, which increases considerably the complexity of
our equations.

Fig. 2 compared our predictions obtained in this model with
those of the four selected literature models. All methods
predicted comparable improvement in the barrier properties
(permeability reductions) for the layer aspect ratio (namely, the
layer length) of up to 500, but our model predicts much greater
potential enhancements at layer aspect ratio of the range from
10 to 300 than are expected based on the other models (see the
inset of Fig. 2). Moreover, considering the chain-segment
immobility factor, ;> 1, the relative permeability should be
lower than that at {; = 1. Additionally, the Cussier—Aris model
and Gusev-Lusti model meet difficulty to predict the barrier
properties for the layer aspect ratio of about 2 due to the
geometric factor estimated by Fredickson and Bicerano.
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Fig. 2. Comparison of predictions for the relative permeability R, as a function
of layer aspect ratio; @ is the layer volume fraction and a=L/w the aspect
ratio. We compare our Eq. (9) with w=1, H=10 nm at ®,=0.05, and no
changes of the matrix and four literature formulae currently used for
permeability predictions: the Nielsen formula R,=(1—¢y/(1+a/2) [8],
modified Cussler—Aris formula R,=1/(1 +,ua2¢f) with the geometric factor
p.=7'52/[4 1n(a/2)]2 advocated elsewhere [13], the Fredrickson—-Bicerano
composite  formula  R,=[1/(2+akad)+ 1/(2+axa¢)]*  with
a,=Q2—2)/4, a,=Q2+2)/4, and k=m/In(a/2) and the Gusev—Lusti
formula Rp=exp[—(a<I>S/x0)5 ] with least-square parameter $=0.71 and xo=
3.47 [13]. The inset shows the range of layer aspect ratio from 100 to 2000.

4. Discussion
4.1. Unconfined matrixes ({;=1)

First we consider the case that =1, assuming that the
silicate layers have no effect on polymer chain-segment
immobility. b should be less than L in Fig. 1. Otherwise, the
penetrant directly diffuses throughout the lateral separation.
When b=0, the penetrant could diffuse along the plane of
silicate layer and get out from the lateral plane of the composite
film. This situation is beyond the interest of this paper. To study
the influence of b on R, we set ®; as a typical value 0.03,
which is near the threshold volume fraction for the properties
of PCN. The relative permeability profiles for various L are
shown in Fig. 3. It can be seen that increasing L and b leads to
decreases in the values of R,. Experimentally, water relative
permeability decreases drastically for polyimide nanocompo-
sites, with 2 wt% of hectrite (L=46 nm), saponite (165 nm),
montmorillonite (218 nm), and synthetic mica (1230 nm) [2].
When L>150 nm, R,, is independent on b, indicating that the
relative permeabilities are sensitive to the lateral separation
only when the length is small, vice versa. As Eq. (8) is close to
Nielsen’s equation for the long layers, it is easy to understand
that the experimental result is comparatively consistent with
the calculated value by Nielsen’s equation for the polyether-
imide hybrid filled with the montmorillonite of L=218 nm [2].

Nanometer-scaled dispersion of silicate layers with the large
aspect ratio is a key to improve the certain properties of PCN,
especially high barrier. However, aggregation of silicate layers
in a polymer leads to a decrease in the aspect ratio,
deteriorating the barrier of PCN. Therefore, the experimental
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Fig. 3. Relative permeability as a function of the lateral separation obtained
from Eq. (8) when {;=1, ®;=0.03 and w=1 nm for five different values of
layer lengths noted in the legend. We assumed that the under boundary of b is
equal to 0 and the up boundary cannot be beyond L.

values for water vapor permeability are higher than the
calculated one based on Nielsen’s equation due to the
agglomerate of hectrite and non-homogeneous dispersion of
saponite in the hybrids [2].

Generally, the dj, spacing of the organically modified clay
ranges from 1.5 to 2.5 nm. It is assumed that no penetrant can
permeate the galleries of layer aggregations, but flow through
the gaps between aggregations. Experimental results showed
the gallery height could range from about 4 nm for the
intercalated nanocomposites to about 200 nm for the exfoliated
ones [21,34]. Fig. 4 presented the calculated values of R,
according to Eq. (9) for various gallery heights and a typical
value of L=150 nm. The set values in Fig. 4 are close to the
actual experiment results. For the same silicate layer volume
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Fig. 4. Relative permeability as a function of the agglomerate width obtained
from Eq. (9) for various gallery heights at L=150 nm, {; =1, and &;=0.03.
Here, we consider that H shown on the lines represents the distance between
agglomerations or silicate particles, namely the studied systems are intercalated
and exfoliated complexes. The agglomeration width is equivalent to the
thickness of one layer to scores of layers.

content, the different gallery heights should correspond with
different systems which the matrixes have different intercala-
tion capacities [25,35], or the different organoclays [36]. As
increasing the volume contents of organically modified
montmorillonite blended with maleated polyethylene, the
nanocomposites show the structures from the disordered and
exfoliated for 9 vol%, to the ordered and exfoliated for 12—
18 vol%, to the intercalated and exfoliated coexist for 21—
24 vol% and the intercalation above 27 vol% [34]. The relative
permeability increases with an increase in H at a given w. The
arrows represent the shift trend of R, with w in curves. When
H <9 nm, increasing the thickness of the multilayer layers only
results in an increase in R, whereas R, shows a sharp decrease
in the case of H> 150 nm. In the intermediate, increasing w
leads to an improvement in barrier properties and then a
deterioration after a certain w. It is clear that certain multilayer
layers or tactoids facilitate to effectively enhance the barrier for
the exfoliated PCN, while R, hardly alters when w is less than
20 nm for the intercalated. In other word, the barrier properties
of the exfoliated PCN are more perfectly sensitive to the stack
of clay layers than those of the intercalated.

As an important parameter, H characterizing the degree of
exfoliation of silicate layers can be measured by WAXD and
TEM [2,4,34]. Increasing @ leads to a decrease in H. Thus, we
assume that increasing & leads to H=200, 100, 50, 20, 9, and
4 nm, respectively [35]. Fig. 5 reflects a function of the
multilayer thickness at condition of various fractions (®3=
0.005, 0.01, 0.03, 0.05, 0.10, and 0.15), indicating that
increasing @ can enhance the barrier property at the same w.
®, affects extensively R, of PCN at ®,<0.05. It is easier to
understand that increasing ®, (> 0.05) almost has no effect on
Ry, and even leads to increases in R, due to deterioration of
dispersion and exfoliation of the clay layers for PCN [3,4]. As
shown in the trend of R, by the arrows, high ®, increases the
dependence of the barrier properties of PCN on the dispersion
of the clay layers.
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Fig. 5. Relative permeability as a function of the agglomerate width obtained
from Eq. (9) for various clay layer volume fraction with the corresponding
gallery heights at L= 150 nm. Here, we consider the meaning of H and w as that
of Fig. 4.
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4.2. Confined matrixes ({;#1)

It should be noted that the above analysis is based on the
assumption {;=1. However, the mobility of polymer chain-
segments is considerably reduced in the confined environment
provided by the silicate layers. Unfortunately, very few exact
results are known for ;. We introduce the chain-segment
immobility factor {;>1 by virtue of studies on dealing with
effects of crystallization on a diffusion constant [17,18]. After
systematic experiments, authors in Refs. [17,18] obtained the
chain-segment immobility factor from the systemic studies on
gas molecules penetrating the polyethylene films of different
crystallinities on basis of Brandt’s formula [37]. The chain-
segment immobility factor can be written as

¢, = exp[k(D—®{?/2)]" (11)

where k is a constant for different penetrants diffused through
the same film, D is the diameter of a penetrants, and <IJIL/ 2/2 is
approximately equal to mean unoccupied distance between two
chain segments. Increasing the volume fraction (®.) of
crystallinity of polyethylene leads to a decrease in the chain-
segment immobility and thereby an improvement of barrier
property. For nitrogen, the chain-segment immobility factor of
polyethylene is 1.1, 1.2 and 2.0 at $.=0.29, 0.43 and 0.77,
respectively.

Experimental results in many polymer—clay nanocomposite
systems show that more clay layers cause more reduction in
chain-segment mobility [23-26,38,39]. In our model, more
clay layers lead to a decrease in H. Theoretical calculations
also exhibit that, decreasing H results in entropic penalty of
polymer confinement [21,22,29-31], that is to say, more
reduction in chain-segment mobility. Although clay layers and
polymer lamellar crystallites are not in complete agreement, it
is safe to assume that the effect of the clay layers is similar to
that of lamellar crystallites on the segment immobility of
confined polymer chains. Therefore, in expression (11) for our
model, QD{/ 2/2 decreases as @, increases and then ¢, increases.
Thus, R, reduces drastically, especially for the intercalated
PCN with high &, where the chain-segment becomes more
immobile due to much more confined geometry compared with
the exfoliated PCN. Also, we calculate relative permeability

Table 1
Effect of chain-segment immobility factor on relative permeability

Volume Gallery Segment Relative permeability
fraction® &,  height* H immobility
(nm) factor® ¢,
Rp Rp (Cl = 1)

0.005 200 1.0 0.993 0.993

0.01 100 1.1 0.887 0.986
0.03 50 1.4 0.674 0.963

0.05 20 1.7 0.559 0.9301
0.10 9 2.0 0.431 0.862
0.15 4 5.0 0.154 0.771

# Gallery height assumed as in Fig. 5.
® Segment immobility factor is assumed in term of Michaels and Bixler’s
results [17], and {; =1 represents no confinement of chain segments.

for various {; and £, =1, respectively, from Eq. (9). As shown
in Table 1, the relative permeability should be attached
importance to the chain-segment immobility factor. In
particular, R, reduces drastically as {; increase from the
exfoliated PCN to the intercalated. Unfortunately, for PCN,
more systematic experimental studies on the influence of {; to
R, are needed to test our predictions.

4.3. Comparison of the calculated R, and the experimental

As a result of the dispersed clay layers, it has been
experimentally and numerically proved that the gas barrier
properties have been improved dramatically in PCN [1-
4,8,13]. As shown in Table 2, the gas barrier properties of
polyimide and polyester—clay nanocomposites have been
investigated in detail. In term of the provided TEM
micrographs and the discussion in the corresponding refer-
ences, we obtain effective layer lengths in these
nanocomposites.

Fig. 6 shows the relationship of the relative permeability and
the volume fraction of clay layers calculated using Eq. (8).
Considering the dispersion degree of clay layers, we can
deduce that higher exfoliation degree of clay leads to higher
aspect ratio, and longer dispersed layers, smaller lateral
separation b in our model. Therefore, we calculate the curves
shown in Fig. 6, based on practically designing the parameters
of L, b, w and ;.

Based on Ref. [1a], we set L=200 nm and w=1 nm. The
calculated result is well consistent with the experimental data
for polyester nanocomposites filled with montmorillonite of
various contents. Moreover, our calculated value of L=218
and b=2 is in agreement with the relative permeability of

Table 2
Relative permeability of PCN and their relate parameters in references
Clay Clay volume Relative per-  Effective Reference
fraction ®y meability R,  length L
(%) (nm)°
Montmoril- 0.5 0.80 200 [3]
lonite
1.4 0.37 200
2.8 0.54 750
5.8 0.38 750
Montmoril- 0.58 0.71 200 [1a]
lonite
1.16 0.50 200
1.75 0.30 200
2.95 0.28 200
4.78 0.15 200
Hectrite 1.16 0.95 46 [2]
Saponite 1.16 0.78 165
Montmoril- 1.16 0.44 218
lonite
Synthetic 1.16 0.08 1230
mica

% The calculation is based on the density of pristine clay, 2.6 g/cm3 [40,41];
and polyimide, 1.5 g/cm® [41], and polyester density, 1.1 g/cm® [3].

® Layer length means the length of the organophilic clay multilayer in the
intercalated nanocomposites and that of the monolayer in the exfoliated.
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Fig. 6. Comparison of calculated relative permeability with experimental data
of polyimide—clay and polyester—clay nanocomposites in Refs. [1a—3]. The
signs( A, @ ,[]) represent the experimental data. The calculated fits based on
Eq. (8) for different L, b, w and ; are also shown. Here L means the same as
that in Table 2.

2 wt% montmorillonite filled polyimide nanocomposite shown
in Ref. [1c]. For the synthetic mica system, the calculated R, is
higher than the experimental one without considering the
chain-segment immobility ({;=1). Actually the polyamide
chains show the higher elastic modulus in the synthetic mica
composite of such longer layers as compared to hectrite,
saponite and montmorillonite composites, indicating more
chain-segment confinement in this composite. Therefore, the
calculated value is well consistent with the experimental one at
&, =1.25. For hectrite and saponite composites, experimental
results are obviously higher than calculated ones at low
effective length, suggestive of poor dispersion of clay layers.
Additionally, our calculated R, at L=750, b=15and w=13is
in agreement with the experimental R, of 5 and 10 wt%
montmorillonite nanocomposites in Ref. [3]. R, of 1 wt%
montmorillonite nanocomposites is much higher than the
calculated one at L=200 and b=2, while consistent at the
same parameters in 2.5 wt% montmorillonite nanocomposite.
The results perhaps derive from the limitation of our ideal
model. Less clay layers in the actual samples can not be formed
as the idealized arrangement of clay layers in our model.
However, more clay layers can easily be arranged as the
structure of our model. Therefore, our model has its limitation
for the less clay layers filled systems. As shown in Fig. 6, our
model is better consistent with the experiment when &,>0.01.

5. Conclusion

We developed the relative permeability theory and the
detour theory to study the effects of clay layers in the barrier
properties of PCN. To calculate the detour ratio, we took into
account the crystal ordering of clay layers and obtained the
relative permeability expressions. We systematically investi-
gated the relative permeability of PCN dependent on the
characteristic of clay layers—dispersion, layer thickness,

gallery height, layer length, layer volume fraction, and chain-
segment immobility factor. In addition, we developed the
chain-segment immobility factor to model the chain confine-
ment provided by clay layers, and briefly discuss effects of the
chain-segment immobility on the barrier properties of PCN.

Increasing the lateral separation resulted in a decrease in
relative permeability, especially for the PCN with the shorter
layers. Intercalated or incomplete exfoliated structures with
certain multilayer layers, and/or the chain confinement
provided by clay layers could effectively enhance the barrier
property of the materials, while increasing ®, (>0.05) or layer
length (L>500 nm) hardly results in any improvement of the
barrier property. Furthermore, exfoliated structure with stacks
of several clay layers and intercalated morphology without
tactoids will be beneficial to the materials with high barrier
properties. By comparing the expressed experimental results,
our model is better consistent with the experiment when ®¢>
0.01.

We believe that the predictions presented here can be used
as new guidelines for designing and developing PCN with
unique barrier permeability, and the developed theory can be
easily applied to other polymer-filler systems. Additionally, in
virtue of the diffusion of molecules, our theory provides a
possibility to study polymer morphology in PCN.
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