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Chapter I

CHAPTER I

Introduction
Nanostructured materials may be defined as those materials whose structural
elements, clusters, crystallites or molecules, have at least one dimension in the
order of the nanometers, i.e. from 1 to 100 nm, more typically less than 50 nm.
Nanostructured materials include atomic clusters, layered or lamellar films,
filamentary structures, and bulk nanostructured materials.
Nanostructure science and technology has become now an identifiable, very broad
and multidisciplinary, field of research and emerging application. It is one of the
most visible and growing research areas in materials science in its broadest sense.
It is almost traditional to quote from Feynman’s visionary lecture “There is plenty
of room at the bottom” in 1959 [1], the early beginning of such new class of
materials, but its largest development belongs to the last two decades.
The explosion in both academic and industrial interest in these materials begins
from the remarkable improvements in fundamental electrical, optical as well as
barrier properties that occur going from an “infinitely extended” solid to a particle
of material consisting of a countable number of atoms. In some cases, the physics
of nano-sized materials can be very different from the macroscale behavior of the
same substance, offering often superior properties that warrant much interest in
these materials [2-3].
In this concern, nanotechnologies arise many approaches in developing new
classes of materials for specific applications and suitable in several fields.
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1.1

Nanocomposites: polymer-layered silicates

In recent years, a significant interest in the nanotechnology has been devoted to the
study of polymer-layered silicate nanocomposites, because they often exhibit
remarkable improvement in materials properties, with just few percent of inorganic
phase, to be compared with the case of classic composites, where a significant
amount of filler content is needed to obtain interesting results in properties
enhancement. These improvements can include high modulus [4-5], increased
strength and heat resistance [6], decreased gas permeability [7-8] and flammability
[9], and increased biodegradability of biodegradable polymers [10]. Such
improvements make these materials very attractive for applications in many
different fields, from automotive, to painting and packaging.
The commonly used layered silicates for the preparation of this type of
nanocomposites belong to the same general family of 2:1 layered or
phyllosilicates. Their crystal structure consists of layers made up of two
tetrahedrally coordinated silicon atoms fused to an edge-shared octahedral sheet of
either aluminum or magnesium hydroxide. The layer thickness is around 1 nm,
while lateral dimensions may vary from 30 nm to several microns or larger,
depending on the particular layered silicate. Montmorillonite (MMT), Hectorite,
and Saponite are the most commonly used layered silicates. Two peculiar
characteristics of these silicates are extremely important for their use as nanofiller:
the ability of the silicate particles to disperse into individual layers, and the
possibility of finely tune their surface chemistry through ion exchange reactions
with organic and inorganic cations.
The physical mixture of a polymer and layered silicate may not form a
nanocomposite, so, in order to improve the compatibility of the two phases, the
polymer-silica interaction is usually artificially enhanced: the interlayer surfaces of
the silicate are chemically treated to make the silicate less hydrophilic and
therefore more wettable by the polymer.
In general, due to the very high aspect ratio of layered silicates (varying in the
range 10-1000), a few weight percent of inorganic phase, properly dispersed
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throughout the polymer matrix, creates much higher surface area for polymer/filler
interaction as compared to conventional composites [10]. Depending on the
strength of interfacial interactions between the polymer matrix and layered silicate
(modified or not), there are three different types of layered nanocomposites, as
shown in Figure 1-1, and the physical properties of the resultant system are
significantly different [11]:
•

Phase-separated: the polymer is unable to penetrate between the silicate sheets,
and the properties stay in the same range as those for traditional microcomposites.

•

Intercalated: a single extended polymer chain can penetrate between the silicate
layers, and a well-ordered multilayer morphology results with alternating
polymeric and inorganic layers. Properties of the composites typically resemble
those of ceramic materials.

•

Exfoliated: the silicate layers are completely and uniformly dispersed in a
continuous polymer matrix, an exfoliated or delaminated structure is obtained
[12].

Figure 1-1, Morphologies of a polymer layered-silicate nanocomposite [12].

The exfoliation of the inorganic material throughout the polymer is a crucial point
to make a successful nanocomposite; if a uniform dispersion is not achieved,
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agglomerates of inorganic material are found within the host polymer matrix,
limiting the improvement.

Figure 1-2, TEM photomicrograph of MMT-nylon 6 composites [13].

Layered nanocomposites provide reinforcing efficiency because of their high
aspect ratios; furthermore, their properties are strongly influenced by the size scale
of the component phases and the degree of mixing between the two phases.
Depending on the nature of the components used and the method of preparation,
significant differences in composite properties may be obtained [14].

1.2

Nanocomposites: organic-inorganic hybrid coatings
via sol-gel technique

A second class of composite materials, with nano-sized inorganic and organic
domains deeply interconnected, has been developed with a bottom-up approach, by
exploiting the sol-gel chemistry [15-16]. The sol-gel process is mainly based on
inorganic polymerization reactions and it is a chemical synthesis method
commonly used for the preparation of inorganic materials such as glasses and
ceramics. The most relevant feature of this technique is the low processing
temperature that also provides unique opportunities to make pure and well-
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controlled composition organic-inorganic hybrid materials incorporating low
molecular weight species and organic molecules with appropriate inorganic
moieties, preserving thus the stability and the characteristics of such organic
phases.
These hybrid materials have, in perspective, interesting applications in the field of
packaging [17-18], in view also of the possibility of including a high content of
inorganic phase, of an easy control of their properties by a suitable choice of
reactants and catalyst and of the easy application of such materials as thin coatings
onto plastics substrates [19].
The aim of this approach is to combine the properties of different materials leading
to the development of composite materials or blends, in which two different phases
with complementary physical properties are mixed. So, while using a polymer as
organic phase gives tenacity and flexibility as well as a good adhesion to different
substrates (that is extremely important in the case of coatings application), the
inorganic component brings in the hybrid its toughness and a remarkable thermal
and chemical stability as well as good barrier properties. Furthermore, the concept
of composites originated in the idea of producing materials having better properties
than either of the two components is achievable by combining the chemical
groupings with different properties at the nanoscopic level. Although such
materials are macroscopically homogeneous, their properties reflect the nature of
the chemical building blocks from which they are composed. The blending of
organic and inorganic components and the synergism of their properties is
particularly useful and allows the development of materials with totally new
properties [20]. Some recent papers and patents have, for instance, claimed a
strong decrease of the oxygen permeation rate of plastic films by using hybrid
coatings [21-22].
The aforementioned sol-gel reaction is a method to prepare pure ceramic
precursors and inorganic glasses at relatively low temperatures. The reaction is
generally divided into two steps: hydrolysis of metal alkoxides to produce
hydroxyl groups, followed by polycondensation of the hydroxyl groups and
residual alkoxyl groups to form a three-dimensional network, as shown in Figure
1-3.
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Figure 1-3, Reaction scheme of the sol-gel route [15].

The sol-gel route generally starts with alcoholic, or other low molecular weight
organic solutions of monomeric, metal or semimetal alkoxide precursors M(OR)n,
where M represents a network-forming element such as Si, Ti, Zr, Al, B, etc., and
R is typically an alkyl group (CxH2x+1), and water. Generally, the hydrolysis and
condensation reactions occur simultaneously once the hydrolysis reaction has been
initiated. Both the hydrolysis and condensation steps generate low molecular
weight byproducts such as alcohol and water. These small molecules must be
removed from the system, and such removal would lead, in the limit, to a
tetrahedral SiO2 network if the species were silicon. The removal of these
byproducts also contributes to the high shrinkage that occurs during the classical
sol-gel process.
In the case of silicon based metal alkoxides, the hydrolysis and condensation
reactions typically proceed with either an acid or base as catalyst, and the structure
and morphology of the resulting network strongly depend on the nature of the
catalyst, in particular, the pH of the reaction [15].
In this concern, a new range of material properties can be produced, incorporating
many different polymeric or oligomeric species within inorganic networks by
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different synthetic approaches. The chemical bond between inorganic and organic
phases can be introduced mainly by three approaches:
•

Functionalizing oligomeric/polymeric species with silane, silanol, or other
functional groups that can undergo hydrolysis and condensation with metal
alkoxides.

•

Utilizing already existing functional groups within the polymeric/oligomeric
species.

•

Using alkoxysilanes (R-Si(OR)3) as the unique or one of the precursors of the
sol-gel process with R- being a second-stage polymerizable organic group
often carried out by either a photochemical or thermal curing following the solgel reaction [15].

Figure 1-4 is a FE-SEM micrograph of a PVOH-SiO2 hybrid gel reported as an
example of the microstruture and of the morphology of these organic-inorganic
systems, and it shows that silica domains, with fairly small size, are uniformly
dispersed in the polymeric matrix, suggesting the strong interaction between the
two phases that characterizes this network [23].

Figure 1-4, FE-SEM micrograph of a PVA/SiO2 hybrid gel with TEOS contents 0.04 mol [23].
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1.3

Microfibrillated cellulose

Although microfibrillated cellulose (MFC), a biodegradable system produced by
delamination of cellulosic fibers in high-pressure homogenizers, has been know
since the beginning of the 80s, it is in the recent years that it is emerging in the
world of nano-phased materials for its surprising properties, promising for a wide
variety of applications.
A fully delaminated MFC consists of rather long microfibrils, in the micrometer
range (usually between 700 nm and 1 µm), with a diameter of some tenths of
nanometers (10-20 nm). Microfibrillated cellulose consists of nanostructures with
high stiffness and strength, crystals with self-organizing effects, and hydroxyl
groups at the surface, providing reaction sites for further modifications [24]. It is
soluble in water where it tends to form a highly viscous, shear-thinning transparent
gel.

Figure 1-5, SEM micrograph of a kraft pulp single elementary fiber (Scale bar: 10 µm) [25].

There are several potential applications for such new class of cellulose regarding
the field of paper and paperboard materials: taking advantage of its features, MFC
can be indeed applied to improve the mechanical properties, as surface strength
agent to prevent linting, or to form nano-coatings or nano-barriers. The MFC is a
highly attractive organic and biodegradable reinforcement
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nanocomposite, due to its high aspect ratio, good mechanical properties and its
ability to form networks. Films of pure microfibrillated cellulose can also bear
large stresses and strains before failure and, as consequence, MFC can be used in
biodegradable composites with for instance starch. In the recent years, indeed,
several composite systems have been prepared and studied, either from the
mechanical or from the barrier properties point of view, showing remarkable
improvement due to the addition of MFC [26-28].
Figure 1-6 shows two SEM micrographs of a starch matrix (50/50
amylopectin/glycerol matrix) reinforced by cellulose nanofibrills and of a pure
MFC film.

Figure 1-6, FE-SEM micrographs of the surface of (a) cellulose nanofiber reinforced composite
and (b) a neat cellulose film. (Scale bars: (a) 3 µm and (b) 1.2 µm) [29].

As one can see in the pictures, some porosity is present in both cases, while the
random orientation and distribution of the fibers is to be considered as apparent.
The thickness of most nanofibers is about 30 nm, although thicker entities are
present and the typical nanofiber length is several microns, resulting in a high
aspect ratio [29].
A crucial point, to predict and control the properties of cellulosic systems is to
understand the water-cellulose interaction due to the strong influence of the water
content onto the structural and mechanical properties of such hydrophilic material.
In this concern, the particular structure of the microfibrillated nanofibers is able to
reduce the water uptake, while the kinetic of the moisture sorption is surprisingly
rather long, as reported by different authors [30-32]; this makes these materials
interesting for a broad variety of applications.
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1.4

Self-assembling monolayers

Organic molecules can spontaneously assemble on various surfaces to form a
highly-ordered, crystalline-like monolayer, in which the hydrocarbon chains are
oriented almost perpendicular to the surface, as shown in Figure 1-7.

Figure 1-7, n-alkanthiolate self assembled monolayer on gold [33].

The formation of monolayers by the organization of surfactant molecules at
surfaces is one example of the general phenomenon of self-assembly. The ability to
tailor both head and tail groups of the constituent molecules makes self-assembling
monolayers excellent systems for a more fundamental understanding of the
mechanism which is affected by competing intermolecular, molecular-substrates
and molecule-solvent interactions.
SAMs are ordered molecular assemblies formed by the adsorption of an active
surfactant on a solid surface. This simple process makes SAMs inherently
manufacturable and thus technologically attractive for building superlattices and
for surface engineering. The order in these two-dimensional systems is produced
by a spontaneous chemical synthesis at the interface as the system approaches
equilibrium. Although the area is not limited to long chain molecules, SAMs of
functionalized long-chain hydrocarbons are most frequently used as building
blocks of super-molecular structures [34]. One deeper reason why organic
materials are attractive in such diverse fields is probably due to the tunability of the
properties of these materials by selectively modifying specific functional groups
while leaving the rest of the molecule unchanged [34].
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The general concept of self-assembly, which exploits the preferential, strong
binding of one functional group of the molecule to the substrate is the preparation
both from solution and from the gas phase, except for those systems, where a
precursor reaction is required in the solution.
The ease of preparation and the low costs of solution deposition are one important
reason for the popularity of SAMs. They can be prepared using different types of
molecules and different substrates, widespread examples are alkylsiloxane
monolayers, fatty acids on oxidic materials and alkanethiolate monolayers.
The principle to prepare a SAM is rather simple, once that the substrate has been
properly cleaned, it has just to be dipped into the corresponding solution for a
certain period of time, and the monolayer will assemble. Considering the
alkanethiolate on gold, the route of synthesis is shown in two steps in Figure 1-8:
the substrate, a golden sheet, is immersed into an ethanol solution of the desired
thiol. After an initial fast adsorption (order of magnitude of seconds), an
organization phase follows, which should be allowed to continue for a longer time
(about one day) in order to achieve the best results.

Figure 1-8, Scheme for the preparation of n-alkanethiolates SAMs on gold [35].

These materials often exhibit optical, electrical, optoelectronical, mechanical,
chemical, or other properties interesting for the potential applications, which are
not accessible with inorganic materials. Besides the classical areas of technology,
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organic thin films can also play an important role in interfacing bio-technological
devices [36-37]. An important application of these material belongs to the field of
the barrier properties; it has been proved, indeed, that the thin (1-3 nm)
hydrocarbon layer of the SAM can provide significant protection against oxidation
to a metal surface. This demonstration is based on the observation that the rate of
oxidation becomes slower as the n-alkanethiols used to make the SAM become
longer, guaranteeing therefore a thicker barrier layer [38].

1.5

Barrier properties of nanostructured materials

The above mentioned qualities of nano-sized material are often exploited in the
field of membrane applications, such as gas separation, as well as in the packaging
industry; in both cases, the permeation of chemical species through the polymericbased membrane plays a key role. In gas separation membranes, nanotechnology is
often employed to develop new classes of materials with improved permselectivity preserving the productivity levels already achieved by pure polymer
membranes. In this concern, the combination of nano-sized ceramic materials with
the polymer matrix has received much attention in recent years [39-42].
On the other hand, barrier films find applications in a wide range of different areas
in preventing the permeation of species which would damage the packaged
product; a fist example is in paints where keeping water out is usually the primary
objective and the addition of aligned mica flakes can inhibit metal corrosion [43].
Although the barrier performance of materials have perhaps never attracted so
much industrial attention as over recent decades, when it started to be associated
with some modern food and beverage packaging technologies making use of
plastic materials [44-46], it became an important issue associated with food
commercialization, food shelf life extension, quality and safety [47]. The widest
application for barrier membranes is, indeed, in extending the shelf-life of the food
product, i.e. the time during which food maintains its hygienic and sensorial
characteristics. Shelf-life can be significantly improved by enhancing the barrier
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properties of the food package towards oxygen that enables microbial metabolism
and food degradation. The decrease of the oxygen transfer rate would therefore
allow to widen the application of plastic films to the packaging of a lot of different
food products, whose shelf-life is today achieved by a low temperature storage
coupled with particular packaging conditions, such as Modified Packaging
Atmosphere (MPA) [48].
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CHAPTER II

Experimental
The mass transport through polymeric membranes can be approached by the sorptiondiffusion model, in which the process is described by two different steps: at first the
dissolution of the probe molecules in the polymeric matrix and then its diffusion
through the membrane, driven by a chemical potential gradient of the gas.
The gas diffusion in polymer generally is correctly described by the Fick’s law with a
diffusion coefficient that can be considered constant in a reasonable wide
concentration range; it is thus assumed as not changing during the test. Under these
conditions, Fick’s law gives the distribution of the gas concentration c (x,t) in the
solid phase as a simple material balance for the solute within the membrane:
∂c
= D ⋅ ∇2c
∂t

(1)

Appropriate boundary and initial conditions have also to be applied to describe the
experimental conditions. In the present case, polymeric membranes are thin films in
which the thickness of the geometry is considerably smaller then the other dimensions
and it should be considered that the diffusion occurs in only one dimension, through
the thickness direction. In this hypothesis the equation becomes:
∂c
∂ 2c
=D 2
∂t
∂x

2.1

(2)

Permeation

In permeation experiments in polymeric membranes, the mass transport is a pure
diffusive phenomenon and, since the solution polymer-gas is extremely diluted, the
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mass balance is given by Eq. (2). Hence, the problem has been uniquely described by
imposing the proper boundary and initial conditions. The two membrane surfaces can
be considered as at constant concentration in the entire test: the pressure, indeed, is
proportional to the concentration according to Henry’s law (c = S p), and it does not
change significantly due to very low fluxes. Then, as initial condition, the
concentration in the membrane has been considered as uniform, and in most of the
case, it is equal to 0 (dry membrane). The complete set is formalized as follows:
c(0, t ) = c1
c(l , t ) = c 2

c( x, t ) = c 0

(3)

where l is the thickness of the membrane.
In the first part of the test, a transient state is observed due to the gas sorption of the
solid phase, and then a steady state is reached when the membrane has been saturated
and the solute concentration remains constant during the time. Therefore, under these
conditions and if D is kept constant and the Fick’s law becomes:
∂c
∂ 2c
d 2c
= D 2 =0⇒ 2 =0
∂t
∂x
dx

(4)

The integration of Eq. (4) gives easily the concentration profile in the membrane as
linear along the x direction:

c − c1
x
=
c 2 − c1 l

(5)

Furthermore, the steady conditions guarantee a constant flux JSS through the
membrane and it can be expressed as:
J SS = − D

(c − c 2 )
∂c
=D 1
∂x
l

(6)

However, in permeation experiments, the differential pressure among the sample is
known rather then c1, and c2, and the concept of permeability P has been introduced:

J =P

( p1 − p 2 )
l

(7)

At this point, by means of the Henry’s law, it is possible to derive the relationship
between permeability and diffusivity, being S the gas solubility in the polymer film:
P = D⋅S

(8)
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In case of a manometric apparatus, the amount of mass permeated is calculated by
monitoring the pressure of the downstream volume (that has known value), and the
flux at the steady state can is linear with the pressure derivative and, in the assumption
of ideal gas, it is given by:
J

ss

V 1
 dp 
= 1
⋅
⋅
 dt  t →∞ RT A

(9)

where V is the downstream volume, A the membrane area and T the temperature.
The Transfer Rate (T.R.), or permeance, is a specific flux density; hence Jss is divided
by the driving force of the phenomenon, i.e. the pressure difference:
T .R. =

−J

V 1
1
 dp 
= − 1 
⋅
⋅ ⋅
p1 − p 2
 dt  t →∞ RT A ( p1 − p 2 )
ST

(10)

However, the permeance is still an operative property, because it is related to the
sample geometry, namely the thickness of the film, while the permeability depends
only on the nature of the membrane and it is given by:
Ρ = T .R. ⋅ l =

−J

ST

⋅l

p1 − p 2

V l
1
 dp 
= − 1 
⋅
⋅ ⋅
 dt  t →∞ RT A ( p1 − p 2 )

(11)

The permeability has been expressed in Barrer:
 3

1 Barrer = 10 − 10 ⋅  cm ( STP ) ⋅ cm 
 cm 2 ⋅ s ⋅ cmHg 



(12)

To describe the complete process and to capture the concentration behavior over time
in the transient state, the differential equation Eq. (2) has to be solved considering the
I.C. and B.C. in Eqs. (3), and the complete solution is given by Crank [1]:
c = c1 + (c 2 − c1 )

x 2 ∞ c 2 cos nπ − c1
nπx − Dn 2π 2t / l 2
+ ∑
sin
e
+
l π n =1
n
l

2 ∞
nπx − Dn 2π 2t / l 2
nπx'
+ ∑ sin
e
f ( x' ) sin
dx'
∫
l n =1
l
l
0
l

(13)

The instantaneous flux that exits from the membrane is the permeate rate at x = 0, i.e.
the low concentration surface, and it is given by:

J
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= D 
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(14)
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Substituting the concentration profile of Eq. (13) and integrating over time the flux at
the interface, the amount of permeate Qt at time t is determined.
In the hypothesis of negligible pressure in the downstream volume and dry membrane
at t = 0, Qt can be written as:
D⋅n ⋅π
n
−
Qt
D ⋅ t 1 2 ∞  (− 1)
2
= 2 − − 2 ⋅∑
⋅e l
2
 n
l ⋅ C1
6 π
l
1

2

2

⋅t






(15)

And in the limit of t → ∞ Eq. (15) has an asymptotic behavior:
Qt
l ⋅ C1

=
t → +∞

D ⋅t 1
−
6
l2

(16)

In this concern, the time-lag value, θL, defined as the intercept on the t axis of the
straight line which approximates this curve at long times when steady state conditions
are approached, allows the calculation of the diffusion coefficient D as follows:

l2
ϑl =
6⋅D

(17)

2.1.1 Permeation in multi-layer samples
In case of multi-layer film, the material cannot be considered as uniform and the
Fick’s law has to be written with a different diffusion coefficient for every layer of the
sample.
Concerning the steady state of permeation, the permeability Pi of the i-th layer can be
evaluated from a simple series resistance approach:

l
1
1
=∑
=∑ i
T .R.
i (T .R.)i
i Pi

(18)

The analysis of the kinetics of diffusion was developed by Barrie [2] who adopted the
solution given by Jaeger [3] to the analogous thermal problem and the diffusivities of
a three layers film can be evaluated using the time-lag technique:
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ϑ123 =

+

1
l1 l1 l3
+ +
P1 P2 P3

 l2  l
l
l  l2  l
l
l  
⋅  1  1 + 2 + 3  + 2  1 + 2 + 3  +
 D1  6P1 2P2 2P3  D2  2P1 6P2 2P3  

(19)

l  l
1
l
l  Pl l l 
⋅   1 + 2 + 3  + 2 1 2 3 
l1 l1 l3 D3  2P1 2P2 6P3  P1D2 P3


+ +
P1 P2 P3
2
3

where θ123 is the time lag resulting in a permeation test on the three layer sample.

2.2

Sorption

In case of sorption experiment, the specimen is immersed in a gaseous phase at
uniform concentration, so the problem is still described by the Fick’s law, but a
different set of boundary and initial conditions has to be considered. In the present
work, differential sorption tests are performed by means of a pressure-decay
technique: the solubility, or the concentration, in terms of penetrant mass absorbed per
sample mass, is evaluated measuring the decay in pressure of the gaseous phase in a
known volume. The test starts with a certain concentration in the gaseous phase which
decreases due to the sample absorption, until when the net flux through the membrane
is zero and the concentration is thus uniform within the sample.
If M 0( i ) is the initial mass in the gas phase in the pre-chamber at the i-th step, and M ∞(i )
is the mass in the gas phase at the equilibrium in the system pre-chamber and samplechamber (in the end of the i-th step), being mp the initial mass of the specimen (dry),
the penetrant concentration is described by:
c ( i ) − c (i −1) =

M ∞( i ) − M 0(i ) M ∞( i ) − M ∞(i −1)
=
mp
mp

(20)

The concentration at the equilibrium of the fist step can be evaluated by means of
measurement of the experimental pressure; in the ideal gas approximation, the initial
and final values of the pressure, p0 and p∞, knowing the volumes of the two chambers
(VC01, volume of the pre-chamber and VC02, volume of the sample-chamber), give the
gas or vapor solubility in the sample:
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M 0(1) =

p 0(1) ⋅ VC 01
⋅ M W , pen
RT

(21)

M ∞(1) =

p ∞(1) ⋅ (VC 01 + VC 02 )
⋅ M W , pen
RT

(22)

More generally, in the following steps, to evaluate M 0( i ) at the i-th step:
M

(i )
0

( p 0( i ) ⋅ VC 01 + p ∞(i −1) ⋅ VC 02 )
=
⋅ M W , pen
RT

(23)

M

(i )
∞

p ∞( i ) ⋅ (VC 01 + VC 02 )
=
⋅ M W , pen
RT

(24)

Where p ∞(i −1) is the equilibrium pressure of the (i-1)-th step and p 0(i ) the initial
pressure at the following one (i-th). As obvious, the above expression has a general
validity, and so, in order to analyze the kinetics of diffusion, the instant value of the
absorbed mass can be determined from the pressure p(t) at time t.
In a pressure-decay experiment, the pressure in the gas phase changes and the
concentration on the interface solid-gas is expected to vary due to the mass absorbed
in the specimen: the hypothesis of boundary condition constant in time is thus not
longer correct and the problem has to be properly reformulated.
Considering a 2 l thick slab, if a is the ratio between the volume of the gas phase and
the membrane surface, the conditions at the boundaries become:
a ∂c
∂c
= mD ,
K ∂t
∂x

x = ±l ,

t >0.

(25)

This equation is a mass balance and states that the amount of penetrant absorbed in
the sample at the surfaces x = ± l is equal to the mass that left the gas phase. The
partition factor K is the ratio between the concentration in the gas phase and the one
within the specimen. In the hypothesis of ideal gas, given R the ideal gas constant and
S the gas solubility in the sample, the partition factor is given by:

K = SRT

(26)

The solution to this problem was developed by Crank [1] by means of Laplace
transforms; the instantaneous mass absorbed in the sample is then expressed as
follows:
∞
M (t )
2α (1 + α ) − Dqn2t / l 2
= 1− ∑
e
2 2
M∞
n =1 1 + α + α q n

(27)
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where α is the ratio a/(K l) between the volume of the solution and the membrane,
while qn are the positive, non zero, solutions of the equation:
tan qn = −αqn

(28)

The aforementioned solution is correct in the case of initially dry sample while in the
following steps, it has to be modified:

M t( i ) − M 0( i )
M ∞( i ) − M 0( i )

∞

= 1− ∑

2α ( 1 + α )

2 2
n =1 1 + α + α qn

e − Dqn t / l
2

2

(29)

From the best fitting of Eq. (29) in the experimental data, the diffusion coefficient D
can be evaluated.
For the study of gas and vapor solubility in multilayer samples, a mass additive rule
was considered to identify the individual contributions of each layer to the water
uptake:

ceq,tot = ∑ xi ⋅ ceq ,i

(30)

where ceq,tot is the equilibrium water concentration in the sample, ceq,i is the
equilibrium water concentration in each layer i and xi the corresponding mass fraction.

2.3

Apparatus description

2.3.1 Permeometer
The permeability of pure gases in the various films was investigated by using a
closed-volume manometric apparatus, especially designed to characterize ultra barrier
films and shown in Figure 2-1.
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Figure 2-1, Layout of the permation apparatus.

A pressure difference is maintained across the two sides of the sample and the amount
of mass permeated is calculated measuring the pressure increase in a closed volume of
known dimensions at constant temperature. As observed in Figure 2-1, the apparatus
is divided, by the sample holder, in two different volumes; the downstream side is
kept as small as possible to have the highest sensitivity (30 ± 1.5 cm3), while in the
upper part there is a relatively big reservoir (about 2 L) where the probe gas is filled.
The specimen, whose permeation area is about 9.6 cm2, is carefully clamped in the
sample holder where 2 O-rings in Viton allow good sealing.
To ensure the evacuation of any chemical species absorbed in the sample before every
test, an ultra-vacuum pump is used, which guarantees absolute pressure values in the
order of magnitude of 10-3-10-4 mbar. In the downstream volume, a high-resolution
manometer gives the instantaneous values of the pressure that gives the amount of
mass permeated. The manometer works in the range 0-10 mbar with a sensitivity of
0.001 mbar and with an accuracy of 0.15% of the reading. In order to have the correct
value of the driving force, the differential pressure across the membrane, another
manometer is placed in the upstream volume, on the reservoir, whose values are
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supposed to be constant while the tests are carried out. The entire apparatus is then
kept in a thermostatic chamber to have a constant temperature.
The experimental procedure starts by setting the specimen in the sample-holder and it
is then pre-treated to evacuate the chemical species already absorbed in the
membrane, by connecting the chamber with the vacuum pump for a sufficiently long
time, depending on its properties and thickness, to make sure that the sample will be
completely dry.
After this treatment, the experiment starts by closing the valve on the downstream
volume, and the reservoir is connected with the membrane: the differential pressure
across the specimen is therefore accomplished.
In the first part of the test, the flux trough the membrane increases until the material is
saturated and the steady state is reached and the experiment can be thus finished; an
example of a permeation output is reported in Figure 2-2.

Figure 2-2, Permeation experiment output.

Every data point (in terms of T.R. and time-lag) is collected at least twice to assure a
complete repeatability and reliability of the measurements.
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2.3.2 Humid permeometer
A second permeation apparatus was then developed on the same basis of the one
above described, to allow the characterization of samples in presence of humidity.
Measurements of either pure water permeability or humidified gas permeability are
carried out by means of the close volume manometric equipment detecting the amount
of mass permeated by monitoring the pressure in a known volume. The permeation
part of the apparatus is essentially the same of the one for pure gases, but a new
section has been added to pre-treat the specimen at certain humidity and to ensure a
flow-experiment at controlled R.H. in the upstream section, as one can see in Figure
2-3. In this concern, the sample holder has an inlet and outlet connection in the upper
section, the latter provides the necessary purge to keep the desired humidity content
constant during the test.

Figure 2-3, Layout of the humid permeometer apparatus.

In all cases, the specimen has to be pre-treated by connecting it with the vacuum
pump for a sufficiently long time to ensure that all the chemical species therein
absorbed have been evacuated. The water vapor permeability test, then, proceeds
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simply as previously described for the case of pure oxygen experiments: the
downstream volume is closed and the sample is connected with the water reservoir
charged at the desired pressure. From the output of the test, both permeability and
diffusivity can be determined from the analysis of the steady state flow and the timelag, respectively.
On the other hand, humid gas permeation tests require a further pre-treatment of the
specimen that is set at a certain water activity until equilibrium conditions have been
reached. At this point, humidified gas (at the same water activity) is flowed in the
upstream section and the permeation experiment can start. In this concern, after a
short transient time, due to slight water pressure difference causing a water flow
through the membrane, the partial pressure of water is the same in both sides, and,
consequently, there is no force driving the water to cross the sample. On the contrary,
the gas pressure difference causes the flow from the upstream part to the downstream
volume.

Figure 2-4, Humid permeation experiment output.
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From the analysis of the increasing pressure in this volume showed in Figure 2-4, the
amount of permeated gas can be evaluated as well as the gas permeability at certain
humidity.

2.3.3 Pressure decay
The experimental device that has been used for differential sorption test is a pressuredecay apparatus with double chamber, in which the amount of absorbed gas or vapor
is measured as decay of pressure of the gaseous phase is a known volume. As reported
in Figure 2-5, the system is characterized by a pre-chamber where the penetrant is
charged at a certain pressure controlled by a high precision manometer (range 0-100
or 0-1000, with a resolution of 0.01 and 0.1 mbar, respectively) and a second chamber
where the specimen is set.

Figure 2-5, Layout of the pressure-decay apparatus.

The specimen is at first weighed with an electronic balance with a precision of ± 5 µg
and it is then set within the sample-chamber, which, in turn, is sealed with an
aluminum gasket; in order to evacuate the chemical species present in the material,
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the sample is pre-treated by connecting the chamber with the vacuum pump for a
sufficiently long time.
At the beginning, the pre-chamber is filled with the probe gas up to a certain pressure
and, when the valve between the two chambers is opened, the experiment starts. The
pressure suddenly drops to a specific value due to the volume expansion, easily
predictable in the assumption of ideal gases; then the penetrant molecules go into the
specimen causing the pressure decay: from its evaluation the mass absorbed is
determined. After a certain time, steady state conditions are reached, the penetrant in
the sample is at the equilibrium with the one in the gas phase and the pressure does
not change anymore; an example of the sorption output is reported in Figure 2-6.

Figure 2-6, Sorption experiment output.

Closing then the valve between the chambers, it is possible to repeat this procedure
increasing the pressure for the following sorption step. A sufficient number of steps
has been carried out in order to carefully describe the entire range of activity and to
obtain an accurate sorption isotherm for the system analyzed.
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The complete test is repeated at least twice to make sure of the repeatability of the
results.

2.4

Material description

2.4.1 Organic-inorganic hybrids
The organic-inorganic hybrid samples analyzed in this section were developed by the
Department of Materials and Environmental Engineering at the University of Modena
and Reggio Emilia (set 1.a and 1b, PE-PEG based systems) and by the Department of
General Chemistry, Inorganic Chemistry, Analytic Chemistry and Physical Chemistry
at the University of Parma (set 2, PVOH based systems) within the Italian framework
funded by the Project “Organic-inorganic hybrid Coatings for Packaging innovative
Films”.

2.4.1.1 PE-PEG/Si-SiO2
A bubble extruded LDPE thin film, 45 µm thick, supplied by Polimeri Europa S.p.A.,
was used as polymer substrate for hybrid coatings. High purity tetraethoxysilane
(TEOS, Aldrich), 3-isocyanatopropyltriethoxysilane (ICPTES, Fluka), ethanol (EtOH,
Carlo Erba), tetrahydrofuran (THF, Sigma-Aldrich), hydrochloric acid 37% solution
(Sigma-Aldrich),

sodium

monohydroxy terminated

hydroxide

pellets

(Sigma-Aldrich),

polyethyleneblock-poly(ethylene

two

glycol)

different

copolymers

containing 50 and 80 wt.% of ethylene oxide and having Mn = 920 and 2250 g/mol,
respectively (PE-PEG(50) and PE-PEG(80), Aldrich) were also used as received
without further purification.
The triethoxysilane terminated copolymers PE-PEG(n)-Si triethoxysilane terminated
copolymers were prepared as follows [4-5]. ICPTES was reacted in bulk with the PEPEG hydroxyl terminated copolymers in molar ratio of 1.1:1. The reaction was carried
out in a 50 mL glass flask with magnetic stirring, at 120°C, for about 3 h. The
progress of the reaction was monitored using FT-IR spectroscopy by following the
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increase of the strong absorption band of the urethane groups (at about 1760 cm-1)
deriving from the reaction of the hydroxy groups with isocyanate groups and the
disappearing of the band related to isocyanate groups (at 2300 cm-1). It was found
that, under the experimental conditions used in this study, the reaction goes to
completion within 3 h. The expected structures of the final products, respectively
coded as PE-PEG(50)-Si and PE-PEG(80)-Si (in which the numbers represent the
weight percentage of ethylene oxide in the commercial copolymers) have been
confirmed also by the 1H NMR [4].
The hybrid coatings of this series (set 1.a) were prepared by dissolving TEOS and
triethoxysilane terminated copolymers, PEPEG(n)-Si, in warm THF under magnetic
stirring at the concentration of 30% wt./v. Water (for the hydrolysis reaction), EtOH
(to make the system homogeneous) and catalyst (HCl or NaOH) were added at the
following molar ratios with respect to the overall ethoxide groups (deriving both from
TEOS and functionalized copolymers): EtO-:H2O:EtOH:catalyst = 1:1:1:0.05, and
finally partially cured in a closed vial at 60°C for 2 h before deposition on the LDPE
substrate.
The preparation of PE-PEG(80)-Si/SiO2 1:1 hybrid is reported in the following as an
example: 0.70 g of a PEPEG(80)-Si and 2.30 g of TEOS were added to 10 mL of THF
until a homogeneous solution was obtained. Then 2.92 g of a mixture of EtOH, water
and HCl (in molar ratio 1:1:0.05) were added under stirring.
Most of the coatings were prepared using HCl as catalyst, and the final hybrids were
coded as XN, in which X is a letter indicating the molecular weight of the organic
component (H = high, L = low) and N is a figure corresponding to the nominal weight
percentage of inorganic component, calculated assuming the completion of the
hydrolysis and condensation reactions during the sol-gel process.
Other samples were prepared using either a basic catalyst (NaOH) or a pure organic
phase as the coating. Deposition and thermal curing of polymer-silica hybrids onto PE
substrate polymer/TEOS homogeneous solutions prepared according to the procedure
previously described were deposited onto LDPE films (130 x 130 mm) by spincoating using a spin rate of 1000 rpm for 30 s.
Spin-coating is useful to obtain very thin films (typically 0.1 - 1 µm) just on one side
of the substrate, and this application technique was used in this work as it is known to
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lead to uniform thickness over wide surface area, thus making permeability
measurements more reliable. All coated films were obtained using LDPE films
washed in methanol before coating application, without any previous surface
treatment. The samples, after deposition, were subjected to a thermal post-treatment at
60°C for 24 h in an air-circulating oven.
The resulting network molecular structure and morphology are dependent on the
reaction conditions and in particular on the kind of catalyst used (acidic or basic) and
on reaction temperature and time. Under acidic catalysis, highly branched silica
chains grow preferably up to gelation, whereas under basic catalysis silica particles
grow first and then form bonds, leading to gelation in the last part of the process. It is
also useful to emphasize that, due to molecular constraints, Si-O-Si connectivity is
usually far from that expected by a complete condensation reaction and is typically
about 80-85% of the theoretical values [6-8]. This means that a significant amount of
silanol groups (Si-OH) are included in the final hybrid material along with siloxane
bridges, and their capability to form hydrogen bonds with the included polymer can
play a relevant role with respect to the polymer chain mobility within the organic
domains, where oxygen diffusion is expected to occur.
Coatings with different organic-inorganic ratios were prepared using PE-PEG-Si
block copolymers and silica from TEOS, in order to assess the effect of parameters
such as their composition and the molecular weight of the organic phase. The coatings
were applied to the LDPE film without any previous surface treatment, as it has been
previously demonstrated that they are able to lead to good adhesion to commercial
LDPE films [4]. Because of the presence of the trialkoxysilane terminal groups, PEPEG-Si is expected to form covalent bonds with the inorganic precursor, TEOS. This
in turn is expected to favor the formation of organic-inorganic nano-sized domains
with extended interface [9]. Indeed, all the coated films were as transparent as the
original LDPE film, supporting the hypothesis of formation of nano-sized domains.
Different PE-PEG-Si/TEOS weight ratios (from 33% to 67% of silica) were used to
investigate the role of the organic and inorganic components on the gas transport
behavior.
In all cases, the solution was allowed to react for a given time before being applied by
spin-coating onto LDPE films, and the same post-application thermal treatment was
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also performed on all coated films. In order to obtain reproducible and uniform
coatings, the initial solutions were applied to the plastic films by spin coating, leading
to rather small thickness values (0.5 - 1 µm). No significant defects were detected on
the surface at visual inspection and a quite good adhesion was observed for all
samples, as attested by the SEM investigation of the cross-sectional view of the
fracture surfaces (fractured in liquid nitrogen) of the coated films (see Figure 2-7 as
an example). Due to the mild curing conditions used, no deformation was observed in
the coated LDPE films.

Figure 2-7, SEM micrograph of the edge view of LDPE film coated with H50 hybrid coating.

Table 2-1 summarizes the main composition data for all the hybrid coatings tested and
reports data about the film thickness, as measured by SEM from the cross-sectional
view of the coated films. The coating thicknesses of all the samples inspected are
quite uniform over the surface of each sample, and range from 0.72 ± 0.05 µm for the
coating with high inorganic content (67%), to 1.00 ± 0.08 µm for the coating with low
inorganic content (33%) (Table 2-1).
It is expected that a critical role on oxygen permeability is played by the final
morphology, which in turn is affected by several variables, including polymer
molecular weight and type of catalyst used. Two PE-PEG-Si copolymers with
different molecular weights were used as organic phase, and the coatings were
prepared either under acidic (HCl) or basic (NaOH) catalysis.
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Code
LDPE
H67
H50
H33
L67
L50
L33
H00
H50B

Table 2-1, List of uncoated and coated LDPE films analyzed (set 1.a).
Coating characteristics
Film thickness
Sample
O/I
Silica content Mn (PE-PEG)
µm
g/mol
% wt.
ratio
uncoated
45
coated PE-PEG-Si/SiO2
45 + 0.72
1:2
67
2250
coated PE-PEG-Si/SiO2
45 + 0.82
1:1
50
2250
coated PE-PEG-Si/SiO2
45 + 1.00
2:1
33
2250
coated PE-PEG-Si/SiO2
45 + 0.72
1:2
67
920
coated PE-PEG-Si/SiO2
coated PE-PEG-Si/SiO2
coated PE-PEG
coated PE-PEG-Si/SiO2
(basic catalysis)

45 + 0.82
45 + 1.00
45 + 5.0

1:1
2:1
-

50
33
-

920
920
2250

45 + 0.82

1:1

50

2250

A second series of samples (set 1.b) was specifically developed by adding a new
component with a low permeability characteristic, poly(4-hydroxystyrene), PHS, to
the copolymer PE-PEG constituting the organic phase in order to improve further the
oxygen barrier effect [10].
This component, the TEMPO-terminated PHS, was prepared by living free radical
polymerization in the presence of 2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPO) as
shown in the reaction scheme reported in Figure 2-8 [11].

Figure 2-8, Preparation of poly(4-hydroxystyrene) from 4-acetoxystyrene.

Briefly, 4-acetoxystyrene (5.0 g, 30.9 mmol) was placed in a 50 mL round bottom
flask and purged under nitrogen. The initiating system (TEMPO/BPO molar ratio 1/
0.77) was then added to get the desired molecular weight. For example, to obtain a
molecular weight of approximately 16000 g/mol, a molar ratio of 1:100 initiator to 4acetoxystyrene, was used. After addition of the initiator, the polymerization mixture
was heated at 125°C, under nitrogen, and stirred for 48 h. The reactor was then cooled
to room temperature and the polymer dissolved in acetone (15 mL), and isolated by
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precipitation into n-hexane (100 mL). The polymer (TEMPO-terminated poly(4acetoxystyrene)) was then filtered, washed with n-hexane, and dried in a vacuum oven
overnight at 50°C. To a slurry of poly(4-acetoxystyrene) (5.0 g, 31 mmol of acetoxy
groups) in refluxing methanol (40 mL), ammonium hydroxide (2.5 g, 69 mmol)
dissolved in water (7 mL) was added drop wise over 15 min under nitrogen. The
reaction mixture was refluxed for 14 h, to allow the polymer dissolution. The solution
was then cooled to room temperature, and the polymer recovered by precipitation into
hexane (100 mL), filtered, washed with water, and dried in a vacuum oven overnight
at 50°C. Typical yields of poly(4-hydroxystyrene) were 64-72%. The expected
structures of the final products have been confirmed by the 1H NMR (d 1.87 (m, CH2CH-Ph), 2.76 (m, CH-Ph), 6.65 (m, Ph-o-OH), 7.33 (m, Ph-m-OH), 9.83 (s, OH)). A
number-average molecular weight of 14400 g/mol, was determined from 1H NMR by
comparison of the signal at 2.76 ppm (1 proton for each repeating monomeric unit)
with the methyl signal of TEMPO at 1.15 ppm (12 protons) [12].
Then, the hybrid coatings were prepared as above described by dissolving TEOS and
PE-PEG-Si in THF under magnetic stirring at the concentration of 30% w/w. Water
(for the hydrolysis reaction), EtOH (to make the system homogeneous) and HCl (as
catalyst) were added at the following molar ratios with respect to the overall ethoxide
groups (deriving both from TEOS and functionalized copolymers): EtO:H2O:EtOH:HCl = 1:1:1:0.05 and finally partially cured in a closed vial at 60°C for 2
h before spin-coating deposition on the LDPE substrate.
Some LDPE films were also subjected to plasma treatment (in air) using a 13.56 MHz
radiofrequency reactor, Plasmod 1645, supplied by March Instruments Inc. The
reactor pressure was 0.1 Torr (~13 Pa), the gas flow rate was 7.7 cm3/min, the power
was set at 15 W and the treatment time was 2 min.
Finally, polymer/TEOS homogeneous solutions prepared according to the procedure
previously described were deposited onto LDPE films (130x130 mm) by spin-coating
using a spin rate of 1000 rpm for 30 s. After deposition, samples were subjected to a
thermal post-treatment at 60°C for 24 h in an air-circulating oven. Samples of this
series have bee listed in Table 2-2.
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code
LDPE
H50-M05
H50-M10
H50-M20
H33-S22

Table 2-2, List of uncoated and coated LDPE films analyzed (set 1.b).
Film
Sample
Component wt fractions
thickness
Additive
coating
PE-PEG SiO2
µm
(type (c))
Uncoated LDPE
45
PE-PEG-Si/SiO2/MA
45 + 0.80
0.475
0.475 0.05 (MA)
PE-PEG-Si /SiO2/MA
45 + 0.88
0.45
0.45
0.10 (MA)
PE-PEG-Si/SiO2/MA
45 + 0.85
0.40
0.40
0.20 (MA)
PE-PEG-Si/SiO2/PHS
45 + 1.00
0.45
0.33 0.22 (PHS)

H67-S11
H33-S44
H00
H00-S20
H00-S40

PE-PEG-Si/SiO2/PHS
PE-PEG-Si/SiO2/PHS
PE-PEG
PE-PEG/PHS
PE-PEG/PHS

H50-DL

PE-PEG-Si/SiO2 first layer
PVOH-Si/SiO2 second layer

H67P
H50P
H33P

(b)

PE-PEG-Si/SiO2 - Plasma
PE-PEG-Si/SiO2 - Plasma(b)
PE-PEG-Si/SiO2 - Plasma(b)

45 + 0.75
45 + 1.00
45 + 5.0
45 + 5.0
45 + 5.0
+ 1.00
45
+ 0.85
45 + 0.72
45 + 0.82
45 + 1.00

0.22
0.22
1.00
0.80
0.60
0.50

0.67
0.33
----0.50

0.11 (PHS)
0.44 (PHS)
0.20 (PHS)
0.40 (PHS)
-

0.33
0.50
0.67

0.30
0.67
0.50
0.33

0.70
-

(a) Double layered film
(b) The coating was deposited on plasma treated LDPE films.
(c) MA = malic acid; PHS = poly(4-hydroxystyrene).

2.4.1.2 PVOH/Si-SiO2
The second system (set 2) that has been considered was developed using an ultra
barrier polymer such as PVOH as organic phase of the hybrid. In this concern, fully
hydrolyzed polyvinyl acetate (PVAc) (97-100 % of the acetate groups substituted) or
partially hydrolyzed PVAc (86-89% of the acetate groups substituted) can be used:
both grades are commercially available. The inorganic Si-SiO2 groups were obtained
by the addition of TEOS [13].
An aqueous or hydro alcoholic solution comprising PVOH and the alkoxide in
variable concentrations, depending on the desired final O/I ratio, was prepared. In
order to catalyze the hydrolysis and condensation reactions, the solution was adjusted
to slightly acidic values by adding a small amount (0.03-1 wt%) of HCl. In these
conditions, the components reacted according to the classical sol-gel route shown in
Figure 2-9 [14].
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Figure 2-9, PVOH-TEOS sol-gel reaction scheme.

In the scheme it can be seen that, after hydrolysis, the silanol groups Si-OH originated
from TEOS may react according to two competitive condensation reactions: i) with
another silanol group, to form Si-O-Si; ii) with the hydroxyl groups of PVOH,
allowing the formation of the hybrid network. In the literature, there is strong
evidence that supports the hypothesized reaction scheme and that a strong
interconnection, represented either by a covalent or a hydrogen bond, is present
between the organic and inorganic domains in the final systems [15-21].
The sol-gel solution was then deposited on the polymer substrates by dip coating at
different velocities (from 4.2 to 11.6 cm/min) achieving similar results in terms of
adhesion and resistance. This technique allowed to obtain samples coated on both
sides, while for mono-layered laminates a roll coating technique was employed, that
produced good results in terms of adhesion. The hybrid layers obtained in this way
were colorless and perfectly transparent.
The final configuration was then analyzed with SEM microscopy to measure the
coating thickness, which was determined to be equal to 1 ± 0.1 µm on each side of the
sample for bi-coated samples. Figure 2-10 reports a SEM micrograph of a coated PET
sample, where the coating layer has been purposively detached to allow the
determination of its absolute thickness.
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Figure 2-10, SEM micrograph of the edge view of PET film coated with PVOH based hybrid coating.

The final weight percentage fraction of inorganic phase in the hybrid layers inspected
was equal to about 30% for the coating named Co1 and to about 50% for coating Co2.
Also coatings formed by the organic phase only (PVOH) were obtained and named
Co0. The three different coatings were applied onto a 36 µm thick PET substrate: due
to the polar nature of this support, they can be dipped into the hydrophilic sol-gel
solution without any special surface treatment, obtaining a good adhesion. Other
polymeric supports, namely oriented poly-propylene (oPP) cast poly-propylene (cPP),
low density poly-ethylene (LDPE) and a blend of LLDPE and LDPE (COEX), were
coated with the hybrid named Co1 and, due to their hydrophobic nature, treated with
cold plasma before deposition in order to improve adhesion. The plasma treatment
was performed in air at 30 W; the duration of treatment was varied from 10 s to 30 s,
obtaining similar adhesion strength. The machine used is a “Colibrì” device
manufactured by Gambetti Vacuum SrL (Binasco, Mi, IT) that operates within the
absolute pressure range of 0.1 - 1 mbar.
A list of the multilayer samples prepared and characterized is provided in Table 2-3
where the thickness and type of polymeric support is reported, as well as the
composition of the hybrid coatings in terms of final polymer/Si-SiO2 ratio.
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Table 2-3, List of uncoated and coated polymer films analyzed (set 2).
Substrate

Coating

PET
PET
PET

Thickness
(µm)
36
36
36

O/I ratio
(final)
100/0
70/30
50/50

Thickness
(µm)
1+1
1+1
1+1

oPP
oPP
cPP
LLDPE
LLDPE/LDPE blend

30
30
75
110
65

70/30
70/30
70/30
70/30
70/30

1+1
1
1+1
1+1
1+1

Code

Type

PET-Co0
PET-Co1
PET-Co2
oPP-Co1
oPP1-Co1
cPP-Co1
LLDPE-Co1
COEX-Co1

2.4.2 Microfibrillated cellulose
The samples of microfibrillated cellulose here described were prepared at Risø,
National Laboratory for Sustainable Energy in Copenhagen (Denmark) and were
developed within the European framework Sustainpack.
Two generations of MFC were developed by following two different preparation
processes. For the manufacture of MFC generation 1 (MFC G1), a commercial
bleached sulfite softwood pulp (Domsjö ECO Bright, Domsjö Fabriker AB, Sweden)
consisting of 40% pine (Pinus sylvestris) and 60% spruce (Picea abies) with a
hemicellulose content of 13.8% and a lignin content of 1% was used. MFC generation
2 (MFC G2) was prepared from a commercial sulfite softwood-dissolving pulp
(Domsjö Dissolving Plus; Domsjö Fabriker AB, Sweden) with a hemicellulose
content of 4.5% and a lignin content of 0.6% at STFI-Packforsk (Stockholm,
Sweden). For both pulps, the hemicellulose content was assessed as solubility in 18%
NaOH and the lignin content was estimated as 0.165*Kappa number using the SCAN
C 1:00 test procedure [22]. Both pulps were thoroughly washed with deionized water
before use. Glycerol (99% GC, Sigma Aldrich Chemie GmbH, Steinheim, Germany)
was used as a plasticizer.
MFC G1 was prepared using a combined refining and enzymatic pre-treatment
followed by a high pressure homogenization described in detail by Pääkkö et al. [23],
while MFC G2 was prepared via carboxymethylation pre-treatment followed by a
high pressure homogenization described in detail in Wågberg et al. [24]. Due to the
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different manufacturing procedures the two MFCs have different sizes and anionic
charge densities. MFC 1 fibrils have diameters of about 17-30 nm, while the MFC G2
fibrils are somewhat smaller (~15 nm) [24]. The charge density was about 40 µeq/g
for MFC G1 and about 586 µeq/g for MFC 2, measured using conductometric
titration.
In order to be able to cast films the MFC gels were diluted with deionized water; since
MFC G2 gel had much higher viscosity than MFC G1 gel, it was necessary to use
approximately twice as much water in order to prepare a suspension that could be
easily poured. The suspensions were stirred for about 3 hours and then approximately
60 g 1 wt% MFC G1 and 90 g 0.67 wt% MFC G2 aqueous suspension was poured
into a 120 x 120 mm polystyrene Petri dish (Sigma-Aldrich, Denmark). Films were
prepared by drying the cast gels in an incubator with controlled humidity (Climacell
111, MMM Medcenter Einrichtungen GmbH, Planegg, Germany) at 45 °C and 50%
R.H. for 48 hours and subsequently in a Vacucell vacuum oven (MMM Medcenter
Einrichtungen GmbH at 70°C overnight. In case of plasticized films (MFC G1P and
G2P) glycerol was added to the suspensions to have 33 wt% concentration in the dried
films. The thickness of obtained films was measured with a Mitutoyo micrometer at
10 different spots. The complete list of the set of samples is reported in Table 2-4.
Table 2-4, List of the MFC samples inspected.
Glycerol
Fibril diameter
Treatment
(nm)
content
G1
Gen. 1
0.00
17-30
G2
Gen. 2
0.00
15
G1P
Gen. 1
0.33
17-30
G2P

2.5

Gen. 2

0.33

15

Results

2.5.1 PE-PEG based hybrids
A wide investigation action has been performed in order to characterize the oxygen
barrier properties of the LDPE films coated by a PE-PEG based hybrid layer. In this
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concern, pure oxygen (0% R.H.) experiments have been carried out at two different
temperatures, namely 35 and 50°C. The tests were performed with an upstream
pressure ranging from 1 to 1.5 bar, and the data collected are averaged at least over
two different permeation experiments. The uncertainty is below 5% for the steady
state measurements and somewhat higher, between 10% and 15%, for the measure of
the transient (time-lags).

2.5.1.1 PE-PEG/Si-SiO2 hybrids
Concerning the results from the permeation in samples of set 1.a, at first oxygen
transfer rates (O.T.R.) and time-lag values have been considered to evaluate the
overall properties, both O.T.R. and θL are indeed dependent on the sample geometry;
for multilayer films, in particular, they depend on the thickness of each layer. The
obtained results are therefore reported in Table 2-5.
Table 2-5. Oxygen transfer rate and time-lag values in the various samples at 35°C and 50°C.
(Maximum uncertainty: ± 2.5 % for O.T.R..; ± 7.5 % for time lag values).
35°C
50°C
Code

O.T.R.
cm3(STP)/(cm2⋅d⋅atm)

Time-lag
s

O.T.R.
cm3(STP)/(cm2⋅d⋅atm)

Time-lag
s

LDPE

0.675

4.7

1.413

1.9

H67
H50
H33
L67
L50
L33

0.390
0.436
0.410
0.523
0.538
0.501

7.3
7.0
7.1
6.5
6.7
6.8

0.916
1.001
1.064
1.135
1.201
1.122

3.3
3.1
2.9
2.8
2.9
3.0

H00

0.316

6.2

0.826

1.3

However, as the LDPE film used was the same for all the samples and the coating
thickness is similar for all the coatings except H00, the O.T.R. results give a first
qualitative indication of the intrinsic effectiveness of the hybrid for the improvement
of the barrier properties towards oxygen. Although the overall thickness of the hybrid
coating is typically lower than 1 µm, in most cases the permeance of LDPE is reduced
after addition of the coating, up to 37% at 35°C and to 29% at 50°C, as shown in
Figures 2-11 and 2-12.
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Figure 2-11, O.T.R. of the LDPE samples coated by PE-PEG-Si/SiO2 hybrid at 35°C
(L: Mn (PE-PEG) = 920 g/mol, H: Mn = 2250 g/mol).

It is important to note that the O.T.R. decrease, obtained by using 1 µm thick hybrid
coating on a 45 µm thick LDPE support, is similar to that observed for plastic filled
with Montmorillonite [25-27]. The hybrid coating also allows to slow down
remarkably the permeation process, the time-lag value of the hybrid coated LDPE
being about 60% higher than the value of pure LDPE both at 35 and 50°C due to a
slower kinetics of diffusion.
When the effect of O/I ratio is considered, it should be noticed that there is not a
monotonous trend of the O.T.R. for coatings having the same organic component
(Figure 2-11). Assuming that oxygen permeation occurs mainly or exclusively within
the organic phase, it is expected that a decrease of the O/I ratio would improve the
barrier properties. Indeed this happens only at 50°C for samples H33, H50, H67. On
the contrary, sample L33 exhibits a slightly lower O.T.R. value, both at 35 and at
50°C, with respect to sample L67, which contains a higher amount of inorganic phase.
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However it has to be considered that O.T.R. results are affected by the coating
thickness, which increases by increasing the organic-inorganic ratio.

Figure 2-12, O.T.R. of the LDPE samples coated by PE-PEG-Si/SiO2 hybrid at 50°C
(L: Mn (PE-PEG) = 920 g/mol, H : Mn = 2250 g/mol).

Analogously, it can be stated that higher reduction in permeance measured for sample
H00 is mainly due to the thickness of the coating, which is 5 times higher than for the
other samples. While there is only a limited effect of the organic-inorganic ratio on
both O.T.R. and time-lag, a significant increase of O.T.R. (10-20%) and a slight
decrease of time-lag (about 5%) are due to the decrease of the molecular weight of the
PE-PEG organic component from 2250 to 920 g/mol. The higher free volume in
organic domains associated with the lower molecular weight may be responsible of
the observed increase in O.T.R.
In order to have a more meaningful comparison between the properties of the
different hybrids, the permeabilities of the pure coatings have been evaluated
according to the simple series resistance formula reported in Eq. (18) and are reported
in Table 2-6.
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Table 2-6, Oxygen permeability in LDPE and pure coatings at 35 and 50°C (Uncertainty: ± 10 %).
Permeability (35°C) Permeability (50°C)
Code
Barrer
Barrer
LDPE
H67
H50
H33
L67
L50

4.625
0.101
0.154
0.159
0.247
0.332

9.683
0.285
0.428
0.657
0.615
1.003

L33
H00

0.296
0.451

0.831
1.512

The coating in sample H67 (67 wt.% of inorganic phase, about 50% by volume), has a
permeability 46 and 34 times lower than LDPE at 35 and 50°C, respectively,
comparable and lower than the one of a good barrier material such as poly-vinyl
chloride, and one order of magnitude lower than that of oriented poly-propylene, oPP.
Also the H33 sample (with only 33 wt.% inorganic phase, about 20% by volume) has
a permeability value much lower than LDPE, 29 and 15 times at 35 and 50°C,
respectively.
These results, together with the data of pure PE-PEG coating, are shown in Figure 213: the oxygen permeability of high molecular weight samples decreases with the
silica weight fraction. In particular, the permeability of pure PE-PEG, after addition of
inorganic phase at loading of 33 wt.%, drops of a factor equal to 2.8 at 35°C and to
2.3 at 50°C. These factors increase up to 4.5 and 5.3, at 35 and 50°C, respectively,
when the loading of silica is equal to 67 wt.%.
It is interesting to compare the permeability reduction obtained with the present
hybrid material to the one that would be achieved with a traditional composite filled
with a similar content of spherical silica particles, evaluated with the Maxwell model
that accounts for both the reduction of surface area available for permeation and the
increased tortuosity [28] and gives the following expressions for diffusivity, solubility
and permeability of composites:
D
1
=
D0 1 + φ / 2

S
= 1−φ
S0

P
1−φ
=
P0 1 + φ / 2

(31)

where P and P0, D and D0, S and S0 are the permeabilities, diffusivities and
solubilities in the hybrid and in the pure material, while φ is the volume fraction of the
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inorganic phase, which has been estimated by assuming the density of the organic and
inorganic phases equal to 1 and 2 g/cm3, respectively.

Figure 2-13, Oxygen permeability of coatings containing PE-PEG with Mn = 2250 g/mol at 35 and
50°C (dotted lines are the prediction with Maxwell model).

The data calculated from Eq. (31) are plotted as dashed lines in Figure 2-13. As one
can see, the experimental points, both at 35 or 50°C, lie below the curves calculated
by the Maxwell equation. This evidence suggests that, for the organic-inorganic
hybrids prepared under acidic conditions, the improvement of the barrier properties is
more significant than predicted by Eq. (31) for a conventional composite material in
which the two phases do not interact.
As an extended interface between organic and inorganic domains is expected when
coatings are prepared under acidic conditions, a synergetic effect between the two
phases is supposed to occur and it is due to: i) covalent links between organic and
inorganic domains; ii) hydrogen bonds between the organic and inorganic phase, as
PEG segments contain ether groups able to form hydrogen bonds with the silanol
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groups (SiOH). Both these factors can contribute to induce a relevant reduction of the
polymer chain flexibility, even at relatively low content of silica.
Contrary to what observed for coatings prepared using acidic catalyst, no increase in
barrier properties was observed for coatings prepared under basic catalysis. This
evidence seems a support to the previous hypothesis, as it is well known that under
basic catalysis the sol-gel process leads to inorganic domains with a particulate
morphology [29], with a less extended interface between organic and inorganic
domains.
The permeability reduction seems to be more remarkable at 50°C: at this higher
temperature, the chain mobility in the organic phase is higher and the effect of the
hydrogen bonds between PEG segments and silanol groups is reasonably more
relevant. Moreover, it cannot be excluded that, at 35°C, other mechanisms, able to
induce stiffening in the organic phase, may take place, such as the formation of small
crystalline domains (with a melting temperature in the 30-50°C range, not detectable
by experimental techniques such as DSC). This phenomenon is expected to reduce the
chain mobility of the pure organic phase and the importance of immobilizationinduced decrease of the permeability by the inorganic phase.
Although an Arrhenius-like correlation could describe the temperature dependence of
permeability, this calculation seemed hazardous in our case, due to the limited number
of temperatures investigated and also to the possible presence of a thermal transition
within the thermal range inspected, as discussed above. However, on a qualitative
point of view, some of these data suggest that the dependence of permeability on
temperature becomes less marked with increasing inorganic content in the hybrid.

2.5.1.2 PE-PEG/PHS/Si-SiO2 hybrids
The obtained results have also shown that the oxygen path within the coating involves
mainly or exclusively the organic domains and, as a consequence, any further
improvement of the coating barrier against oxygen diffusion can be achieved either by
reducing the organic to inorganic ratio or by modifying the organic phase
composition.
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In the case of the LDPE substrate, both a further increase of the inorganic weight
fraction in the coating (> 67 wt%) and the complete replacement of the PE-PEG block
copolymer with PVOH or PHS would lead to a very poor adhesion.
By considering that the oxygen diffusivity within an organic medium is expected to
be related to the chain mobility, that a significant concentration of silanol groups (SiOH) is present at the interface between organic and inorganic domains, and that the
ether bonds in the PEG segments can form only weak hydrogen bonds, the problem of
improving the coating barrier properties has been approached firstly by the addition of
products supposed to be able to form stronger hydrogen bonds.
Either low molecular weight or high molecular weight products were used for this
purpose (set 1.b). Malic acid contains both hydroxyl and carboxyl groups and each
molecule is potentially able to form three hydrogen bonds with ether and silanol
groups. It was added to the coating formulation in different amounts (5, 10 and 20
wt% with respect to the overall amount of organic phase).
On the other hand, a high molecular weight species, poly(4-hydroxystyrene), PHS,
with Mn = 14400 g/mol, has also been tested to take advantage both of its ability of
promoting hydrogen bonds and for its attested barrier properties to oxygen [10].
Samples containing various weight fractions of PHS were prepared in combination
with PE-PEG or PE-PEG-Si/SiO2 in order to cover the broadest possible range of
formulations. The amount of PHS added to the coating was varied between 0 and 40
wt% in the silica-free PE-PEG coating (samples H00, H00-S20, H00-S40), between 0
and 44 wt% in the hybrid coating containing 33 wt% of silica (samples H33, H33S22, H33-S44) and between 0 and 11 wt% in the hybrid containing 67 wt% of silica
(samples H67, H67-S11).
Analyzing at first the results in terms of overall barrier effect, the O.T.R. data,
reported in Table 2-7, show that the addition of malic acid has the effect of increasing
the oxygen flux with respect to the corresponding formulations not containing malic
acid. When 20 wt% of malic acid is added, the O.T.R. value of the coated film is
similar to that of pure LDPE.
The addition of hydrogen-bond forming low molecular weight products, such as malic
acid, was motivated by the idea that such component might promote the formation of
a network of hydrogen bonds (with ether bonds within the organic domains and with
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silanol groups at the interface) able to enhance the stiffness of the polymer chains.
However, the permeation results suggest that such effect is either negligible or, more
probably, accompanied by a dramatic increase of the free volume of the final hybrid
structure, that leads to a worse barrier performance; for this reason, a higher
molecular weight species has been attempted to achieve a remarkable enhancement of
the barrier effect.
Table 2-7, Oxygen transfer rate and time-lag values of coated LDPE films at 35°C and 50°C.
35°C
50°C
Code
O.T.R.
O.T.R.
Time-lag
Time-lag
s
s
cm3(STP)/(cm2⋅d⋅atm)
cm3(STP)/(cm2⋅d⋅atm)
LDPE
0.675
4.7
1.413
1.9
H50-M05
0.455
1.9
1.031
1.1
H50-M10
0.576
4.9
1.179
1.5
H50-M20
0.711
1.0
1.441
2.1
H33-S22
0.194
6.2
0.615
2.6
H67-S11
H33-S44
H00
H00-S20
H00-S40
H50-DL

0.358
0.296
0.316
0.253
0.291
0.205

6.0
9.4
6.2
5.3
10.3
3.2

0.737
0.572
0.826
0.843
0.836
0.622

4.2
1.4
1.3
1.0
2.5
0.9

H67P
H50P
H33P

0.338
0.489
0.708

7.8
6.2
4.2

0.821
1.002
1.333

3.6
2.9
1.8

The results in terms of permeance show that in all cases, the addition of PHS leads to
significant improvement of the barrier properties. Indeed, it is interesting to note that
the O.T.R. is reduced by a factor of 2.1 and 1.7 at 35 and 50°C respectively, when 22
wt% of PHS is contained in the coating (sample H33-S22). It is also interesting to
observe that, when the amount of PHS is raised to 44 wt%, the O.T.R. value shows no
further reduction, but rather it increases, at 35°C, from 0.194 to 0.296 cm3(STP)/(cm2
d atm), with respect to the hybrid containing a lower amount of PHS (H33-S22). At
50°C, the increase of PHS weight fraction to 44% leads to a further reduction of the
O.T.R. value (from 0.615 to 0.572 cm3(STP)/(cm2 d atm) for the H33-S22 sample),
but the reduction is quite low. This means that the effect of PHS is not linearly related
to its weight fraction: at both 50 and 35°C there is not a monotonous dependence of
the O.T.R. value on the amount of PHS. The saturation of the hydrogen bonds that
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silanol groups can form with PHS, or the separation of PHS in a separate phase (from
PE-PEG, in the organic domains) may be suggested as possible explanations of this
behavior.
In particular, at 35°C the dependence of the O.T.R. value on PHS content shows a
minimum at 22% weight fraction, while at 50°C the O.T.R. values seem only slightly
affected by PHS addition. This seems a further indication that the more significant
contribution of PHS derive from its interactions with silanol groups, even though a
minor contribution due to the formation of hydrogen bonding with ether groups of
PE-PEG cannot be ruled out. The effect of PHS in decreasing the O.T.R. of SiO2-rich
coatings (67 wt%, samples H67 and H67-S11), indeed, is still significant (about 15%),
although less important with respect to coating with a lower silica content.
The addition of PHS has also a significant effect on the kinetics of diffusion of
oxygen, especially at 35°C. In the case of the time-lag values, however, the trend with
PHS content is somewhat opposite to the one observed for the O.T.R. values.
Another way that was explored to improve the barrier effect of the coating was to
replace PE-PEG with a high oxygen-barrier polymer such as PVOH. However, a
coating containing only PVOH as organic component has a very poor adhesion to
LDPE because of poor chemical affinity, therefore the problem was overcome by
applying to LDPE a first coating layer containing PE-PEG and SiO2, to ensure
adhesion, and a second layer consisting of PVOH and SiO2 (sample H50-DL). The
presence of silanol groups on the surface of the first coating layer should provide
thermodynamic affinity and reactive groups, able to react with silanol and/or alkoxy
silane groups after application of the second layer allowing to obtain PVOH
containing coatings with good, or at least acceptable, adhesion to LDPE. The O.T.R.
results for such sample are quite good both at 35 and 50°C, and their values are
comparable to those obtained on the less permeable samples containing PHS (sample
H33-S22, H33-S44). By considering that the coating thickness in the sample H50-DL
is nearly twice that of the other samples, the results are not as good as expected, and
the time lag values are particularly low.
In order to investigate the role of the chemical composition of the surface of the
LDPE substrate, three different coating compositions were applied to LDPE films
previously submitted to plasma treatments. In this case, the polar groups generated on
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the surface of the LDPE substrate should improve either wettability and/or adhesion
either by dipole and hydrogen bond interactions and/or by leading to strong covalent
bonds if they would be able to react with silanol groups or Si-OR groups of the
reactants [30].
It is interesting to compare the results with those obtained by applying coatings with
the same composition onto untreated LDPE surfaces. It can be observed that the
plasma treatment has a positive effect only on the sample with the highest inorganic
content (H67), while for samples richer in organic phase the best performance is
observed when they are coated on untreated LDPE surface.
Once again, the permeance values have been treated in order to extrapolate the barrier
properties of the different coatings, oxygen permeability values of the ‘‘pure” hybrids
have been then evaluated according to Eq. (18) and are reported in Table 2-8.
Table 2-8, Oxygen permeability of pure LDPE and pure coatings at 35°C and 50°C.
Permeability
Barrer
Code
(35°C) (50°C)
LDPE
H50-M05
H50-M10
H50-M20
H33-S22
H67-S11

4.625
0.170
0.529
0.041
0.087

9.683
0.464
0.952
0.166
0.176

H33-S44
H00
H00-S20
H00-S40
H50-DL
H67P

0.080
0.451
0.307
0.389
0.083
0.074

0.146
1.512
1.590
1.561
0.313
0.215

H50P
H33P

0.221
-

0.431
-

All coatings containing PHS showed permeability values lower then that in the PEPEG-Si/SiO2 hybrids, both at 35 and 50°C. At the lowest temperature, the addition of
a small percentage (11 wt%) of PHS to samples containing 67 wt% of SiO2 (H67)
leads to a further decrease in permeability of 1.2 times, the addition of a somewhat
higher percentage (22 wt%) of PHS to the sample containing 33% of SiO2 leads to a
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reduction factor of four and a further increase of PHS percentage (44 wt%) leads to a
2 times reduction with respect to the PHS-free sample (H33). The lowest permeability
values (100 and 50 times lower than that of LDPE alone, at 35 and 50°C,
respectively) were obtained for the coating with intermediate amount of silica and
PHS (H33-S22). However, the effect of the addition of PHS on permeability is not
monotonous with PHS content, but there exists a minimum, that has to be located at
around 20 wt% of PHS. The existence of a critical concentration of PHS above which
there is no further reduction of permeability is visible in both the samples containing
33% of silica and the silica-free samples, while in the case of samples rich in silica
(H67) the inspected interval of PHS concentration is too narrow to evidence such a
behavior.
The existence of a minimum is not surprising and may be due to different issues that
occur at high concentrations of PHS such as i) the saturation of the hydrogen bonds
that silanol groups can form with PHS, and, to a lower extent, with ether groups of
PE-PEG: ii) poor miscibility between the two organic components, that can induce
phase separation of PHS, limiting the formation of hydrogen bonds with silanols, and
iii) changes in the final morphology.
In order to gain an insight into the permeation mechanism within the system PE-PEGSi/SiO2/PHS, it is useful to compare the behavior of the present hybrid system with
the one obtainable from a nanocomposite material that could be prepared by
dispersion of silica spherical particles in the blend formed by the two polymers.
To describe the permeation behavior of the polymer blend we used a simple mixing
rule that neglects the mutual interactions between the two polymers:

Porg = x PHS PPHS + x PE − PEG PPE − PEG

(32)

where xPHS and xPE-PEG are the molar fractions (calculated considering the average
molecular weights of the organic species) of the two components in the organic phase
and PPHS and PPE-PEG are the pure polymers permeabilities. The permeability of the
organic phase is now entered in the Maxwell model of Eq. (31), obtaining:
Phybrid = Porg
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In Figure 2-14, the data estimated by Eq. (33) are reported as continuous lines and are
compared to the experimental ones and to the value of pure PHS permeability taken
from the literature at 35°C [10].

Figure 2-14, Permeability in organic-inorganic hybrid at 35°C (the open symbol is taken from
the literature [10]); curves are due to the model in Eq. (33).

Considering at first just the polymer blend by itself, and comparing the experimental
data with those calculated by the additive rule expressed by Eq. (32), it should be
noticed that, at low PHS content the experimental permeability of the system is lower
than that predicted by the additive rule, meaning that a synergic effect takes place
between the two polymers, that may be due to the formation of hydrogen bonds
between PHS and PE-PEG segments. For higher PHS content, the system seems to
follow more closely the additive behavior represented by Eq. (32).
When considering the ternary system, containing also the inorganic component, it can
be seen that the hybrid permeability is much lower than that calculated on the basis of
Eq. (32), representative of the permeability of a filled system obtained by physically
dispersing the same volume fraction of spherical silica, as already observed for the
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system with just PE-PEG constituting the organic phase. This result can once again be
attributed to the fact that the coating molecular architecture consists of a highly
interpenetrated network of organic and inorganic phases rather than of a physical
dispersion of spherical silica particles in the organic phase.

Figure 2-15, Permeability in organic/inorganic hybrid at 50°C.

At 50°C, the behavior is quite different as shown in Figure 2-15: in the silica-free
samples, PHS addition seems to have no effect on the permeability: and for sample
containing 33% of silica we observe a plateau rather than a minimum for the
permeability. Once again, thermal transitions associated with the melting of small
crystalline domains in the PE-PEG phase may account for this. In this last case, it was
not possible to develop the same calculations carried on the data at 35°C, as no data of
permeability of the pure PHS at 50°C are available.
Figure 2-16 summarizes the effect of composition on permeability. As one can see,
the optimal conditions are obtained for a sample containing 33 wt% of silica and 22
wt% of PHS.
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Figure 2-16, Resume of oxygen permeability data in hybrids of set 1 at 35°C.

From these results it is clear that the permeability is significantly dependent on
molecular structure and morphology of the coating, which in turn are the results of
complex phenomena, mainly involving reactions and phase separations.

2.5.2 PVOH based hybrids
Pure oxygen (0% R.H.) permeation experiments were carried out at 65°C on the
various samples of set 2 inspected and listed in Table 2-3. All tests were carried out
after a proper evacuation of samples to fully remove moisture and gases absorbed
from air for 4-5 days.
At least two experiments were carried out on each sample and the confidence interval
was determined considering both the uncertainty on single measurements, as
previously explained, and the repeatability of the data. The value reported in the table
is the arithmetic mean between the minimum and maximum value obtained.
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The hybrid coating with an O/I ratio of 70/30 (Co1) was applied on several different
polymeric supports in order to test the effect of the substrate on the properties of the
multilayer film. The most interesting samples, i.e. the ones that showed the lowest
permeation rates, were selected and characterized more thoroughly: the effect of the
O/I ratio on the oxygen permeability and water vapor uptake was tested on samples
supported on PET by varying the O/I ratio of the coating from 100/0 (Coating Co0) to
50/50 (Coating Co2). The effect of water ageing on the oxygen permeability values of
the coatings was also studied and determined on PET-based laminates. The
permeability of O2, N2, and CO2 at 35 and 65°C was determined on a multilayer film
of oPP and Co1 coated on one side (oPP1-Co1).

2.5.2.1 Hybrid coatings on different substrates
In Table 2-9 (lines 1-9, 11), the transport properties, in terms of T.R. and time-lag, are
reported for different polymeric substrates coated by the hybrid coating Co1 (O/I ratio
70/30), at 65°C.
Table 2-9, Oxygen transfer rates and time-lag values in the multilayer samples at 65°C.
T.R.
Time-lag
s
cm3(STP)/(cm2⋅d⋅atm)
1
oPP
1.7 ± 6%
3.7 ± 15%
2
oPP-Co1
1.2×104 ± 1.5%
1.3 × 10-3 ± 6%
3
cPP
0.94 ± 7%
10 ± 18%
-2
4
cPP-Co1
~ 102
1.1 × 10 ± 9%
5
6
7
8
9
10

LLDPE
LLDPE-Co1
COEX
COEX-Co1
PET
PET-Co0

1.0 ± 8%
1.38 × 10-2 ± 6%
2.3 ± 7%
8.8 × 10-3 ± 8%
1.8 × 10-2 ± 6%
2.0 × 10-4 ± 7%

11
12
13
14
15
16

PET-Co1
PET-Co2
PET-Co0 a
PET-Co1a
PET-Co1b
PET-Co2b

1.7 × 10-4 ± 13%
6 × 10-4 ± 18%
-c
8.3 × 10-4 ± 8%
7.7 × 10-4 ± 6%
2.0 × 10-3 ±8%

8.2 ± 5%
~ 103
2 ± 25%
~ 102
95 ± 10%
1.40 × 104 ± 2%
2.6 × 104 ± 5%
4.7 × 104 ± 31%
-c
~ 103
-d
~ 103

a
Immersion in liquid water for 3 days and evacuation.
Immersion in saturated water vapor for 4 days and evacuation.
c
After the treatment the coating was dissolved: the transport properties of this sample can be assumed equal to those of neat PET.
d
The permeation curve exhibited an anomalous transient behavior.
b
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Lower temperatures were also inspected but, for this specific laminated material, the
transport rates were too small to be efficiently detected in reasonable time.
In all cases, the T.R. of coated samples is lower than that of the neat substrate, by two
to three orders of magnitude, and the time-lag is increased after addition of the
coating to a similar extent. A general improvement of the oxygen barrier properties is
thus observed, that makes these materials certainly suitable for packaging
applications. The size of the variations of the transfer rate and time-lag values
depends strongly on the transport properties of the substrate, as it is obvious: for
instance, the relative reduction of transfer rate in the case of the most permeable
polymer (COEX) is more significant than in the case of the less permeable one (PET).
However, in order to compare the absolute performance of the coatings one has to
look at the values of the material properties P, D and S, listed in Table 2-10.
Table 2-10, Oxygen permeability and diffusivity in the pure coatings at 65°C

P

D

S

cm2/s
4.1×10-7 ± 15%
1.3×10-12 ± 22%
1 × 10-6 ± 18%
~ 10 -11

cm3(STP)/(cm3 atm)
0.15 ± 21%
2.2 ± 38%
9 × 10-2 ± 25%
~ 10 0

2.5×10-6 ± 5%
~ 10 -11

5.3 × 10-2 ± 13%
~ 10 0

3×10-6 ± 25%
~ 10 -11

6×10-2 ± 32%
~ 10 0

2.3×10-8 ± 10%
6.5 × 10-12 ± 22%
6.3 × 10-13 ± 25%

3.4×10-2 ± 16%
7 × 10-2 ± 39%
0.6 ± 48%

1.6 × 10-13 ± 51%
-c
~ 10 -12
-d
~ 10 -11

9.1 ± 79%
-c
~ 10 -1
-d
~ 10 -1

1
2
3
4
5

oPP
Co1 on oPP
cPP
Co1 on cPP
LLDPE

Barrer
7.5 ± 6%
3.8×10-4 ± 16%
11 ± 7%
34 × 10-4 ± 19%
17 ± 8%

6
7
8
9
10
11

Co1 on LLDPE
COEX
Co1 on COEX
PET
Co0 on PET
Co1 on PET

43 × 10-4 ± 16%
23 ± 7%
27 × 10-4 ± 18%
0.10 ± 6%
0.6 × 10-4 ± 17%
0.5 × 10-4 ± 23%

12
13
14
15
16

Co2 on PET
Co0 on PET a
Co1 on PET a
Co1 on PET b
Co2 on PET b

1.9 × 10-4 ± 28%
-c
2.7 × 10-4 ± 18%
2.5 × 10-4 ± 16%
6.7 × 10-4 ± 18%

a
Immersion in liquid water for 3 days and evacuation.
Immersion in saturated water vapor for 4 days and evacuation.
c
After the treatment the coating was dissolved: the transport properties of this sample can be assumed equal to those of neat PET.
d
The permeation curve exhibited an anomalous transient behavior that did not allow to interpret it with the time-lag method.
b

It can be seen that, for coating Co1 applied on cPP, LLDPE and COEX, the
permeability is of the order of 10-3 Barrer, while for the same coating applied on oPP
the permeability is equal to about 10-4 Barrer and for those applied on PET the
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permeability is one order of magnitude lower (10-5 Barrer). For coatings applied on
cPP, LLDPE, COEX only the order of magnitude of diffusivity could be assessed, that
is equal to 10-11 cm2/s in all cases. The value of oxygen diffusivity in oPP and PETbased coatings could be evaluated more accurately and is equal to 1.3 × 10-12 and 6.3
× 10-13 cm2/s for coatings applied on oPP and PET, respectively.
From the comparison of these values, one can conclude that the properties of the
hybrid coating depend rather markedly on the properties of the substrate film, which
is a result that deserves some further discussion. First of all, it can be noticed that
coatings deposited onto PET exhibit the lowest oxygen permeability, while those
applied onto the poly-olefinic substrates have worse barrier performance. As far as
adhesion is concerned, PET is the optimal support for the present coatings, as verified
directly through pull-off and scratch experiments. Indeed, PET has several sites that
can interact with the organic phase of the coating, while the poly-olefinic substrates
are less compatible to PVOH based hybrids [21]. Previous studies show that the
coating permeability is affected, to some extent, by the surface treatment of the
support before deposition [12]. These results seem to indicate that the stronger the
adhesion, the best the barrier effect of the coating: such behavior can partly be
attributed to the presence of an interfacial layer whose transport properties depend on
the interactions between the support and the coating and that was neglected in the
present approach. However, the magnitude of the deviations between the properties of
similar coatings on different substrates is so large that other factors might be involved,
that need to be further investigated.
In the following, the study of the effect of O/I ratio and other factors on the transport
properties of the coating will be performed on the multilayer materials based on the
most effective substrates, namely PET and oPP.

2.5.2.1 O/I ratio effect in PET-supported hybrid coatings
The T.R. and time-lag values obtained from the experimental tests on the coated PET
systems at 65°C, without any previous treatment, are listed in Table 2-9 (lines 9-12).
As it can be seen, the permeance (T.R.) of PET is reduced by about two orders of
magnitude after addition of the coatings Co0, Co1, Co2, having increasing silica
contents. From the comparison of these values, one can notice that the permeance
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reduction caused by the hybrid coating Co1 is of the same order of magnitude than
that obtained with pure PVOH (Co0). It can also be observed that the trend of
permeance reduction versus silica content in the coating is not monotonic: such
behavior will be discussed more thoroughly in the following paragraphs. The time-lag
increases by two orders of magnitude with respect to the PET support after addition of
organic and hybrid coatings and it increases with a monotonic trend with increasing
silica content.
The permeability varies from 0.6 × 10-4 Barrer, for pure PVOH, to 0.5 × 10-4 Barrer
for Co1 and 1.9 × 10-4 Barrer for Co2. Clearly, all these coatings have a permeability
which is 3-4 orders of magnitude lower than that of the PET support. The great barrier
performance given by the PVOH coating on PET is not surprising, due to the fact that
the oxygen fed to the film is completely dry; the obtained permeability value is in
good agreement with literature data for pure PVOH [31-32].

Figure 2-17, Permeability, diffusivity and solubility ratio at 65°C of the coating versus filler fraction
and comparison with the Maxwell model.
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The values of permeability, diffusivity and solubility variation caused by the addition
of silica to pure PVOH are reported in Figure 2-17, expressed as P/P0, D/D0 and S/S0.
In the x-axis the volume fraction of silica is reported as estimated from the mass
fraction by assuming volume additivity.
The transport behavior of the hybrid materials can be interpreted by considering, as
reference, the behavior predicted by the Maxwell model for non-interacting composite
materials with impermeable, spherical particles, neglecting the interactions between
the two components. Several studies indicate that silica domains into hybrid networks
such as the one inspected here can be approximately considered nano-spheres [19,3335].
The diffusivity decreases, as Maxwell model predicts, with decreasing silica content,
but the two data points inspected lie much below the predicted trend: such behavior
can indicate that there is an interaction between the two phases, and in particular that
the diffusivity of the polymeric phase is further reduced by contact with silica. On the
other hand, the permeability of coating Co1 lies close to the Maxwell curve, while the
behavior of the coating with the higher inorganic content is higher than the predicted
behavior. One has to remember that the permeability, in the solution-diffusion
framework, is the product of the diffusivity D and the solubility coefficient S. In the
panel in Figure 2-17, it can be seen that the oxygen solubility S increases with filler
content, which is opposite to what predicted by the Maxwell model according to Eq.
(31). This behavior can be attributed to the fact that impermeable silica domains
adsorb oxygen onto their surface. After noting this, one may conclude that for the
coating with lower inorganic content the permeability behavior is governed by the
diffusion process, which is affected by the increased tortuosity induced by silica. For
a higher inorganic content, the increase of tortuosity seems to be less significant than
other factors that contribute to enhance the solubility and permeability, such as the
adsorption of gas by silica.

2.5.2.2 Effect of water ageing on the oxygen transport
It is known that, as in several hydrophilic polymers, the oxygen permeability of
PVOH under humid conditions increases with respect to the value measured in a dry
environment; but, most significantly, PVOH may dissolve when exposed to liquid

60

Chapter II

water or high activity water vapor [32,36]. For packaging applications the materials
have to be stable and maintain the intrinsic properties also in humid environments. In
view of this requirement, oxygen permeability tests were performed on PET based
samples before and after immersion in both liquid water and saturated vapor of water
at 65°C. In particular, the oxygen permeability was measured on samples previously
immersed for 3 days in liquid water (Treatment A) and for 4 days in saturated water
vapor (Treatment B) and the results are reported in Tables 2-9 and 2-10 (lines 13-16)
in comparison with those relative to the "as-received" films (lines 10-12). The same
test was carried on the sample coated with pure PVOH, but after the treatment the
coating was practically dissolved and could not be used for permeation tests.
The oxygen permeability of the sample PET-Co1 increases by a factor of 5 after
immersion in liquid water; the effect is similar after immersion in water vapor. For
coatings with higher inorganic content (Co2) the increase of permeability is equal to 3
after treatment with vapor, which shows that samples with higher inorganic content
are less sensitive to water degradation, as shown in Figure 2-18.

Figure 2-18, Permeability of pure PET and coatings at different O/I ratios at 65°C, before and after
water treatment (with liquid water for pure PVOH and hybrid Co1 and water vapor for hybrid Co2).
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The behavior observed on the hybrid coatings can be explained by the fact that the
hybrid structure allows to depress water-induced plasticization, preventing the
dissolution. In order to further investigate this aspect we performed direct moisture
sorption experiments on the samples, as explained in the following section.

2.5.2.3 Effect of O/I ratio on the water vapor uptake
Due to the highly hydrophilic behavior of the organic phase of the coating, the
samples were tested with respect to water vapor sorption in order to evaluate the
properties of the hybrid materials in comparison to pure PVOH. The water vapor
solubility isotherms were measured on pure PET samples and on samples coated with
layers of PVOH, Co1 and Co2. The results have been manipulated in order to obtain
the water uptake in the coating, assuming a mass-additive behavior of water
solubility. The results are shown in Figure 2-19 and 2-20, which are relative to the
temperature of 35 and 65°C, respectively, and display the grams of water absorbed
per total mass of solid phase versus water activity.

Figure 2-19, Water vapor solubility isotherm of the pure coatings at 35°C in comparison with
literature data for pure PVOH at 25°C [36].
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For pure PVOH, the water uptake isotherm shows a marked positive concavity, which
is in good agreement with literature data [36-38]. The hybrid coating Co1 sorbs more
water than pure PVOH at low activity (below 0.35), but at higher activity the water
uptake in PVOH becomes higher than that in the hybrid, due to swelling of the
polymeric matrix. Interestingly, the concavity of the solubility isotherm of Co1 shows
a glassy behavior which indicates the absence of any relevant plasticization
phenomenon. The same behavior is observed in the coating with a higher content of
silica (Co2), for which the absolute values of water uptake are extremely low and
comparable to those of pure PET, not reported in the plot for the sake of clarity. Even
neglecting the silica sorption capacity (Maxwell’s hypothesis), by referring the water
uptake to the mass of PVOH rather than to the total mass, its value is still lower than
that measured in the pure PVOH coating. This result indicates that a synergy takes
place between the phases of the hybrid material: the water sorption of PVOH is a
swelling-enhanced process and silica lowers the ability to swell of the polymeric
phase and consequently, its sorption capacity.

Figure 2-20, Water vapor solubility isotherm of the pure coatings at 65°C.
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It has to be noticed that while the oxygen solubility increases with silica content, as
discussed before, the water solubility decreases with it. This behavior can be
explained by the fact that the processes of water and oxygen sorption differ
significantly from one another, because water sorption into PVOH is presumably
much higher than that onto silica surface and involves a more significant swelling.

2.5.2.5 Effect of penetrant type and temperature on dry gas transport
In order to investigate the permeability of different gases and different temperatures, a
multilayer material with intermediate barrier properties, namely oPP1-Co1, was used,
in order to get results in a reasonable amount of time. The sample has an oPP
substrate and a single layer of Co1 applied with a roll coating technique (thickness of
1 ± 0.1 µm). The gases inspected were dry nitrogen, carbon dioxide and oxygen, at the
temperatures of 35 and 65°C. The gas transport properties are listed in Table 2-9 in
terms of gas T.R. and time-lag while material properties, such as permeability,
diffusivity and gas solubility of the different layers are reported in Table 2-10.
The hybrid material Co1 shows a great barrier toward all gases, as indicated by the
extremely low values of permeability; the diffusivity varies between 10-13 and 10-12
cm2/s for all penetrants and oxygen shows the highest diffusivity value at both
temperatures. The permeability varies over two orders of magnitude (10-5-10-3 Barrer)
among the various penetrants. In order to explain this fact, a different solubility of the
gases in the hybrid coating has to be invoked: for instance, CO2 is remarkably more
soluble in the hybrid matrix than nitrogen. The gas solubility in polymers is known to
be correlated with measures of the penetrant condensability such as the critical
temperature, TC [39-40]; also in the case of the polymer (oPP) and of the hybrid
material inspected, there is a linear correlation between ln S and TC, at both the
temperatures inspected (Figure 2-21).
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Figure 2-21, Gas solubility in pure oPP and in Co1 hybrids as function of the penetrant
critical temperature.

The temperature effect on diffusivity is practically the same for all the penetrants
inspected: one can estimate an activation energy value of about 44 kJ/mol for all
gases. The activation energy of permeability, on the other hand, varies between 33
kJ/mol, for CO2, and 44 kJ/mol, for O2, due to a negligible sorption heat in the case of
nitrogen.

2.5.3 Microfibrillated cellulose
Four samples obtained from the two generations (namely G1 and G2) of
microfibrillated cellulose with and without glycerol as plasticizer (labeled with letter
P), as reported in Table 2-4, have been investigated thoroughly in order to evaluate
their transport and barrier properties in different conditions.
First at all, water vapor sorption tests were carried out considering the extreme
hydrophilic character of such cellulosic material that is a crucial point for the
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investigation of the transport properties. Then pure oxygen permeation experiments
were performed on samples completely dry (R.H. = 0) in the permeometer, and at
different humidity levels of the membranes (RH. 0-100) by means of the humid
permeometer device, which was also employed to carry out water vapor permeation
tests. In all cases, temperature was kept constant at the value of 35°C.

2.5.3.1 Water sorption
The differential sorption experiments of water vapor in MFC samples were carried out
in the pressure decay apparatus at 35°C exploring a rather wide range of water
activities (0-80%); in all cases, the tests were performed at least twice in order to
ensure the repeatability of the measurement. This characterization provides the four
sorption isotherms at 35°C as well as the diffusivity profiles, as function of the water
content in the cellulosic material. The results, in terms of solubility, are reported in
Figure 2-22, which compares the different behaviors of the two generations of MFC
and the role of the plasticizer.

Figure 2-22, Water vapor sorption isotherms in MFC samples at 35°C.
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As one can see, all the four materials have similar behavior and the isotherms present
the same shape with an initial downward curvature at low activities while the trend
tends to change with increasing water content. Indeed, water diffusion in cellulosic
system involves a physical adsorption on the fibers surface and a complementary
absorption in the amorphous phase: the solubility profile is thus often approached by a
BET equation [41]. The obtained values of water uptake at different activities seem to
be in good agreement with literature data for cellulosic materials [41-45]. However, it
should be noted that at higher activity of the one here investigated, the solubility is
expected to present a remarkable increase around 85-90% relative humidity, but these
water activities are not achievable with a pressure-decay technique.
Figure 2-22 shows that the MFC of second generation, both with and without
plasticizer, present higher water solubility, indicating likely a structural effect due to
the different preparation technique. Indeed, even if it has been showed that the fibrils
are not significantly shortened during the homogenization [46-47], this second
generation presents a straightened structure and it appears more rod-like due to large
amount of charged groups created with the treatment. This probably enhances the
ability of the fibrils to coordinate water molecules onto the surface and causes the
increased water uptake for samples of MFC of second generation in comparison with
the first.
Considering the glycerol effect, it can bee seen that, at low activity, the presence of
the plasticizer decreases the water solubility: this effect is remarkable in case of G2
and not so evident for G1, while at higher water activity there is an inversion and the
glycerol enhances this hydrophilic behavior; the sorption isotherm curves are indeed
intersecting at about 20% RH (G1) and 50% (G2). A possible explanation of this
feature is that at first the glycerol fills the voids in the cellulosic structure (pure MFC
films indeed presents rather high porosity [47]), decreasing the system free volume
and causing the reduction of adsorption sites available to water; on the contrary, at
high activity, the swelling of the structure, further enhanced by the glycerol, is
predominant.
Concerning the kinetics of water sorption, the diffusion coefficient has been
determined in every step and the D profile as function of the average water
concentration is reported in Figure 2-23.
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Figure 2-23, Water diffusivity at 35°C in the four different MFC samples.

The plot shows that, when a MFC system is dry, water penetrates the material
extremely slowly, the sorption steps seem to be Fickian with a diffusion coefficient in
the order of magnitude of 10-11 for the pure MFC and 10-10 when glycerol is added.
When water is present in the system, D rapidly increases with an exponential trend
that can be fitted by the following equation:
D(c ) = D0 exp(β ⋅ c )

(34)

The diffusion coefficient increase leads to values up to two orders of magnitude
higher than the diffusivity at infinite dilution D0, but it converge to a constant value
D∞ when a critical concentration cc, is reached, and it becomes fairly constant and
very similar for the different samples. The values of D0, β and D∞ obtained from the
best fitting of the experimental data are reported in Table 2-11 together with the
critical concentration cc.
It should be noted that, while in case of G1P and G2P there is a clear plateau at high
concentration, in samples without plasticizer this is not equally pronounced and the
resulting data, D∞ and cc, are therefore slightly less accurate.
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Table 2-11, D0, D∞ and β values for water diffusion in MFC samples at 35°C, on the basis of Eq. (34).
D0
Cc
D∞
β
(cm2/s)
(gw/g)
(cm2/s)
(g/gw)
G1 4.55 x 10-11 124.0
0.045
1.2 x 10-8
-11
G2 2.27 x 10
92.3
0.062
6.8 x 10-9
G1P
G2P

4.06 x 10-10
4.87 x 10-10

99.0
69.5

0.036
0.045

1.5 x 10-8
1.3 x 10-8

As reported in Figure 2-23 and also in Table 2-11, the sample G2 shows the lowest
diffusivity, both at low and high activities; the organization of fibrils in the second
generation, due to the higher surface charge, seems to enhance the tortuosity for the
diffusing path of water, leading therefore to lower diffusivity values. This double
effect given by the high value of S and small D, especially in MFC of second
generation, can be related to the formation of a complex structure in the pure MFC
samples that allows to accommodate a high number of water molecules but presents
kinetic constraints which slow down the sorption process; this seems to be supported
by experimental observations of aggregates of microfibrils disposed onto layered
structures [47].
The addition of glycerol induces basically the same effect on the two different
matrixes: the plasticization enhances the mobility of the cellulose microfibrils and the
water can enter the structure faster, the diffusivity shows an increase that can reach
even one order of magnitude when this effect is more relevant, i.e. when the sample is
dry.
Glycerol, which plasticizes the cellulosic matrix, plays a unique role in the diffusion
kinetics increasing the diffusivity in all the investigated range of activity. However,
even with the addition of this plasticizer, there seems to be a maximum value of
diffusivity which cannot be overcome by the system, as proved by the presence of D∞
value, which is rather similar for all the materials inspected. This fact suggests the
existence of a limit to the system plasticization and swelling probably related to
structural constraint. Further analyses are in program to better investigate this system.
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2.5.3.2 Water permeation
Differential water vapor permeation experiments were carried out on these cellulosic
systems at 35°C in the humid permeometer apparatus. The tests were performed at
different water activities, that have been kept fixed at one side of the membrane, while
on the other side the amount of permeate was detected by means of increase of
pressure. The obtained values of permeability, in Barrer, are reported in Figure 2-24
as function of the average water activity in the films during the step.

Figure 2-24, Water vapor permeability in MFC films at 35°C.

The figure shows that the two different generations of MFC, with or without the
plasticizer, present the same exponential trend with the water activity, P gains even 2
or 3 orders of magnitude in the investigated range, due to the extreme hydrophilic
behavior of such system.
Water vapor permeation tests reveal that P is higher in samples with glycerol (G1P,
G2P) in the entire set of activities; the plasticized samples indeed showed faster
kinetics and, only for the case of high relative humidity, also a larger solubility. The
double effect that the glycerol plays on the solubility is not here observed, and this
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indicates that the diffusivity is more significant than the solubility in defining
permeation properties. However, in this case, the solution-diffusion mechanism seems
to be inappropriate to describe the system, which cannot be assumed as a dense
membrane, and other phenomena, such as the physical absorption on the fibril
surfaces, are predominant. Hence, P cannot be strictly equal to the product D times S
as previously stated for polymeric membranes in Eq. (8) as indicated in Figure 2-25
where the permeability from permeation tests is plotted in comparison with the
product D times S, as determined from sorption experiments.

Figure 2-25, Comparison between permeability as obtained from permeation experiments with P
calculated as D times S from sorption tests, for all the four MFC samples at 35°C.

In the charts indeed it can be noticed that the product of diffusivity and solubility
shows, as a function of water activity, presents a similar increasing trend with respect
to permeability; however, it has also been shown that values, at the same water
activity, can differ by more than one order of magnitude, which is well above the
experimental error for this kind of systems.
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Concerning the water vapor permeability as determined with permeation tests
(reported in Figure 2-24), one can see that there exists a sort of inversion at very high
activity but the trends are not so clear being P rather similar for the four samples
when the water activity is high, and close to R.H. = 100% the curves seem to
converge almost to the same values.
The same argument should be used to compare the trends of the two different
generations of MFC that indicate a higher permeability in the first generation, for the
pure cellulose film as well as for the plasticized one. This is in agreement with the
fact that D plays a dominant role in determining the permeability, because G1, as
showed in Figures 2-22 and 2-23, presents higher diffusivity but lower water
solubility than G2.
Moreover, these experiments allowed to determine the time-lag of diffusion from the
analysis of the permeation curve. Unfortunately, the solution-diffusion mechanism
cannot explain the phenomenon here considered and, the so-obtained values of
diffusivity are rather inaccurate and therefore they are not here reported.

2.5.3.3 Oxygen permeation
Oxygen permeation tests were carried out on the four samples at 35°C, either in dry or
humid conditions and the results by means of the two permeation apparatus.
Permeability values in dry conditions, reported in Table 2-12, show the excellent
barrier properties toward oxygen of the MFC films, comparable with those for ultrabarrier application such as EVOH or PVOH [48], commonly used for specific
applications. The characterization of barrier properties in specimens in dry conditions
led to the calculation also of the oxygen diffusivity with the time-lag method, while it
was not possible in the case of humidified samples due to the different technique
used.
Table 2-12, Dry oxygen permeability and diffusivity in MFC samples at 35°C (R.H. = 0).
P
D
(Barrer)
(cm2/s)
G1
7.9 x 10-4
6.32 x 10-11
G2
18.7 x 10-4
3.06 x 10-11
G1P 38.1 x 10-4
4.18 x 10-11
-4
G2P 26.9 x 10
1.47 x 10-11
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Figure 2-26, Oxygen permeability at 35°C at different relative humidity in the four MFC samples.

Figure 2-26 reports the oxygen permeability in the entire range of water activity
explored. As previously observed, the cellulose network, when dry, presents a
structure particularly compact and stiff; penetrating molecules encounter thus several
physical hindrances which give this remarkable barrier effect; oxygen diffusivities are
also rather small and comparable with those observed for water.
As one can see, the first generation of cellulose, with no glycerol, is the sample that
can guarantee the strongest barrier effect in terms of permeability, while, concerning
the diffusivity, sample G2P is the one with the lowest value.
The addition of plasticizer in the cellulosic matrix plays a double role: while the
oxygen permeability results rather increased, the effect on the diffusion coefficient
has been reduced by the addition of glycerol.
Figure 2-26 shows that, when the water content in the specimens is raised, there is a
sudden jump of the permeability, which increases of about two orders of magnitude.
This value seams then to remain stable up to an activity of about 60% before showing
a further increase of permeability at the higher R.H. inspected. However, it should be
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noted that, while permeability data in dry condition are quite safe, the humid oxygen
permeation tests have been performed with a different instrument (the humid
permeometer) endowed with a lower sensitivity, and they are not as accurate as the
others: up to about 50% of R.H. indeed the estimated P is very closed to the
sensitivity of the instrument. For this reason, no trend can be surely described in this
range for the oxygen permeability at different humidity while P certainly increases
quite significantly at higher water activities in most of the samples.
On the other hand, it has been often reported for hydrophilic membranes, and more
specifically for cellulose [49], that there exists a clear behavior of permeability
divided in two regions, a steep increase of P increasing the water content from dry
conditions, and a sort of plateau when the structure results sufficiently swollen. In
some cases it has also been observed a further increase, when the membrane is almost
saturated.
Hence, the four trends reported in Figure 2-26, even if probably not too accurate, look
rather reasonable for cellulose based materials.

2.6 Conclusions
In this chapter, it has been proved how the sol-gel route is suitable for the preparation
of nanocomposite materials with improved barrier properties. This particular
technique, indeed, allow to achieve composite materials in which the organic
(polymeric) domains are highly interconnected with the silica Si-SiO2 at the nanoscale, leading therefore to an improvement of the barrier properties. In this concern,
two different approaches have been attempted and two different systems were studied.
Fist at all, a highly permeable material, such as a polyethylene-based material, is
considered as organic phase and it has been showed how the barrier performances
were remarkably improved; oxygen diffusivities and permeabilities were indeed
considerably lowered, making thus the system interesting for the food packaging
applications. The barrier performances of the same system were further improved by
the addition of a good barrier material, such as PHS, which is also able to promote
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hydrogen bonds. This latter effect, indeed, was found to be the crucial point in the
creation of the highly networked structure with interpenetrated organic and inorganic
domains that provides the material the desired barrier effect.
A second study was then performed to develop an ultra barrier material for special
applications; in this idea, as organic moiety, polyvinyl alcohol was selected, because
of its incredible oxygen barrier properties; on the other hand, PVOH is particularly
water sensitive and when exposed to water, that is a good solvent for the polymer, it
tends to degrade and looses all the properties. Hence, the sol-gel route was used
improve the resistance to water while the barrier effect, in this case, was guaranteed
by the polymeric phase. In this idea, it has been showed that the great performance in
barrier properties observed for the samples as received was basically kept for the
nanocomposite systems, in which the inorganic domains stabilized the polymeric
chains avoiding the swelling and the consequent dissolution of the polymeric phase.
The third part was about a recently developed fibrous material, microfibrillated
cellulose, MFC. Two different generations of cellulose have been characterized in
terms of oxygen and water transport properties through MFC films, pure or with
glycerol as plasticizer. A remarkable barrier effect has been reported for the case of
pure (dry) oxygen that increases, as expected for such hydrophilic materials, with
increasing the water content in the membrane. The behavior of MFC films with
respect to water was also investigated and the results were discussed on the basis of
structural considerations regarding the two different generations, with or without
plasticizer. It has been reported that MFC of second generation, present higher water
solubility due its straightened rod-like structure, given by the large amount of charged
groups created with the treatment; this enhances the ability of the fibrils to adsorb
water onto the fibril surface. On the contrary, the higher surface charge seems to
enhance the tortuosity for the diffusing path of water that lowers the water diffusivity.
This double effect given by the high value of S and small D is probably related to a
complex structure of the microfibrils which, supposedly, are arranged as layers.
From the comparison between sorption and permeation data, it has also been shown
that water in a MFC system cannot be explained by a solution-diffusion mechanism.
There is indeed a physical adsorption of water molecules on the microfibrils surface
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that plays a relevant role in determining the water uptake, and the transport properties
in general.
The revealed properties proved how MFC has interesting applications, due to its
particular properties and its remarkable sustainability and biodegradability, as
reinforcement in the field of bio-nanocomposites.
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CHAPTER III

Modeling transport properties
in nanocomposite media
The barrier effect towards small penetrating molecules in heterogeneous systems,
such as polymer-layered silicate nanocomposite, has been simulated from a
continuum-scale point of view. A finite volume technique was employed to
investigate the effect of such inorganic filler loading the organic phase to evaluate the
improvement in barrier properties and to relate this with the structural parameters of
the filler.

3.1 Modeling details
3.1.1 Diffusion in 2-D ordered structures:
The hindered diffusion in a heterogeneous system has been approached at first in the
approximation of a 2-D based geometry that makes the problem solvable from an
analytic point of view. This simplified approach also allows to save machine time
when this phenomenon is simulated with a computational approach, and allows to test
its reliability through the comparison of numerical results with the analytical solution.
The structure of regularly spaced flake filled system is illustrated in Figure 3-1 in the
approximation of 2-D geometry. Layers of impermeable flakes are inserted in the
structure, normally to the imposed macroscopic concentration gradient, which lies on

ζ axis in Figure 3-1.
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Figure 3-1, Scheme for structure of 2-D nanocomposite system.

Flakes semi-length and thickness are here accounted as d and a respectively, while b
indicates the distance between flakes layers and c quotes half the distance between
successive flakes on the same layer. In dimensionless terms, the structure can be
represented by parameters “flake aspect ratio” α, “slit shape” σ and “loading” φ,
defined as:

α=

d
a

(1)

σ=

c
a

(2)

φ=

ad
(b + a )(d + c )

(3)

The first two parameters are the characteristic area of impermeable and the permeable
section respectively on the flake layers, while the latter represents the volume fraction
of flakes in the system.
In the geometry pictured in Figure 3-1, a repeating unit can be easily found as that
represented by rectangle of vertexes M, N, P e Q, between symmetry lines MP and
NQ, upstream line MN (in which inlet section RN is located) and downstream line PQ
(in which outlet section PZ is located). The problem of pure diffusion of a penetrant
across the flake filled membrane in Figure 3-1 can thus be studied modeling the
process in the domain of boundary R-N-Y-X-Z-P-S-T-R, with assigned concentration
on inlet section RN and on outlet section PZ, zero-flux condition across boundaries ST-R, Y-X-Z and symmetry conditions on boundaries NY and SP.

83

Chapter III

3.1.1.1 An approximate expression from a rigorous approach
Both for the case of pure matrix and for that of flake-filled structure, the resistance to
mass transport in MNPQ region of Figure 3-1 can be seen as the sum of the resistance
in “hole” regions RNTV and WXPZ, whose properties will be labeled by subscript
“H”, and in “tortuous path” region SVWY, for which subscript “T” will be used. The
ratio between overall resistance in flake-filled systems and in pure matrix can be
expressed as in the following relation:

D0  D0
=
D ff  D ff



 ΨH +  D0

D
H
 ff


 ΨT

T

(4)

where the ratio between resistances in flake-filled and pure matrix in homologous
regions is indicated as the ratio between corresponding reciprocate “effective”
diffusivities. In this respect, it should be noted that subscript “0” has been used for
true diffusion coefficient in pure matrix, while “ff” is subscript used for effective
diffusivity in flake-filled systems. In Eq. (1), ψH a ψT indicate weight of resistance to
mass transport for “H” and “T” regions, respectively, in the pure matrix. Latter terms
are easily derived from the pertinent area of the domain:
ΨH = 1 − ΨT = φ

α +σ
α

(5)

As far as ratio between resistances in “H” regions for the flake filled system and the
corresponding pure matrix is concerned, this can be easily derived as the reciprocal of
ratio between corresponding “width” of domains actually available to the diffusion of
penetrant molecules. The result is indicated in the following equation:

 D0

D
 ff


 = α +σ

α
H

(6)

The ratio between resistance in “T” region for flake filled system and pure matrix was
considered by Aris [1], who derived a set of equations for the determination of its
value in the general case. He also proposed an approximate expression for the
mentioned ratio which, in terms used by Aris, is written as follows:
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 D0

 D ff



T

1

χ

r2
4r  π  4r  1 
1 − ln   + ln  
π  2r  π  α ′ 
α − φ (α + σ )
b
=
2
c+d
(α + σ ) φ

χ =

r

=

=

α′ =

c
c+d

(7)

σ

=

σ +α

The above expression provides reliable results for (D0/Dff)T for low values of r and α′.
In terms considered in this work, it could be stated that reliable predictions for
(D0/Dff)T are obtained through Eqs. (7) for (αφ ) > 1 and (α/σ ) > 2. In this case, the
following expression can thus be used to our purposes:
 D0

D
 ff

2
2





 =  (α + σ ) φ  + 4  (α + σ ) φ  ln  α − φ (α + σ ) 

π  α − φ (σ + α )α  φσ (α + φ )(π / 2) 
 T φσ − (1 − φ )α 
2

(8)

Furthermore, while equation for χ in set of Eqs. (7) is correctly derived from the work
of Aris (cfr. Eq. (21) and following rows in ref.[1]), in the same paper the final
expression for χ is reported erroneously, in view of a mistake in the sign of the second
term of the denominator. The relevance of this note is in the fact that several authors
later used the final result from Aris in different ways and several models are today
considered in the discussion of permeation results which ultimately rely on an
erroneous expression for the term which refer to the tortuous path.
When results in Eqs. (4), (5), (6) and (8) are taken into account, the final expression
for the ratio of overall resistance to mass transport in flake-filled systems and
corresponding pure matrix is derived:
D0 αφ  σ 
(αφ )2 (1 + σ / α )4 + αφ 1 + σ  ln  1 − φ (1 + σ / α ) 
=
1 +  +


D ff
σ  α
1 − φ (1 + σ / α ) π / 4  α  φσ (1 + σ / α )(π / 2 ) 
2

2

(9)

The first term on r.h.s. of Eq. (9) ultimately results from the “hole region”
contribution to the mass transport resistance and the remaining sum refers to the
tortuous path for the diffusing molecule. The form of the first term resembles the
simpler expression (αφ /σ) used by other authors in the limit of σ << α. It is useful
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here to clarify that the latter result for the “hole term” resistance can only be derived
when slit shape parameter is defined as stated in Eq. (2) [2], differently from what
considered by other authors [3-6].

3.1.2 Previous models
3.1.2.1 Diffusion in ordered structures
Several empirical models have been proposed to predict the enhancement in barrier
properties of 2-D structures obtained from the ordered inclusion of impermeable
platelets. These works consider different contributions to transport, usually related to
the “hole” or “tortuous path” resistance in the system, described in a simplified way.
Expressions for the empirical models of largest use are reported in this section
without attempting an analysis of assumptions and derivations in single models, for
which the reader is referred to the original papers.
A simple model was first proposed by Cussler et al. [2], that correctly expresses the
first order dependence of barrier enhancement on loading in those systems in which
“hole” resistance dominates (σ (1−φ) << (αφ)) and second order character of the same
dependence in those systems in which “tortuous path” resistance is ruling:

D0
αφ (αφ )2
= 1+
+
D ff
σ
1−φ

(10)

Possible refinements of the same model were later proposed by Falla et al. [3],
alternatively accounting for the results reported in the work by Aris [1]:

 πα 2φ 
D0
αφ (αφ )2
αφ
= 1+
+
+
ln 

D ff
σ
1 − φ (π / 4)(1 − φ ) σ (1 − φ ) 

(11)

or those indicated by Wakeham and Mason [6]:

D0
 (1 − φ ) 
αφ (αφ )2
= 1+
+
+ 2(1 − φ ) ln 

σ
D ff
1−φ
 2σφ 

(12)

The expressions in Eqs. (11) and (12) are here written with reference to slit shape σ
defined as in the original work by Cussler [2], and ignoring the definition given in
some of the following papers, which is indeed inconsistent with the first one and,
more relevant, with the expression for “hole” resistance used. It is also important to
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compare last two terms on the r.h.s. of Eq. (11) with “tortuous path” resistance in Eq.
(8). The last terms in the two expressions cannot be reduced in equivalent terms, not
even for the case of σ << α, and this is ultimately due to the fact that Eq. (11) was
derived starting from the expression in the work by Aris which is affected by the
mentioned mistake in sign.
Eqs. (11) and (12) have been largely used for the comparison of predicted barrier
enhancement with either experimental or simulation results. On the other hand,
discrepancies in results from simulation efforts by different authors, did not allow to
validate the above models in ultimate terms. Results in next sections offer a valid
contribution to this specific theme.

3.1.2.2 Diffusion in random structures
The earlier theories of diffusion in a nanocomposite media were developed by Barrer
[8], and few years later modified by Nielsen [9], in the idea of a highly simplified
geometry and based on empirical considerations were able to capture the
enhancement in barrier properties by means of just two parameters. The final
relationship for diffusivity decrease, that in spite of the simplicity is still widely used,
can be written as:
D0
αφ
= 1+
D ff
1−φ

(13)

An important contribution to the problem was then given by Cusser, who adapted his
previous treatment for ordered structures in Eq. (10) to random systems [3],
considering that the resistance is mainly due to the so-called wiggling, that accounts
for both the increased distance for diffusion along the main dimension of the lamella
and the reduced cross-sectional area between the flakes; hence, in the derivation of his
equation all the other contributions were neglected and a sort of adjustable parameter
depending on the flake geometrical characteristics, µ, was also introduced to give the
following expression [10]:

D0
(αφ )2
= 1+ µ
D ff
1−φ

(14)
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Other works are directly focused on composite material characterized by randomly
distributed platelets, as those of Fredrickson et al. [11], who examined the disorder
and the effect of poly-dispersity considering dilute and semi-dilute regime in a 3-D
configuration and solved the problem numerically with a finite element approach.
Their work led to the following formula:

1
1
1

= 
+
D0
4  1 + a1καφ 1 + a 2καφ 

D ff

(

)

2

(15)

(

)

where: a1 = 2 − 2 / 4 and a 2 = 2 + 2 / 4 and κ = π / ln α .
The issue of the poly-dispersity of the flake dimensions has also been accounted in the
work performed by Lape at al. [12], who developed a model to consider the effect of
the distribution in the resulting barrier effect considering a typical Gaussian
distribution. The same model is also suitable to mono-dispersed random distributions
of flakes in a composite media and the relative diffusivity becomes:

 2 
1 + αφ 
D0  3 
=
D ff
1−φ

2

(16)

Other interesting works were carried out by Bharadwaj et al. [13] and by Lusti et al.
[14] in the idea of investigate the effect of the platelets misalignment, leading to
useful considerations and relationships that, for sake of brevity however, are not here
reported.
The models here described found applications in predicting the barrier properties of
either 2-D or 3-D flake filled systems; in this concern, a particular care has to be
applied in the definition of the aspect ratio α, that can be done in different ways, as it
will be described more in detail in the following paragraphs. It should be noted that
the largest part of the technical literature is focused on the 2-D approximation and the
results were then extended in three dimensions considering the aspect ratio simply as
the ratio width of the platelets to its thickness. However, in the present work a more
accurate definition of the parameters α and σ has been proposed and discussed.
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3.2

Previous numerical calculations

Several efforts have been carried out in the past to numerically evaluate the
enhancement in barrier properties produced by ordered dispersion of impermeable
flakes in a matrix which can be described in terms illustrated above. Calculations
reported by Chen and Papathanasiou [4] were performed through a micromechanicsbased direct numerical approach in 2-D membranes containing aligned flakes, using
the fast multipole-accelerated boundary element method. It is a different numerical
solution of the same continuous mechanics problem here considered for the
discussion of the permeation process.
Simulations results reported by Falla et al. [3], as well as those by Swannack et al. [6],
instead, refer to a Monte Carlo approach to the description of same hindered diffusion
problem developed by Eitzman [16] and later modified by these authors. In this case,
the simulation generates a composite medium in a unit volume, and a Monte Carlo
algorithm gives the molecular trajectories, which are interpreted via a mean square
displacement technique based on Browian motion [3].
Sridhar et al. [17] considered a computationally strategy, based on a resistance-inseries and resistance-in-parallel approach, to evaluate the transport properties in 2-D
heterogeneous systems with aligned flakes
Goodyer et al. [18-19] developed a three-dimensional finite element code, which can
handle the complex geometries to numerically simulate diffusion through a membrane
from regularly spaced sources distributed on the membrane surface. The focus of this
work was in reproducing experimental results obtained by Liu and Cussler [20] in
order to investigate the different contributions to the resistance to the diffusion, even
if their results have a general validity.
Gusev et al. [21-22] also developed a finite element algorithm in order to capture the
barrier enhancement in 3-D periodic composite system where impermeable round
platelets are randomly dispersed in an isotropic matrix. Particular care was devoted to
create an unstructured morphology-adaptive mesh to solve the Fick’s law in the
computation domain. The best fitting of the results which spanned over a wide range
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of system configurations, was given by an exponential behavior for the relative
diffusivity Dff/D0 with the factor α φ.
A similar work has been performed by Nagy et al. [23] who used a resistor
representation to calculate the effect of tortuous diffusion paths on the overall
diffusivity of three-dimensional flake filled systems. The results then highlighted that
the enhancement in barrier properties is the sum of two different contributions, linear
and quadratic with α φ, as previously stated by several theoretical models.

3.3

Numerical solution

The pure steady state diffusion process of a single penetrant species in the two-phase
medium reported in Figure 3-1, governed by the Fick’s law, has been here considered.
The Laplace equation for gas concentration γ is the field equation for the domain of
permeable (continuous) phase in the system:
0 = ∇ 2γ

(17)

Boundary conditions are then considered to insure zero mass flux across the interface
between permeable phase and impermeable platelets (n being a vector normal to the
interface):

0 = (∇γ ) ⋅ n

(18)

while the steady state permeate flux across the nanocomposite material can be
evaluated after the solution for concentration γ in the system, from the integration of
mass flux density jζ across any plane normal to ζ direction in Figure 3-1:
jζ = − D 0

∂γ
∂ζ

(19)

where D0 is the diffusion coefficient in the permeable phase.

3.3.1 2-D ordered flake-filled systems
The problem of steady state diffusion within the elementary domain previously
described was specifically analyzed for the numerical solution, with assigned values
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γin and γout (γin > γout ) for the concentration at the inlet and outlet boundaries of the
domain, respectively.
To approach the numerical solution of the problem, the mentioned geometry was
meshed to achieve a proper discretization of the computational domain; in particular
finer grids have been used in correspondence to the critical points (Figure 3-2), such
as the slit area, in order to better capture the mass gradients. A particular care has
been also devoted in this step to achieve mesh independent results and minimize the
solution time.

Figure 3-2, Discretized computational domain (α = 20, φ = 10, σ = 10).

The grid was then used to solve the above equations by using the well-established
finite volume technique [15], which gives the concentration profile in the simulation
box and allows to determine the gas flux at the inlet and outlet boundaries of the
system considered; the diffusivity has been consequently calculated.
For all conditions considered, a simulation was performed also in a corresponding
pure matrix domain, in order to validate the code and to obtain the correct reference
for the unloaded homogeneous material. Indeed, all results are rescaled with values
obtained for pure matrix and reported in terms of ratio between penetrant fluxes and
indicated hereafter as effective diffusivity ratio.

3.3.2 2-D randomly distributed flake-filled systems
The different geometries were built through a purposely written algorithm that
randomly places platelets of fixed thickness and variable length (standard deviation
equal to 10% of the average aspect ratio) in the computational domain; no constraints
in the polymer were imposed for the flakes position and only a check to avoid
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overlapping was inserted in the code. The orientation of the platelets was kept fixed
and parallel to the film surface, to limit the number of free parameters in the
simulation and in view of the fact that, in many real systems, similar orientations are
induced by the film forming procedures. The final disordered structures were similar
to that shown in Figure 3-3 which presents a structure obtained for value of φ and α
equal to 50 and 2.5% respectively the presence of periodic geometry distribution on
the boundary parallel to average concentration gradients is visible which allows
substantial reduction of the computational domain extension [4].

Figure 3-3, 2-D geometry filled by randomly distributed platelets (α = 50, φ = 2.5%).

During the simulative work, structures with aspect ratios of 10, 20, 50, 100, 150, 250
and 500 were explored at different filler concentrations, from 0.005 up to 0.20.
For each set of parameters (loading and filler aspect ratio) 10 different geometries
were built and the obtained data were then averaged in order to obtain results that
could be considered as not influenced by the particular structure tested and dependent
only on mean values of α and φ.
The simulations performed converged after a certain time with residual dropped to
values of 10-5 or less; the standard deviations obtained for diffusivity in the different
structures instead were fairly dependent on the size of the structure, however they
were ranging between 5 of 10 % in most of the cases and never exceeded the value of
15% even in the most complex structures. In this concern, it should be also noted that
some authors stated a difference in the behavior of random system with monodisperse rather than poly-disperse flake aspect ratio [12], however, as shown in Chen
et al. [4], such differences are rather limited and in general lower than 10% which is
close to the average value of standard deviation obtained for the present simulations.
Therefore, in this work the problem was not directly addressed and only random
arrays of poly-dispersed flakes, closer to real geometries, were considered.
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3.3.3 3-D flake-filled systems
The lamellar structure, as usually considered in 2-D, has been transposed in a threedimensional space by developing different ordered configurations, as shown in Figure
3-4, giving to the flakes several shapes. 3-D structures also require a new definition of
the parameters α and σ that have to be unique for the different shapes of the platelets;
hence the flake aspect ratio and the slit shape parameters become:

α=

Sn
SL

σ=

S n ,H
SL

(20)

(21)

where Sn and Sn,H are the areas of the surfaces normal to the flux direction of the flake
and the hole region, respectively, while SL is the area of the flake lateral surface.

Figure 3-4, Three-dimensional heterogeneous ordered geometries in five different configurations: a)
squares, b) hexagons, c) ribbons, d) octagons, e) circles.

As on can see from the layouts illustrated in Figure 3-4, ribbons (c) are developed by
basically extruding the 2-D lamellae in the third direction; in fact, they have been
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primarily considered to have a direct comparison of the two different approaches. In
this case and also for squares and hexagons, a wide range of slit dimensions can be
explored, because in these configurations, in the limit consecutive flakes when their
edges are overlapped, the structure is blocking completely the diffusing molecules and
the resistance has to be assumed as infinite. On the contrary, this cannot be achieved
for octagonal or circular platelets, and so, although they probably are able to better
mimic the shape of real flakes, their investigation at this stage is limited to very few
cases.
Similarly to what have been done in the case of 2-D ordered systems, a wide range of
aspect ratios has been investigated, from 5 to 300 with loadings between 0.5 and 10%;
slit shape was also varied between 0.5 and 5.

3.3.3.1 3-D randomly distributed flake filled systems
In the case of random systems, geometries were defined by randomly placing a certain
number of circular, or squared platelets (in this case just those two configurations
have been taken in account) in the simulation box, the overlapping of the flakes was
the only restriction considered. In this way, random structures were obtained as the
one showed in Figure 3-5.

Figure 3-5, Layout of a 3-D random geometry with circular platelets.
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In order to mimic the poly-dispersity of filler dimension in the real composite the
aspect ratio α of the platelets was allowed to vary, a standard deviation of about 10%
of the average value of α was indeed used to obtain a normal distribution of such
parameter in the geometry.
The same procedure and the same solver previously described were used in case of 3D randomly distributed systems. It should be noticed that, for same set of parameters
(namely α and φ), simulations were performed on different geometries in order to
obtain results independent from the particular structure tested.

3.4

Results

3.4.1 2-D ordered flake-filled systems
Rather different values have been explored for structure parameters in flake filled
systems, aspect ratios in the range from 10 to 200 were explored, while slit shape
different up to three orders of magnitude were considered, from highest value 5 down
to lowest value 0.005. Attention was then focused on relatively low loading range not
exceeding 25% of volume fraction. Specific values of α, σ and φ were chosen to
allow specific comparison with results from previous simulations, while in general
terms preference has been given to simulation at relatively low α /σ ratio, which
should correspond to more severe conditions for the prediction of the above described
simplified model. Table 3-1 summarizes the results for enhancement in barrier
properties of flake filled system as obtained in simulations performed in this work.
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Table 3-1a, (D0 /Dff ) results from simulations for ordered flake filled 2-D systems (α =10, 20).
α = 10
α = 20
φ (%)
σ = 0.005 σ = 0.05 σ = 0.5
σ=5
σ = 0.005 σ = 0.05 σ = 0.5
σ=5
0.5

11.6

2.32

1.29

1.12

22.2

3.73

1.65

1.27

1.25

27.2

4.31

1.71

1.30

53.6

7.81

2.63

1.67

2.5

53.4

7.61

2.46

1.60

106

14.6

4.26

2.37

5

106

14.2

3.93

2.34

211

28.4

7.67

4.24

7.5

158

20.9

5.44

3.40

317

42.5

11.5

7.00

10

211

27.6

7.06

4.86

423

57.1

15.8

10.8

15

316

41.4

10.7

9.17

636

87.6

26.1

22.0

20

423

55.8

15.1

15.7

853

121

39.5

39.2

25

527

70.9

20.5

25.1

1070

157

56.7

63.9

Table 3-1b, (D0 /Dff ) results from simulations for ordered flake filled 2-D systems (α =30, 50).
α = 30
α = 50
φ (%)
σ = 0.005 σ = 0.05 σ = 0.5
σ=5
σ = 0.005 σ = 0.05 σ = 0.5
σ=5
0.5

32.7

5.17

2.04

1.44

53.8

8.10

2.88

1.82

1.25

81.1

11.5

3.61

2.09

135

18.9

5.72

3.09

2.5

160

21.9

6.25

3.31

266

36.8

10.7

5.65

5

319

43.2

12.1

6.74

540

74.8

22.5

13.3

7.5

478

65.6

18.8

11.8

803

115

32.2

25.2

10

638

88.7

26.7

18.9

1080

159

55.3

41.8

15

964

139

46.8

40.1

1630

258

104

92.1

20

1295

196

73.9

72.5

2210

377

173

169

25

1634

261

110

119

2810

519

265

278

Table 3-1c, (D0 /Dff ) results from simulations for ordered flake filled 2-D systems (α =75, 100).
α = 75
α = 100
φ (%)
σ = 0.005 σ = 0.05 σ = 0.5
σ=5
σ = 0.005 σ = 0.05 σ = 0.5
σ=5
0.5
64.5
12.2
4.01
2.37
103
15.6
5.18
2.96

96

1.25

205

28.3

8.60

4.57

254

38.3

11.7

6.29

2.5

406

56.4

17.1

9.38

540

79.6

24.4

13.9

5

805

117

38.5

24.6

1080

162

57.9

39.1

7.5

1216

184

67.0

48.7

1637

260

104

79.8

10

1630

259

104

83.0

2210

373

166

138

15

2500

437

205

187

3399

649

340

314

20

3410

659

352

345

4680

1010

594

584

25

4372

934

554

571

6037

1454

947

968
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Table 3-1d, (D0 /Dff ) results from simulations for ordered flake filled 2-D systems (α =150, 200).
α = 150
α = 200
φ (%)
σ = 0.005 σ = 0.05 σ = 0.5
σ=5
σ = 0.005 σ = 0.05 σ = 0.5
σ=5
0.5

101

23.3

7.67

4.28

214

31.7

10.3

5.77

1.25

379

58.2

18.7

10.4

471

79.9

26.5

15.3

2.5

805

121

41.4

25.5

1087

166

61.4

40.2

5

1637

266

107

78.1

2217

377

168

130

7.5

2502

436

202

165

3396

642

330

280

10

3394

646

332

290

4629

969

553

497

15
20
25

5302
7383
9680

1173
1881
2807

708
1266
2044

669
1250
2070

7315
10378
13743

1828
3010
4579

1209
2188
3556

1156
2170
3600

As expected, the barrier enhancement effect increases as flake loading increases at
constant α and σ. Similarly, the higher the aspect ratio of flakes, the higher the
decrease of permeability for the flake filled system. It should be noted however, that
the enhancement in barrier effect is not monotonous with slit shape, at constant α and

φ. Indeed, at constant aspect ratio and loading, the larger the distance between
adjacent flakes on the same plane, the shorter the distance between two successive
flakes plane. Then, at low slit shape, where “hole” resistance dominates, an increase
in slit shape results in a decrease of the overall barrier effect. At relatively high slit
shape, on the other hand, an increase in σ can induce a decrease in permeability as
result from the increase in “tortuous path” resistance.
Those two different contributions to the overall resistance to the diffusion are shown
in Figure 3-6, where the results are reported in a double logarithmic scale to highlight
the behavior of the (D0/Dff - 1) factor with the parameter α φ, which allows,
considering the mathematical model above described (Eqs. (9-12)), to easily evaluate
the dominant resistance in the system through the analysis of the results with a simple
power law:
 D0

n

−1 = A ⋅ (αφ )
D

 ff


(22)
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Figure 6, Trends for the enhancement in barrier properties (D0/Dff - 1) in flake filled systems for
different slit shapes (σ = 0.005, 0.05, 0.5, 5).

There exists, indeed, a double behavior for all the cases considered (σ = 0.005, 0.05,
0.5 and 5). When the platelets are relatively small and the system is not so
concentrated (α φ small), there is a linear dependence of the barrier effect with the α φ
parameter; in this range indeed the largest contribution is given by the resistance
within the slit between two consecutive flakes while the tortuosity plays a marginal
role. On the contrary, at high values of α φ, the barrier properties behave with a
quadratic trend, as the wiggling effect gains relevance with respect to the “hole”
resistance. It should also be noticed that at very high α φ, on the right side of the plot,
the four curves at different slit shape values converges to the same trend; this is
further proof of the fact that when the aspect ratio is high and the system is
concentrated the hole resistance is negligible.
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3.4.1.1 Comparison with previous simulations
Several efforts have been carried out in the past to evaluate the enhancement in barrier
properties produced by ordered dispersion of impermeable flakes in a matrix which
can be described in terms illustrated above. Simulations reported by Chen et al. [4]
were performed through a different numerical solution of the same continuous
mechanics problem here considered for the discussion of the permeation process.
Simulation results reported by Falla et al. [3] and Swannack [6], instead, refer to a
Monte Carlo approach to the description of same hindered diffusion problem.

Figure 3-7, Comparison of simulation results for enhancement in gas barrier properties for 2-D ordered
flake filled systems (α = 30, φ = 0.05)

In Figures 3-7, 3-8 and 3-9 data for enhancement barrier effect for the case of α = 30
as obtained from simulations performed in this work are compared with
corresponding value obtained in mentioned works, together with the prediction from
the model due to Aris, Eq. (9). In all cases, relative increase in permeation resistance
from pure matrix to flake filled systems form simulations, expressed as (D0/Dff - 1),
are reported as function of particle loading.
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Figure 3-8, Comparison of simulation results for enhancement in gas barrier properties for 2-D ordered
flake filled systems (α = 30, φ = 0.5).

In Figures 3-7, 3-8 and 3-9 data are shown for the case of σ = 0.05, σ = 0.5 and σ = 5,
respectively. It clearly results from comparison in these plots that while results from
this work and those by Chen are definitely consistent with each other, results obtained
from different modeling approaches show values significantly different, sometimes
difficult to interpret in terms of parameter effects.
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Figure 3-9, Comparison of simulation results for enhancement in gas barrier properties for 2-D ordered
flake filled systems (α = 30, φ =5).

As a further analysis of the set of data from simulation obtained from different
approaches, data have been shown in the plots also for the results of model in Eq. (9).
Comparison of predictions from latter model and output from simulations put in
evidence an excellent agreement in the inspected range of α, σ and φ between
numerical results and simplified analytical model considered in this work, while
questions the data obtained in some of the simulations performed in earlier works.

3.4.1.2 Comparison with previous model predictions
In order to compare results from the simplified expression proposed in this work for
the enhancement in barrier properties for flake filled systems (Eq. (9)) and those
considered in previous works, a series of parity plots have been built (Figures 3-10, 311, 3-12 and 3-13), which separately account for the accuracy of distinct models in
predicting the results obtained by numerical calculations performed in this work.
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Figure 3-10, Comparison between numerical results for enhancement in gas barrier properties for 2-D
ordered flake filled systems and prediction from Aris, Eq. (9).

In Figure 3-10, the parity plot for calculated (D0/Dff ) and from model in Eq. (9) is
shown for all sets of structure parameters considered in this work. It can be
appreciated that an excellent agreement is obtained in all cases, with few exceptions,
more frequently observed at low enhancement in barrier properties, i.e. low (D0/Dff )
values, pertinent to the case of low (α φ ) or low (α /σ ) values, for which the
accuracy of Eq. (8) in representing “tortuous path” resistance is not satisfactory.

102

Chapter III

Figure 3-11, Comparison between numerical results for enhancement in gas barrier properties for 2-D
ordered flake filled systems and prediction from Wakeham, Eq. (12).

In Figures 3-11 and 3-12 parity plots are shown for the comparison of the numerical
calculation results with prediction obtained from models by Wakeman and Mason or
by Cussler, first or second approximation, respectively. Previous models here
considered clearly offer a less accurate representation of the barrier enhancement in
flake filled ordered systems with respect to the new expression in Eq. (9). This is
partly due to the effect of correction for ratio σ /α in the “hole” resistance which is
missing in previous models, but it is mainly the result of the incorrect expression
assumed for the contribution by “tortuous path” resistance to the mass flow in earlier
works.
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Figure 3-12, Comparison between numerical results for enhancement in gas barrier properties for 2-D
ordered flake filled systems and prediction from Cussler, Eq. (10).

This is also evident from the comparison of parity plot for calculated results against
prediction from Eq. (10) and that against results from Eq. (11). Indeed from the above
comparison, it cannot be concluded that Eq. (11) represents a refinement of
predictions obtained by Eq. (10) as the average distance between numerical analysis
and predictions in Figure 3-13 is even larger than corresponding value in Figure 3-12.
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Figure 3-13, Comparison between numerical results for enhancement in gas barrier properties for 2-D
ordered flake filled systems and prediction from Falla, Eq. (11).

In fact, additional contribution in Eq. (11) with respect to Eq. (10) is just derived from
the incorrect expression of tortuous path resistance reported in the original work by
Aris.
The results that have been shows provide the necessary background for the proposed
method of calculation and prove the ability of the latter to mimic the effect of the
dispersion of an impermeable phase into a continuous moiety in the comparison with
the almost complete and rigorous solution given by Aris.

3.4.2 2-D randomly distributed flake-filled systems
The numerical calculations were then focused on disordered systems where the
impermeable phase was randomly distributed in the simulation box. In order to
investigate all the possible regimes, different geometries were built with α values
varying from 10 to 500, while the loading was in the range 0.005 to 0.25. The

105

Chapter III

corresponding results are reported in Table 3-2 in terms of enhancements in barrier
effect, D0/D, of flake filled system as obtained in the performed calculations.
Table 3-2, (D0 /Dff ) results from simulations for ordered flake filled 2-D systems

α
10

20

50

75

φ

D0 / Dff

0.005
0.0125
0.025
0.005
0.025

1.05
1.14
1.30
1.11
1.63

0.05
0.10
0.025
0.05
0.10
0.025

2.56
4.56
3.03
6.38
14.6
4.58

0.05
0.10

10.7
26.5

α

φ

D0 / Dff

100

0.025
0.05
0.10
0.15
0.20

6.49
16.1
41.4
69.1
95.4

15
20
10
15
20

226
341
685
1215
1748

200

500

As expected, and as already showed for the case of ordered structures, the barrier
enhancement effect increases as flake loading increases at constant α and, similarly,
the higher is the aspect ratio of flakes, the higher is the decrease of permeability for
the composite system.
Figure 3-14 reports the factor (D0/Dff - 1) as function of a unique parameter α φ in a
double logarithmic scale as calculated from the simulations in random structures to
show the two different trends already described for the case of ordered geometries (as
indicated in Eq. (22)).
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Figure 3-14, Trends in enhancement in barrier properties (D0/Dff - 1) for 2-D randomly distributed
systems.

The random flake-filled structure can be completely described, as far as diffusion
properties are concerned, by a single parameter given simply by the product of filler
loading and platelet aspect ratio. This behavior is substantially different from what
observed in the case of ordered flakes arrays where another parameter was required to
describe the system, namely the slit shape σ, which, however, looses its physical
meaning in random geometries. Moreover, it can be noticed that when a geometry is
developed in a random configuration, the barrier effect that can be guaranteed is
always smaller then the one in ordered structures, as will be better discussed later
indeed the general shape of the different curves presented in Figure 3-15 for ordered
and disordered systems is rather similar, but the random curve seems somewhat
shifted toward smaller diffusivity reductions.
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Figure 3-15, Diffusivity decrement (D0/Dff) in randomly distributed systems in comparison with results
from calculations in ordered geometries.

From a qualitative point of view, such behavior is easily predictable; in highly ordered
systems, indeed, the regular disposition of the platelet avoids any shortcut inside the
composite and maximizes the path of the diffusing molecule. On the contrary, in
random structures it is possible to find clusters of lamellae as well as areas with lower
filler concentration; the presence of shortcuts is therefore unavoidable and such easy
paths are preferentially used by the penetrant molecules to diffuse across the
membrane.

Figure 3-16, Concentration profiles in ordered (a) and random (b) distributed flake filled systems.
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In this concern, Figure 3-16 shows the concentration profile for both ordered (a) and
random geometries (b). As it can be seen, the concentration across the membrane
gradually decreases following the paths with lower tortuosity for both types of
structure. In case of ordered geometries, however, there exist a periodic structure
which is repeated and the tortuosity is homogeneously distributed throughout the
system: the flux of the diffusing species leaving the system will be therefore periodic
with maxima in correspondence of the position of the slits; on the other hand, in the
random system, the same flux is randomly distributed along the outlet boundary of the
computational domain.
To account for the different flakes distribution, it can be stated that, in actual fact,
there exists, for every given random composite, an equivalent ordered structure,
which, as expected, is characterized by lower flakes aspect ratio then the ones in
“real” system; in random geometry indeed the flakes are often not distributed
homogeneously, they tends to form sort of clusters which, obviously, have lower
aspect ratio with respect to the single lamella.
In order to compare the results obtained in this work with all the models proposed in
case of random distribution of flakes in a polymeric phase, a series of parity plot have
been proposed in the following figures.
In Figure from 3-17 to 3-20 four different parity plots of (D0/Dff ) from simulations in
2-D random flake filled geometries and from the four models that are above described
are presented.
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Figure 3-17, Comparison between numerical results for enhancement in gas barrier properties for 2-D
random flake filled systems and prediction from Cussler, Eq. (14).

In Figure 3-17, the enhancement in barrier properties obtained from the numerical
calculations has been compared with the prediction from Cussler equation (Eq. (14))
in which the adjustable parameter µ, supposed to account for the misalliance of the
flakes, has been considered as equal to 0.5 as suggested in a following paper [10] for
the case of long ribbon-like platelets.
The trend seems to be fairly correct at high values of the diffusivity enhancement,
corresponding to large α φ, where the simulations show a quadratic behavior but the
absolute value of the predictions are rather different to the results from the numerical
calculations; on the contrary, at small α φ, the model shows a completely different
trend with respect to numerical results and completely overestimates the barrier effect
in such systems.
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Figure 3-18, Comparison between numerical results for enhancement in gas barrier properties for 2-D
random flake filled systems and prediction from Nielsen, Eq. (13).

On the other hand, in the range of small α φ, Nielsen model, reported in Figure 3-18,
is able to mimic the initial (linear) behavior of barrier enhancement effect, but, when
that parameter is further increased, Eq. (13) predict a D0 / Dff much lower then the one
obtained in the simulations. In case of Fredrickson model reported in Figure 3-19, the
parity plot shows that the predicted behavior seems to be reasonable and able to
capture the trend only in the range of very small α and φ. However, for higher values
the model predictions look quite different to the results obtained from numerical
calculations, and completely not too accurate in describing the problem. It has to be
noticed that the Fredrickson model was developed considering a slightly different
point of view because its approach was performed in three dimensions.
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Figure 3-19, Comparison between numerical results for enhancement in gas barrier properties for 2-D
random flake filled systems and prediction from Fredrickson, Eq. (15).

Figure 3-20 reports the parity plot for the simulation results and the model due to
Lape, and as one can se, the agreement is remarkable; even if at high values of α φ,
where the barrier effect is small, there is a slight deviation, there is not any drift at
smaller values. The ability of this equation to mimic the enhancement in barrier effect
is probably due to its approach directly focused in the conditions here discusses of
randomly distributed geometries and specifically developed in two dimensions.

112

Chapter III

Figure 3-20, Comparison between numerical results for enhancement in gas barrier properties for 2-D
random flake filled systems and prediction from Lape, Eq. (16).

3.4.3 Effect of a third phase
The proposed algorithm is able to capture the behavior of the barrier effect given by
heterogeneous systems where an impermeable phase fills a polymer matrix. This
method is based on the assumption that the properties of the organic phase are not
affected by this addition, i.e. the diffusivity of the system is punctually equal to D0
(pure polymer diffusivity) anywhere in the structure except in correspondence to the
impermeable flakes where there is a discontinuity and D is zero.
In real systems, several events can occur during the synthesis, or the filming
procedure, and the properties of the organic phase might change. In some cases the
adhesion between the two phases is poor and several voids are concentrated in
correspondence to the flake interface where the diffusivity can be assumes as very
high; on the contrary, the presence of a new element in the polymeric matrix can
promote a more connected and stronger network of the macromolecules, or, in case of
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semi-crystalline polymer, the crystallinity can be locally enhanced. This leads to a
third layer close to the filler surface with a diffusion coefficient smaller then the one
in the pure polymer.
In this concern, it is of interest to see how these two phenomena influence the overall
diffusivity; consequently, a series of simulations have been performed on randomly
distributed 2-D systems considering three different phases (polymer, interlayer and
flakes). A single aspect ratio has been explored, 50, with 2 different loadings, 0.05
and 0.10; the thickness of the interlayer, ti, was chosen equal to 0.5, 1 and 5 times the
thickness of the lamella, t, while its diffusivity Di has been varied in the range 0.1 10 times the pure polymer diffusivity (D0). Figure 3-21 shows an example of this
three-phase structure.

Figure 3-21, Layout of 2-D geometry with randomly distributed platelets (α = 10, φ = 5) with
interlayer: a) overall structure; b) detail of the third phase, in red.

Then, once the geometry has been developed, the same procedure above described
was applied solving the Fick's law in the computational domain; the concentration
profiles and the transport properties in the composite media were thus determined.
This route allows the calculation of the effective diffusion coefficient, and the results
are listed in Table 3-3 in terms of enhancement in barrier properties with respect to
the unfilled pure polymeric matrix (D0/Dff).
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Table 3-3, (D0 /Dff) results in three-phases 2-D random flake filled systems (α = 50; φ = 0.05, 0.10)

φ = 0.05

φ = 0.1

Di /D0

ti /t = 0.5

ti /t = 1

ti /t = 5

ti /t = 0.5

ti /t = 1

ti /t = 5

0.1

10.2

12.2

12.6

22.7

24.0

38.6

0.5
1
3
5
10

10.0
8.94
8.14
7.68
5.69

10.3
8.80
7.27
6.28
4.47

11.1
8.61
4.31
3.20
2.14

21.1
17.7
14.4
11.5
9.58

22.5
17.4
11.1
8.57
6.49

24.6
17.1
8.84
6.15
3.74

This third phase is able to play a relevant role in changing the transport properties of
these barrier membranes; depending on the size of the interlayer and also on the
configuration of the system, D0 /Dff can change even of a factor 5.

Figure 3-22, (D0/Dff ) for 2-D systems with randomly distributed platelets and with an interlayer of
variable diffusivity (α = 50, φ = 0.05).
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Figure 3-23, (D0/Dff ) for 2-D systems with randomly distributed platelets and with an interlayer of
variable diffusivity (α = 50, φ = 0.10).

Figures 3-22 and 3-23 show the effect of the presence of this interlayer as function of
its intrinsic diffusivity (in the x-axis the ratio Di /D0 is reported) for the two different
filler concentrations. It should be noted that when this layer between the polymer and
the flake is rather impermeable (0 < Di < D0 ) the barrier effect is enhanced of a factor
2, at the most, with respect to the system with no interlayer; on the contrary when this
third phase is quite permeable (Di > D0 ), the reduction of D0/Dff is more relevant, up
to a factor 5.
Figure 3-24, reports the different effects of this interlayer on the barrier properties for
the two filler concentrations inspected, 5 and 10%, in terms of diffusivity ratio
between the flake filled system with (Dff,i ) and without (Dff ) considering this third
phase.
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Figure 3-24, (D0/Dff ) decrease due to the presence of an interlayer (labeled with 3) in 2-D systems
with randomly distributed flakes with interlayer of variable diffusivity (α = 50, φ = 5, 10).

In both cases (Di / D0 < 1 and Di / D0 > 1), the system is more affected by the presence
of the interlayer when is more concentrated: being the flakes close to each others
indeed allow the third phase to be highly interconnected creating thus physical blocks
where the permeating molecule is entrapped or easy paths where it can easily diffuse.
Therefore, when a polymer layered nanocomposite is prepared, a particular care has to
be focused on the adhesion between the two phases, the creation of nano-voids,
indeed, promote the creation of easy paths for the diffusing species that harms the
barrier effect provided by the flakes disperse in the matrix. It is also noted that it is
possible to further lowers the gas diffusivity by creating a more compact structure
around the flakes, but the overall effect is not remarkable; hence, this effect cannot be
widely exploited in the idea of preparing ultra barrier materials, but other method
should be applied.
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3.4.4 3-D flake-filled systems
On the basis of the complete development of the 2-D approach, more realistic
structures were then considered, distributing, in either ordered or in random way,
impermeable platelets of different shapes and sizes in a three-dimensional simulation
box.

3.4.4.1 3-D ordered flake-filled systems
Aspect ratios between 5 and 500, filler volume fractions, φ, in the range 0.005 - 0.10,
and, when possible, slit shapes from 0.5 up to 10 were considered to investigate the
influence of the loading on the composite transport properties. The obtained results
are reported in Table 3-4.

α

Table 3-4, (D0 /Dff) results in 3-D ordered flake filled systems with platelets of different shapes.
hexagons
ribbons
squares
circles
octagons

φ

σ = 0.5

σ=5

σ = 0.5

σ=5

σ = 0.5

σ=5

σ = 0.5

σ=5

0.005
0.0125
0.025
0.005
0.025

1.14
1.37
1.74
1.33
2.68

1.06
1.16
1.33
1.13
1.69

1.13
1.33
1.66
1.29
2.45

1.04
1.13
1.28
1.11
1.60

1.15
1.37
1.74
1.33
2.68

1.06
1.16
1.34
1.14
1.72

1.09
1.22
1.45
1.20
2.03

1.05
1.15
1.31
1.13
1.72

50
100

0.05
0.10
0.05
0.10
10
10

4.39
8.07
11.3
24.7
66.4
193

2.52
5.02
6.04
15.5
46.7
152

3.94
7.09
10.2
21.7
57.2
173

2.33
4.88
5.44
14.8
42.7
141

4.43
8.42
11.8
26.6
73
207

2.67
4.90
6.40
13.7
36.5
107

3.12
5.62
-

2.71
5.73
-

150
200
250
300

10
10
10
10

384
646
936
1170

331
574
869
1280

339
572
880
1190

295
502
774
1100

387
616
886
1210

211
341
510
907

-

-

5

10

25

As previously mentioned, not all the configurations considered in this work are
equivalent. In fact, while three of them, namely ribbons, squares and hexagons,
perfectly packed in their elementary cell, have a slit area with constant width, in the
case of octagons or circles, the hole has a further contribution because they cannot be
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displaced in a perfect array. Hence, for these configurations, it was not possible to
achieve small values of slit shape or high values of aspect ratio.
Figure 3-25 reports the enhancement in barrier properties in 3-D ordered systems with
a slit shape value equal to 5 filled with flakes of different shapes.

Figure 3-25, Enhancement in barrier properties (D0/Dff - 1) in 3-D flake filled systems, with platelets
of different shapes (σ = 5).

In the plot, it has been also included, in its range of validity, the model due to Aris,
which is proved being accurate in predicting the transport properties in 2-D
nanocomposite ordered systems. The same trends have been also observed for smaller
slit shapes and the results for σ = 0.5 are reported in Figure 3-26.
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Figure 3-26, Enhancement in barrier properties (D0/Dff - 1) in 3-D flake filled systems, with platelets
of different shapes (σ = 0.5).

As one can see, Figures 3-25 and 3-26 show how the different types of platelets give
approximately the same barrier effect, if the geometrical parameters are calculated as
above described. Therefore, the shape of the flakes does not affect the barrier
properties of nanocomposite systems, which are uniquely described by the set of the
three variables α, φ and σ.
The three-dimensional systems show the typical behavior previously observed for the
case of 2-D geometries where, when α φ is rather low, the trend is clearly linear with
this parameter while in the rest of the range Aris equation is able to accurately predict
the value of D0/Dff.
In this concern, the agreement observed with all the configurations considered and the
Aris equation developed in 2-D approximation validates the new definition of the
parameters aspect ratio and slit shape; this parallelism, indeed, finds the correlation
between the modeling work carried out by several authors in two dimensions with
more realistic structures developed with one dimension more.
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It is interesting to compare the results obtained with this approach with those reported
by other authors who performed numerical calculations using a Montecarlo technique
such as Swannack et al. [6] or through a finite volume algorithm, such as Goodyer et
al. [18]. For this purpose, several geometries were generated, following the
parameters used by the authors, as described in their paper.
Figure 3-27 and 3-28 are the parity plot between enhancement in barrier properties as
calculated with the present approach and the one obtained from simulations due to
Swannack and Goodyer, respectively.

Figure 3-27, Comparison between numerical results for enhancement in gas barrier properties for 3-D
ordered flake filled systems and results from the simulation performed of Swannack [6].
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Figure 3-28, Comparison between numerical results for enhancement in gas barrier properties for 3-D
ordered flake filled systems and results from the simulation performed of Goodyer [18].

As previously observed for the case of 2-D approximation, the results of the
simulations due to Swannak seem to be rather different to what obtained with the
present finite volume method, that are confirmed by the prediction given by the Aris
equation. There is probably a lack of accuracy of these calculations performed via a
Montecarlo approach, which is probably not easily suitable to solve this kind of
problem.
On the contrary, finite elements method used by Goodyer, produces results very
closed to the present calculations for all the three shapes considered (squares, ribbons
and hexagons); the small differences that can be observed, having not a particular
trend, seems to be related to numerical errors.

3.4.4.2 3-D randomly distributed flake-filled systems
Following the same approach used for the 2-D approximation, after a detailed
characterization of the properties of the ordered heterogeneous systems, more realistic
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structures have been developed filling the simulation box with no positional order, as
previously described. In this case, only circular and squared platelets have been
considered. The results, as calculated from numerical simulations are listed in Table
3-5.
Table 3-5, (D0 /Dff) results in 3-D random flake filled systems with either circular or squared platelets.
D0 / Dff
D0 / Dff
α
φ
φ
α
Circles Squares
Circles Squares
0.005
1.04
1.03
0.025
2.88
3.27
5
37.5
0.0125
1.13
1.14
0.05
4.94
5.94
0.025
1.25
1.29
0.10
8.02
9.11
0.025
1.53
1.56
0.025
3.44
3.37
10
0.05
2.15
2.13
0.05
6.40
5.68
50
0.10
3.25
3.84
0.10
12.2
13.0
2.5
2.29
2.11
0.15
14.5
25
5
3.52
3.19
10
5.64
6.69

As already observed for the case of ordered structures, the shape of the platelets,
evaluating the parameters α and σ according to the definition above described, has no
significant influence on the overall transport properties of the nanocomposite, as
showed by the parity plot in Figure 3-29, for the behaviors of (D0/Dff - 1) given by
both the configurations, squares and circles.
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Figure 3-29, Comparison between numerical results for enhancement in barrier properties (D0 /Dff -1)
for 3-D random flake filled systems with different flake shape configurations, circular and squared.

As obvious, three-dimensional platelets randomly displaced in the simulation box
represent the most realistic picture of polymer layered nanocomposites; it is thus of
interest to compare those results with the one obtained in the 2-D approximation, as
reported in Figure 3-30 which shows the enhancement in barrier properties both in 2D and 3-D random (circular shaped) flake filled systems.
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Figure 3-30, Comparison between numerical results for enhancement in barrier properties (D0 /Dff -1)
for 2-D and 3-D (with platelets of different shapes) random flake filled systems.

The figure shows that, when platelets are small and the system is diluted, there is a
perfect agreement between the two approximations and the two curves appear almost
overlapped; in this regime, as already discussed, there is not a tortuosity effect due to
wiggling around the flakes and the trend of (D0 /Dff - 1) is linear with α φ.
Unfortunately, the comparison between the two approximations cannot be performed
in the entire range of α φ, because the simulations in 3-D are much more expensive in
terms of computational power. Therefore it was not possible to properly mesh
structures with flakes of very large size and high values of α could not be achieved.
3.4.4.3 Comparison with previous model predictions
In order to compare results obtained in this work for the enhancement in barrier
properties for flake filled systems and those expressions developed in previous works,
a series of parity plots have been built (Figures 3-31, 3-32, 3-33 and 3-34).
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Figure 3-31, Comparison between numerical results for enhancement in gas barrier properties
for 3-D random flake filled systems and prediction from Nielsen, Eq. (13).

As above described, all the models in the technical literature give a different
definition of the aspect ratio α with respect to the one here considered, which is equal
to the ratio normal surface to lateral surface areas, as reported in Eq. (20), while in
most of the works it is given by dividing half of the main dimension of the platelets,
i.e. the width, by its thickness. As obvious, the model predictions here reported were
calculated according to the proper definitions given in the respective works.
Figure 3-31 shows that Nielsen’s equation is able to predict the barrier effect in
nanocomposite systems when rather small values of aspect ratio and loading are
considered; the agreement is indeed rather precise and accurate for the whole range of
parameters inspected.

126

Chapter III

Figure 3-32, Comparison between numerical results for enhancement in gas barrier properties
for 3-D random flake filled systems and prediction from Cussler, Eq. (14).

On the contrary, the model due to Cussler, which is reported in the comparison with
the results obtained with numerical calculations in Figure 3-32, is not able to mimic
the actual behavior of the barrier effect enhancement, even changing the adjustable
parameter µ (in the figure the equation has been plotted with the value of µ = 0.5 as
suggested in [10]). Indeed, for small α φ, this equation, which supposes a quadratic
behavior, underestimates the diffusivity, while, for higher values, it predicts a rather
larger barrier effect with respect to the one obtained with the simulations due to an
inaccurate coefficient of proportionality.
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Figure 3-33, Comparison between numerical results for enhancement in gas barrier properties
for 3-D random flake filled systems and prediction from Fredrickson, Eq. (15).

Figures 3-33 and 3-34 report the comparisons between the prediction of Fredrickson
and Lape models, respectively. The fist one, seems to mimic quite accurately the
results obtained from numerical calculation; this model indeed predict substantially a
linear dependence of D0/Dff with αφ as well as Nielsen.
On the contrary, the parity plot in Figure 3-34 shows that the equation due to Lape is
not able to capture the enhancement in barrier properties in nanocomposite systems.
However, it has to be noticed that since Lape model was able to correctly describe the
behavior for the enhancement in barrier properties in the 2-D approximation, it surely
can be used to approach the 3-D systems, which, as above illustrated, show the same
trend and there is a perfect correspondence between the two types of geometries. In
this concern, although the original development of the equation due to Lape is not
correct, it should be considered as accurate once the appropriate value of α is used.
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Figure 3-34, Comparison between numerical results for enhancement in gas barrier properties
for 3-D random flake filled systems and prediction from Lape, Eq.(16).

The model that shows the best results is the one due to Nielsen, which is the simplest,
because it is able to capture, in the investigated range of the parameters α and φ, a
resistance to the permeation in nanocomposite material which is fairly linear with
respect to α φ ; in Figure 3-35, the results are represented as function of the filler
concentration at different values of the aspect ratio and the agreement of this model
with the simulations is remarkable.
It has to be noticed that this agreement is reported only for the investigated range of
parameters (α up to 100 and φ up to 10%), while when the factor α φ increases the
behavior is supposed to turn as quadratic, as showed either for the case of 2-D
approximation or for 3-D ordered systems. On the other hand, real nanocomposites
are characterized by having rather low concentrations of inorganic phase and so, even
if the flakes are quite wide (high aspect ratios), α φ is always kept below 10, where
the linear trend predicted by Nielsen expression has been proved to work.
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Figure 3-35, Diffusivity decrement (Dff /D0) in random structures as function of the loading φ for
different aspect ratios, α. The solid line is the behavior predicted by the Nielsen equation, Eq. (13).

Moreover, as previously showed, the model due to Lape, which gave the correct
interpretations of the results form numerical simulations, could be conveniently
modified by considering α according to Eq. (20), in order to correctly predict the
enhancement in barrier properties also in 3-D systems, as reported in Figure 3.36. It
has to be noticed that at low values of α φ the agreement between the results from
simulations and the model prediction is remarkable, while at higher values the two
curves seem to diverge; this is related to the slight deviation also present in the 2-D
approximation and also due to a probable lack of accuracy for relatively high aspect
ratios in 3-D systems.
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Figure 3-36, Comparison between numerical results for enhancement in barrier properties (D0 /Dff -1)
and prediction from a revised version of the Lape, defining the parameter α according to Eq. (21).

The effort in modeling the trend for (D0/Dff - 1), indeed, led to indentify a double
behavior at low α φ (linear) and at high α φ (quadratic), that are clearly described in
the case of ordered geometries and somewhat extended for randomly distributed
systems.

3.5

Conclusions

The problem of diffusion in heterogeneous systems where an impermeable phase is
dispersed in a polymer matrix has been thoroughly investigated and a simulation tool
was built, based on CFD techniques, for the numerical solution of the mass transport
problem in the flakes filled system and ultimately for the evaluation of decrease in
overall diffusivity.
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The analysis of the existing models and equations proposed in the past and reported in
the technical literature led to the derivation of a new simplified expression for the
enhancement of gas barrier properties in nanocomposite systems resulting from the
ordered dispersion of impermeable flakes in a 2-D matrix. The expression was indeed
obtained through a revision of a fundamental work by Aris for the derivation of the
contribution to the resistance to mass transport due to “tortuous path” and carefully
combining it with contribution for “hole” resistance.
Results from the performed calculations were in good agreement with earlier results
from similar approach and predictions from the simplified model well compared with
numerical solutions of the diffusion problem in the range of aspect ratio, slit shape
and loading for which model assumptions hold.
Reliability of the modeling and simulation tools developed allowed for a useful
discussion of different regimes in enhancement of gas barrier properties, resulting
from dominance of “hole” or “tortuous path” resistance, and transition from one to
another as function of the structure parameters in the system.
The case of randomly distributed systems was also considered in this 2-D
approximation and the results pointed out the existence of the two different regimes
characterized by two different trends for the enhancement of barrier properties as
function of α φ, linear when the contribution of the hole resistance was predominant
and quadratic for more concentrated systems with flakes of higher aspect ratios when
the tortuosity of the diffusion path was the main effect achieved.
The highly packed geometries which characterized the ordered systems showed in
general very good barrier effect, especially when compared with random systems.
This was due to the fact that ordered disposition of the platelet maximizes the path of
the diffusing molecules and prevents the presence of shortcuts inside the composite;
on the other hand, in random structures such “fast tracks” were unavoidable and were
used by a relevant fraction of molecules to permeate across the film.
A comparison of these results obtained from numerical simulations and the
predictions with the existing models was reported and the remarkable agreement with
the equation proposed by Lape, consistent with the present calculations in the entire
investigated range of α φ, was then discussed.
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In the second part, the same approach was extended in three dimensions in order to
mimic more rigorously the real structures; a new definition of the parameters was then
proposed to evaluate the geometrical characteristics of platelets of different shapes. In
this concern, it has been showed how the overall barrier effect was not affected by the
shape of the flakes and the results, in all cases, were comparable with the ones
obtained in the 2-D approximation and, therefore, in good agreement with the
predictions of the Aris equation. The agreement between the results obtained in
approximation in 2-D and the ones in tridimensional geometries was confirmed also
when randomly distributes systems were analyzed.
The comparison with the existing models showed that a new definition of the
parameters was necessary in order to have a correct evaluation of the barrier
properties.
The problem of the existence of a third phase between the flakes and the matrix was
also approached in a random system with a given diffusivity value, in order to mimic
an interlayer given by a bad adhesion between the phases or by the creation of a
crystalline-like structure around the platelets. The results showed how the overall
transport properties were significantly affected if a high permeable phase is
considered in the structures, while the improvement in the barrier effect given by the
presence of the low permeable phase was not equally remarkable.
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CHAPTER IV

Modeling structure and
transport properties of
self-assembled monolayers
In order to investigate the temperature effect in a complex system such as nalkanethiolate self-assembled monolayers on gold, with the idea of relating structural
changes with the mass transport properties, a molecular simulation approach has been
considered.
Molecular dynamic simulations were used to study the structure and transport
properties of oxygen through the SAMs, having different overall chain length from a
carbon number of 6 up to 30. This toolbar has been chosen because MD simulations
have proven to be highly successful in capturing the structural properties [1-6], and in
providing structural level explanations for the macroscopic properties such as wetting
[2], and the barrier properties [7] of these monolayers.
MD simulations have been employed to study the transport of small molecules
through different systems such as polymers [8-9], or monolayers [10]. MD
simulations can provide valuable insights into the structural features that play
important roles in determining the barrier properties of SAMs.
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4.1

Introduction to molecular dynamics

Molecular dynamics is a technique for computing the equilibrium and transport
properties of a classical many-body system, where the nuclear motion of the
constituent particles obeys the laws of classical mechanics.
The idea behind molecular dynamics theory is quite simple: at first a model system
has to be chosen, consisting of N particles and then Newton’s equations of motion are
solved for this system until the properties of the system no longer change with time,
ensuring therefore the achievement of the equilibration. After the equilibration period,
the actual measurements take place by monitoring specific variables during this stage
(productive period) [11].
Molecular dynamics basically solves the deterministic equations of motion, i.e.,
Newton’s second law; the problem is thus focused on solving a system of ordinary
differential equations (ODEs). While there are several algorithms suitable for solving
ODEs, special methods are used for MD simulation that involve a large number of
equations, in order to ensure speed, accuracy (in particular energy conservation), and
overcome stability. Newton's equation is used in the molecular dynamics formalism to
simulate atomic motion of every atom or pseudo-atom i :

f i = mi a i

(1)

The rate and direction of motion (velocity) are governed by the forces that the atoms
or pseudo-atoms of the system exert on each other as a result of molecular interactions
and that can be expressed via an appropriate force field. In practice, the atoms are
assigned initial velocities that conform to the total kinetic energy of the system, which
in turn, is dictated by the fixed simulation temperature. The basic ingredients of
molecular dynamics are the calculation of the force on each atom fi, and from that
information, the position of each atom throughout a specified period of time (typically
on the order of picoseconds).
The force on an atom can be calculated from the change in energy between its current
position and its position a small distance away. This can be recognized as the gradient
of the energy with respect to the change in the atom's position:

− ∇Vi = f i

(2)
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The main input to a MD code, indeed, is the force field or the potential energy
surface, i.e., the interatomic or intermolecular potential describing interactions
between the constituents of the molecules simulated. These potentials are developed
either by fitting semi-empirical potentials to quantum mechanical methods, such as
density functional theory (DFT), and/or experimental data.
Knowledge of the atomic forces and masses can then be used to solve the equations
with respect to the positions of each atom along a series of extremely small time steps,
to finally obtain the trajectories. Hence, an accurate integration algorithm has to be
applied to solve the system of differential equations and determine the positions and
velocities of each particle within the system. For this purpose, Verlet algorithm [1213] is one of the simplest and also usually the best performing one. The derivation of
this tool starts with a Taylor expansion of the coordinate of a particle, r, around a
generic time t:
1 f (t ) 2 ∆t 3 ...
r (t + ∆t ) = r (t ) + v(t )∆t +
∆t +
r + O ∆t 4
2 m
3!

( )

(3)

Analogously:
1 f (t ) 2 ∆t 3 ...
r (t − ∆t ) = r (t ) − v(t )∆t +
∆t −
r + O ∆t 4
2 m
3!

( )

(4)

Summing these two equations:
r (t + ∆t ) + r (t − ∆t ) = 2r (t ) +

f (t )
m

( )

∆t 2 + O ∆t 4

(5)

The estimate of the new position with this method has an error that is of the order of

∆t

4

where ∆t is the time step in the molecular dynamics scheme. As one can see,

Verlet algorithm does not use the velocity to compute the new positions, the positions
at two different time-steps are required, as well as the accelerations, i.e. the force field
and the mass. The velocity can be determined from the knowledge of the trajectory
but this expression is only accurate to order ∆t 2:
v(t ) =

r (t + ∆t ) − r (t − ∆t )
+ O ∆t 2
2∆t

( )

(6)

However, the estimation of velocity is rather important for the determination of the
kinetic energy of the system, so, in order to overcome this aspect, more accurate
estimates of the velocities can be obtained using the velocity version of Verlet
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algorithm [14]. In this scheme particle position and velocity can be determined by the
following expressions:
r (t + ∆t ) = r (t ) + v(t )∆t +
v(t + ∆t ) = v(t ) +

1 f (t )
∆t + O ∆t 4
2 m

( )

1 f (t ) + f (t + ∆t )
∆t + O ∆t 4
2
m

( )

(7)
(8)

The new velocities, i.e. for time t + ∆t can be determined only after the new set of
coordinates is computed and, consequently the new forces are evaluated; the accuracy
of this method is of the order of ∆t 4.
Once the system has been properly equilibrated, the macroscopic properties can be
then evaluated by means of various ensemble-averaged quantities, such as selfdiffusivity which is obtained from a mean-square displacement analysis of the
particles trajectories, as described below [11-15].
There are several ensembles within which one can perform a MD whose choice is
dictated by the desired conditions and the interests in computing costs. An example is
the NVT ensemble, where the number of molecules N, the system volume V, and the
temperature T are fixed. In this case, one could compute the self-diffusivity or the
structure/arrangement of molecules within the simulation box; the latter provides
distribution functions, such as the pair distribution function, which can be compared
to experimental data.
Conventional MD can typically capture up to nanosecond time scales (microsecond or
longer time scales may be possible by suitable accelerations), therefore, these time
scales are sufficiently long when the system equilibrates fast, as for instance
molecular liquids [15].
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4.2

Simulation details

4.2.1 n-Alkanethiolate SAM
The molecular model developed by Hautman and Klein [1] was followed to simulate
n-alkanethiolate (CH3(CH2)n-1S) self assembled monolayers, consisting in n + 1 united
atoms (one sulfur atom, n - 1 methylene groups and one methyl end-group) connected
by fixed bond lengths.

Figure 4-1, Schematic illustration of the n-alkanethiolate monolayer on gold.

This model was previously used to describe the system using this molecular dynamics
approach [2]; the united atoms were each represented by a single interaction site. The
united atoms interacted through the following 12-6 Lennard-Jones potential:

 σ
VL − J ( rij ) = 4ε ij  ij
 r

 ij

=0


12
6
  σ ij  
 −   
  rij  

rij ≤ rc

(9)

rij > rc

where rij is the distance between the segments i and j, σij and εij are Lennard-Jones
interaction parameters and rc is the cut-off distance. The intramolecular LennardJones interaction operated only between atoms that were separated by at least three
united atoms.
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The Lorentz-Berthelot mixing rules, shown in the following equations, were applied
in order to describe mixed interactions when particles i and j are of different types
[16-17]:

σ ij =

1
(σ i + σ j )
2

(10)

ε ij = ε i ε j

(11)

The parameters regarding the Lennard-Jones potential interactions for the SAMs are
listed in Tables 4-1 [18].
Table 4-1, Lennard-Jones parameters for SAMs and oxygen.
Segment
σ (nm)
ε (K)
CH3
0.395
98.0
SAMs
CH2
0.395
46.0
S
0.355
126.0
Oxygen
O2
0.336
120.0

United atoms interacted with the underlying gold substrate through a 12-3 potential
[1]:

  c12
V ( z ) =  
 ( z − z )12
0


  c3

−

3
  (z − z )  
0
 


(12)

where c12 and c3 are 12-3 interaction parameters, and z is the distance from the metal
surface. The set of parameters is reported in Table 4-2.
Table 4-2, Parameters for the 12-3 Lennard-Jones potential.
Segment c12 (10-5 K nm12)
c3 (K nm3)
z0 (nm)
CH3
3.41
20.8
0.0860
CH2
2.81
17.1
0.0860
S
4.089
180.6
0.0269
O2
2.81
17.1
0.0860

The bond-bending potential for the united atoms was described by the expression:
Vb (ϑ ) =

1
2
kϑ (ϑ − ϑ0 )
2

(13)

where kθ is a force constant and θ0 is an equilibrium bond angle; these parameters are
listed in Table 4-3 [19].

141

Chapter IV

The torsional potential was described by a series expansion in the cosine of the
dihedral angle:
Vt (φ ) = a 0 + a1 (1 + cos(φ )) + a 2 (1 + cos(2φ )) + a 3 (1 + cos(3φ ))

(14)

where a0 = 0. 0 K, a1 = 335.03 K, a2 = -68.19 K, a3 = 791.32 K.
Table 4-3, Valence parameters for SAMs.
Bond
S – CH2
CH2 – CH2 CH2 – CH3
0.1812
0.1530
0.1530
rb (nm)
Angle
kθ (103 K/rad2)
θ0

S–C–C
62.5
114.0

C–C–C
62.5
109.5

All simulations were performed in the micro-canonical ensemble NVE, and the
equations of motion were integrated numerically for 200 ps utilizing the above
described velocity version of the Verlet algorithm, considering a time-step of about
0.005 ps. The equilibration period for every simulation was 200 ps and, during that
time, the velocities were rescaled to the desired temperature (from 200 K up to 550
K). The bond lengths in the n-alkanethiol molecules were constrained using the
RATTLE algorithm [20]. The cut-off distance, i.e. the maximum distance at which the
van der Waals interactions between beads are considered relevant and thus computed
with the LJ potentials, was 5.0 σ, where σ is the segment diameter of the methylene
group.
The MD cell consisted of chains arranged in the triangular lattice with a nearest
neighbor spacing of 4.97Ǻ for SAMs on gold, as reported in literature [21], and in
agreement with experimental results.
The initial configurations for the chains were all trans zig-zag extended and normal to
the surface. Periodic boundary conditions were used only in the x and y directions for
the SAM, and no periodic boundary condition was used in the z direction due to the
asymmetry of the system. The simulation cell consisted of 90 CH3(CH2)nS molecules
and a hard wall placed above the SAM. The size of the simulation box was 11.02 σ x
11.45 σ x 11.02 σ (length (L) x width (W) x height (H))
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4.2.2 Oxygen diffusion in n-alkanethiolate SAM
The common approach used to investigate the transport properties is based on the
analysis of the trajectory of a probe molecule (oxygen) inserted within the chains and,
by means of the mean-square displacement, one can obtain the diffusion coefficient.
This analysis has failed in the present case due to the properties of oxygen barrier of
this SAM and the characteristics of this system with no periodic boundary conditions
in z-directions. Indeed, once the molecules was inserted into the system it was
rejected due to the strong interactions with the alkanethiol chains, and the statistics in
following the oxygen trajectory came out being very poor. Consequently oxygen
diffusion simulations in the SAMs were carried out employing the so-called “zconstraint algorithm” developed by Marrink et al. [22-24], in order to obtain
diffusivities, free energy barriers and resistance data for O2 in n-alkanethiolate
monolayers on gold.
The initial conditions were obtained by equilibrating the SAMs on gold for 200 ps. At
this point the oxygen molecule was inserted and constrained at a particular z location
in the monolayer, and allowed to move only in the xy-plane for another 200 ps using a
constraining force F(z,t) to keep the desired z coordinate. This procedure was repeated
in 23 slabs corresponding to 23 different z positions chosen to sample the whole
monolayer. The oxygen molecule was represented by a single LJ site [25] and its
parameters are listed in Table 3-3.
The time average of the constraining force, <F(z)>t was used to calculate the local
free energy barrier, ∆G(z) at the particular z-position. To compute the free energy
barrier ∆G(z) as a function of the z position, the constraining force <F(z)>t was
averaged over time in each slab:

∆G ( z ) = −

z

∫ < F (z ') > dz '

(15)

t

outside

Furthermore, the diffusion coefficient in the z-direction, D(z), was calculated using
the

fluctuation-dissipation

theorem

[26];

the

autocorrelation

function,

<∆F(z,t).∆F(z,0)> of the time fluctuations of the instantaneous constraining force,
∆F(z,t) was used to calculate the time dependent local friction coefficient, ξ(z,t).
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ξ (z, t ) =

< ∆F ( z , t )∆F ( z ,0 ) >
∆F ( z , t )
RT

(16)

Integrating ξ(z,t) over time the local static friction coefficient is determined:
∞
∞

ξ (z ) = ∫ ξ (z, t ) =

∫ < ∆F (z, t )∆F (z,0) > dt
0

RT

0

(17)

The local diffusivity in the z-direction, Dz, was calculated using Einstein’s relation:

D(z ) =

RT
=
ξ (z )

(RT )2
∞

∫ < ∆F (z, t )∆F (z,0) > dt

(18)

0

The diffusivity in the xy-plane, Dxy, was obtained by a mean square displacement
approach following the trajectories of the oxygen molecule:

D xy ( z ) = lim
t →∞

< (r (t ) − r (0)) >
4t
2

(19)

The overall resistance to permeation, R, was obtained by considering the local free
energy barrier, ∆G(z) and the local diffusivity value in the z-direction, Dz(z), and by
integrating over the whole monolayer:

 ∆G ( z ') 
exp

RT 

R= ∫
dz '
D( z ')
outside
z

4.3

(20)

Results

Molecular simulation techniques were applied to investigate the temperature effect on
SAMs on gold; equilibrium structures were analyzed to obtain structural information,
such as gauche population, as well as the average and the local density for these
monolayers, in order to relate them to the transport properties in terms of diffusivity
and mass transport resistance.
Molecular dynamics simulations were carried out from very low temperature, 200 K,
at which SAMs of every chain length are supposed to be perfect crystals, up to 550 K,
to fully understand their entire behavior.
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4.3.1 Analysis of trans/gauche populations
In a monolayer, the gauche population density is indicative of its crystallinity: a
monolayer having a low gauche population density is considered well ordered or
crystalline.

Figure 4-2, Gauche percentage profiles for n-octadecanethiolate SAM on gold as obtained from
equilibrium MD simulations at various temperatures.

Figure 4-2 shows gauche profiles for a n-alkanethiolate SAMs of chain length n = 18
at four different temperatures, where the dihedral angle φ was considered as a gauche
conformer if cos φ ≥ 0.5. The profiles show the gauche population is concentrated in
the end-groups (on the right side of the plot, while the angle 0 corresponds to the
metallic slab) for monolayers of every chain length at every temperature, due to the
fact they are free to move and to change their conformation. This is in good
agreement with previous works. Furthermore, the population of gauche defects is
slightly higher in the area next to the metal surface (the head-group) than in the core;
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this effect is more evident in monolayers of long chain molecules and almost
negligible in the short n-alkanethiolate SAMs.
Below 300 K, gauche defects are located only in the end-groups and the fraction of
gauche conformers in the middle part is no more than 1-2 %. As the temperature is
raised up to approximately 325-350 K, the average gauche population starts to
increase, the chain ends become highly disordered and defects develop in the middle
portion as well. Further increases in temperature cause the middle portion of the
monolayer to become progressively less crystalline.
Another analysis of the gauche population is performed in order to get a measure of
the temperature at which the whole monolayer is no longer crystalline. In other words,
the structure is disordered enough to be considered liquid-like; therefore, it is as a sort
of melting temperature. The entire monolayer will be labeled as melted when the
gauche population of every dihedral angle is above a certain value of cut-off.

Figure 4-3, Global phase transition temperature profiles for various n-alkanethiolate SAMs on gold as
a function of their chain length n. Data obtained from equilibrium MD simulations using different cutoff values for the gauche density of the whole monolayer; experimental points obtained from Ref. [27].
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In Figure 4-3 these pseudo phase transition temperatures are shown as functions of the
chain length, considering different percentages of gauche population as cut-off.
Clearly the gauche population cutoff has no effect on the overall shape of the curve.
However, the cutoff value of 3 % seems to be in good agreement with experimental
phase transition temperatures obtained with XRD and RAIRS measurements carried
out by Venkataramanan et al. [27]. This trend can be divided in two different regions.
In short chain monolayers, the transition point increases steeply with the chain length.
Enhancing further the size of the molecule, the curve reaches a sort of plateau, where
the local phase transition temperature slightly increases. In the first region (short
chain) the monolayer tends to be highly disordered even at room temperature, but for
long chain monolayers higher temperature is required to make the system liquid-like.

Figure 4-4, Local transition temperature profiles for n-alkanethiolate SAMs on gold with various
chain lengths n. Results were obtained from equilibrium MD simulations using a cut-off value of
3 % in the local gauche density.

An analogous analysis is performed inside the chain to draw the local transition
temperature profiles to understand how the monolayer becomes disordered once the
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temperature is increased; the profiles shown in Figure 4-4 are obtained considering 3
% gauche as a cut-off value.
These profiles are really similar for n-alkanethiolate SAMs of different chain lengths
and all of them show a wide area of constant temperature and a deep drop in
correspondence to the end of the chain. The end-groups are disordered at very low
temperatures and there is a middle portion where the structural changes occur at the
same temperature. It is also appreciated that the head-group becomes disordered at
lower temperature.
The existence of three distinct regions in the monolayer previously mentioned appears
very clear in the four plots in Figure 4-5; that show the average ratios gauche/trans for
the three different parts.

Figure 4-5, Average gauche populations in the head-group, core, and end-group regions within various
n-alkanethiolate SAMs on gold as a function of temperature as obtained from equilibrium MD
simulations.

As one can see, they show three completely different behaviors and, the temperature
differ even by one order of magnitude (the y-axis has a logarithmic scale): this effect
becomes more relevant with increasing chain length.
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4.3.2 Temperature effect on the monolayer density
The temperature increase affects the monolayer also in terms of global density, as
shown in Figure 4-6, where density profiles are reported as function of the chain
length at 3 different temperatures. The density value was obtained as a time average
of the mean thickness of the monolayer at 80 different snapshots (only the thickness
was changeable, because periodic boundary conditions were set in the other 2
directions).

Figure 4-6, Density of n-alkanethiolate SAMs on gold with various chain lengths (n) at three different
temperatures as calculated from MD simulations.

The molecular dynamics simulations show that the monolayer is packed at high
density (up to about 1 g/cm3 at room temperature), which is comparable with the ones
of crystalline polyethylene and polypropylene (approximately 0.95 g/ cm3) and fairly
higher than bulk n-alkanethiols and n-alkanes.
Although the density slightly changes (about 4-5 %), the profiles show that there
exists a unique trend at every temperature: the monolayer becomes more compact and
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packed with increasing the chain length. On the other hand, the overall density
decreases with increasing temperature due to the fact that the chains are becoming
more disordered and more extended in the z-direction.
In fact, in order to explain why the temperature rise makes the monolayer less dense,
the average molecular tilt angle, calculated from the orientation of the molecular axis
with respect to the surface normal, has to be considered. In Figure 4-7 tilt angles are
reported as a function of the temperature for monolayers of different chain lengths,
and the circles are simulation data of n-hexadecanethiolate SAMs obtained by
Hautman and Klein [3].

Figure 4-7, Effect of temperature on the average chain orientation for three different n-alkanethiolate
SAMs on gold as obtained from the equilibrium MD simulations. Simulation data for nhexadecanethiolate SAM from Hautman and Klein are included for comparison [3].

At low temperature the tilt angle maintains roughly the initial value of about 30-32°
for n-hexadecanethiolate (but it changes with increasing number of carbons) up to
approximately the room temperature. Above 300 K there is a clear drop that is
associated with the phase transition previously mentioned, indeed it occurs at higher
temperatures increasing the chain length, in good agreement with the phase transition
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temperatures profile shown in Figure 4-2. As the temperature is further increased, the
tilt angle seems to asymptotically decrease to a constant value related to the chain
length. However, at high temperature, the structure of the monolayer is mostly
disordered and the gauche population percentage is fairly high, so the tilt angle
calculation has no meaning anymore because the chain cannot be considered linear.
More detailed information about the local structural changes are shown in the local
density profiles where all the atoms in the monolayer are reported; they are a measure
of local free volume of the monolayer and so directly related to the transport
properties.

Figure 4-8, Local profile of the density normal to the surface of n-decanethiolate SAM on gold
obtained from the equilibrium MD simulations at four different temperatures.

In Figures 4-8 and 4-9, two local density profiles normal to the metal surface for nalkanethiolate SAMs of two different chain lengths (n = 10, n = 18) are plotted. As
one can see, below room temperature, the sharp and well defined peeks and drops
show a high degree of positional order, in good agreement with low density of gauche
defects. As the temperature is increased above 300 K, the amplitude of the oscillation
becomes shorter, the structure is more liquid-like in the area near the interface with
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the vacuum; however, in most of the cases, the profiles show that there still exists a
crystalline phase next to the metal surface.

Figure 4-9, Local profile of the density normal to the surface of n-octadecanethiolate SAM on gold
obtained from the equilibrium MD simulations at four different temperatures.

Furthermore, as the temperature is increased above room temperature, the structure
starts to expand, the peaks corresponding to the methyl groups shift more distant to
the surface, indeed the thickness increases due to the decrease in the tilt angle, i.e. the
chains tend to be almost normal to the gold surface, as previously shown in the overall
density profiles and in the tilt angle plot.

4.3.3 Temperature effect on the transport properties
MD simulations were performed to get quantitative information regarding the
transport properties of oxygen in n-alkanethiols SAMs on gold of different chain
lengths (n = 10, 18, 30); the diffusion coefficient through the monolayer is obtained
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using the z-constraint algorithm, and the diffusion coefficient in the xy-plane is
determined by calculating the mean square displacement.
In Figure 4-10 the diffusivities in the z-direction are reported as a function of the
temperature, and as one can see, there is a slight difference between the three chain
lengths and the trend with temperature is not monotonic.

Figure 4-10, Diffusion coefficients in the z-direction for the transport of oxygen through various nalkanethiolate SAMs on gold, as calculated from MD simulations.

It has to be noticed that, raising the temperature two competing effects are involved:
at first the kinetic contribution of the penetrant molecule tends to increase the
diffusion coefficient, on the contrary the change in structure makes the monolayer less
crystalline and therefore, becoming more disordered, it looses its preferential
orientation in the z direction.
The xy diffusion coefficient, which has been reported in Figure 4-11, appears clearer
than the one in the z-direction and the scattering of the data is small.
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Figure 4-11, Diffusion coefficients in the xy-plane for the transport of oxygen through various nalkanethiolate SAMs on gold, as calculated from MD simulations.

As one can see, in this case the three plots, corresponding to the different chain
lengths, are different, because the oxygen can diffuse faster in the monolayer with
shorter chain. The temperature trend is unique and it is the same in all the nalkanethiolate SAMs of different chain lengths, and can be fitted by an exponential
behavior.
Even if there are no remarkable changes of the z-direction diffusion with temperature,
the free energy profiles show a clear influence on T, as reported in Figure 4-12 for a
n-triacontanethiolate SAM (n = 30) on gold. The free energy barrier offered by the
monolayer decreases from ~ 20 kJ/mol to ~ 17 kJ/mol when the temperature is
increased from 250 K to 300 K and it drops to a value of ~ 12 kJ/mol for T = 350 K.
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Figure 4-12, Free energy barrier profiles for the transport of oxygen through an n-triacontanethiolate
SAM (n = 30) on gold at different temperatures, as calculated from MD simulations

This is related to the structural changes, which occur in this temperature range, as
previously discussed: the monolayer turns in to a less ordered configuration
characterized by a higher fraction of free volume accessible to the penetrant.
Further increase in temperature does not affect significantly the free barrier profiles,
so the curves appear almost all overlapped; this is due to the local phase transition,
which occurs at 360 K in a SAM of chain length 30 and above this temperature the
monolayer is considered completely as liquid-like.
Considering all these features, the overall resistances offered by n-alkanethiolate
SAMs on gold towards oxygen transport, are strongly dependent on the temperature,
as shown in Figure 4-13, and they drop by 2 or 3 orders of magnitude in the
investigated range of temperature, in a sort of exponential decay.
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Figure 4-13, Overall resistance to permeation for the transport of oxygen through n-alkanethiolate
SAMs of chain lengths 10, 18 and 30 on gold as calculated from MD simulations.

The effect of temperature on the structure, and consequently on the free energy
barrier, is enhanced by rescaling ∆G by the factor RT as previously reported in Eq.
(20). Furthermore, the comparison of the three curves shows that the monolayers offer
almost the same resistance to the oxygen diffusion if n = 18 or n = 30, the behavior of
R in n-decanetiolate is below the others. The short chain monolayers present a poor
resistance to the oxygen due to their structure, which is disordered even at low
temperature.

4.4

Conclusions

MD simulations were performed to investigate the effect of the temperature on
oxygen transport through n-alkanethiolate SAMs on gold of different chain lengths.
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MD simulations showed that the diffusivities, free energy barriers and resistances for
these monolayers are strongly affected by the temperature.
The structural information obtained from the equilibrium MD simulations of these
coatings revealed that the crystallinity, compactness, and the thickness of the SAMs
are the most important factors responsible for the observed barrier property trends. It
has been shown indeed that the primary effect of raising the temperature is to make
the monolayer more disordered and consequently less crystalline.
The analysis of the SAMs crystallinity by the evaluation of the chains gauche
populations allowed the calculation of an effective transition temperature at which the
structure becomes liquid-like. Increasing the temperature, the defects develop from
the external part to the middle region of the monolayer, and, at high enough T, the
whole core of the SAM changes its structure.
In this concern, tilt angle and both average and local densities were determined form
MD simulations showing that the structure of the monolayer tended to become more
expanded and less dense once the temperature is raised, exhibiting also a good
agreement with previous simulations data.
This disorder induced a reduction of the resistance to the through-film oxygen
diffusion, as determined from MD simulations that showed the diffusivities, free
energy barriers and resistances were strongly affected by the structural changes given
by raising the temperature.
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CHAPTER V

Conclusions
In this work the problem of diffusion of small molecules in nano-sized systems has
been widely investigated from different points of view. This new class of materials,
indeed, recently developed by means of several techniques, presents a structure with a
constituting element in the nanoscale. This gives interesting properties to the system
and makes the materials suitable for several potential applications. The transport
phenomena here studied, and specifically the barrier effect given by these systems,
allow a straightforward application in the food packaging industry.
The first part of this work was focused on the experimental results achieved in two
types of material, organic-inorganic hybrid coatings (obtained via sol-gel) and
microfibrillated cellulose films.
The second section was dedicated to two different approaches of simulation: the
diffusion of oxygen through polymer-layered silicates was modeled from a continuum
scale with a CFD software, while the properties of n-alkanthiolate self assembled
monolayers on gold were analyzed from a molecular point of view by means of a
molecular dynamics algorithm.
Concerning the experimental activity, the transport properties, in terms of oxygen
permeability, diffusivity and solubility, of two different sets of organic-inorganic
hybrids have been investigated. It has been proved that the sol-gel technique is
suitable for the preparation of materials with remarkable barrier properties obtaining
composites where the organic (polymeric) domains are highly interconnected with the
silica Si-SiO2 at the nano-scale, leading thus to an improvement of the barrier
properties.
When a fairly permeable polymer, such as a polyethylene-based material, is used as
organic phase, it has been showed that the barrier performances were rather improved.
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The analysis of the hybrid oxygen permeabilities indeed revealed a strong decrease of
its values when the silica is added, much larger of what predicted by the Maxwell
model: this indicates that there is a further effect given by the structure of the system
where the two moieties are highly interconnected. This feature was enhanced by the
addition of a low permeable material, PHS, able to promote hydrogen bonds, that
allowed to obtain a system suitable for the food packaging applications.
Another set of materials was developed considering as organic phase polyvinyl
alcohol, that has exceptional oxygen barrier properties; in this case the addition of
silica was aimed at the stabilization of PVOH with respect to water, which is a strong
solvent of the polymer. Hence, permeation tests were performed on samples as
received and pretreated by dipping the specimen into water, and water vapor sorption
experiments were also carried out. The results showed that the addition of silica, and
the consequent formation of an interconnected network in the sol-gel process, is able
to guarantee stability of the polymer structure and barrier properties even after a
prolonged exposition of the sample to water.
Regarding micro-fibrillated cellulose, MFC, two different generations, obtained by
two different processes, have been characterized in terms of oxygen and water
transport properties. The system showed a remarkable barrier effect toward oxygen
when it is dry, while, as expected for such hydrophilic materials, the permeability
strongly increases increasing the water content in the membrane. A particular
attention was also devoted to the water sorption and permeation; the trends of water
permeability, diffusivity and solubility as function of the activity were discussed on
the basis of structural considerations regarding the two different generations, with or
without plasticizer. The very low value of water diffusivity reported at low activities,
has been discussed in relationship with structural observations. Therefore, the
remarkable properties of this material that have been reported make MFC interesting
for several potential applications exploiting its significant sustainability and
biodegradability, as well as good mechanical properties, in the field of bionanocomposites, either as pure film or as reinforcement for bio-polymers.
Concerning the second section, at first the modeling the transport properties in layered
nanocomposite systems has been developed by means of a CFD software based on a
finite element algorithm, that allowed the calculation of the barrier effect in relation
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with the structural parameters of the platelets dispersed in the polymeric phase. The
existing models were also analyzed leading to the derivation of a new expression for
the enhancement of gas barrier properties in nanocomposite systems resulting from
the ordered dispersion of impermeable flakes in a 2-D matrix; the equation was
obtained through the revision of a fundamental work by Aris pointing out the
contribution to the resistance to mass transport due to “tortuous path” and carefully
combining it with contribution for “hole” resistance. The simulation results showed
the good agreement with the prediction given by this model when the geometrical
parameters are in the range in which model assumptions hold.
The case of randomly distributed systems was also considered in this 2-D
approximation and the results pointed out two contributions to the overall effect, as
predicted by the model and observed for ordered structures. There are indeed two
regimes characterized by two trends for the enhancement of barrier properties as
function of α φ, a linear one when the contribution of the hole resistance is
predominant (small α φ) and a quadratic one for more concentrated systems with
flakes of higher aspect ratios (large α φ) when the tortuosity of the diffusion path is
the main effect achieved. On the contrary the random distribution of the flakes
reduces the barrier effect that can be obtained with respect to ordered structure,
because the presence of holes inside the composite, sort of shortcuts, is unavoidable
and a relevant fraction of molecules uses these easy paths to permeate across the film.
The results were analyzed in comparison with the models existing in literature for
such systems and it has been showed the equation proposed by Lape well predicts the
enhancement in barrier properties in the entire investigated range of α and φ.
The same approach was then extended in three dimensions to mimic real structures
and a new definition of the parameters was thus developed to calculate the
geometrical characteristics of platelets of different shapes. It has been showed, in this
concern, that the transport properties were not affected by the shape of the single
flakes, and, in all cases, results were comparable with the ones obtained in the 2-D
approximation and, therefore, in good agreement with the predictions given by Aris
equation.
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Three-dimensional systems with randomly distributed platelets were finally simulated
and the results revealed that are in good agreement with the ones obtained in the 2-D
approximation.
A completely different approach was then considered to simulate the effect of the
temperature on the oxygen transport through n-alkanethiolate SAMs on gold of
different chain lengths; due to its particular structure, such material had to be modeled
at the molecular level and a molecular dynamics code was thus developed.
The structural information obtained from equilibrium MD simulations showed the
gauche population profiles within the monolayer that provide the measure of
crystallinity; the chain tilt angle, and local and overall densities were also determined.
It has been showed that adding energy to the system, i.e. raising the temperature,
makes the monolayer more disordered and consequently less crystalline. This effect
was considered to determine an effective transition temperature at which the structure
becomes liquid-like on the basis of the analysis of gauche populations; the results
showed a good agreement with experimental data and suggested the mechanism of
these modifications providing also quantitative information. The gauche defects, at
low temperature located only in the chain-ends, develop from the external part toward
the middle region the monolayer, and when the transition temperature is reached (it
depends on the chain length), the entire monolayer turns into a liquid-like
configuration.
MD simulations showed also, concerning the oxygen transport properties, that
diffusivities, free energy barriers and resistances for these monolayers are strongly
affected by these structural changes. The disorder given by the high temperature
indeed produces a decrease in the barrier free energy and it lowers the overall
resistance to oxygen diffusion, making the monolayer thus more permeable to small
molecules.
The complete work carried out on different materials and approached by several
methods, either experimental or modeling, led to characterize, discuss and then
understand the transport mechanism in system characterized by nano-sized domains
for which traditional models are not often suitable. The correct interpretation of such
diffusing phenomena in relation with structural features should allow the development
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of new materials with desired properties accurately tuned for several different needs,
especially in the field of packaging applications.
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