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Abstract

WATER VAPOR DIFFUSION THROUGH GLASS FIBER REINFORCED
POLYMER NANOCOMPOSITES

Mohit Bhardwaj

Fiber reinforced plastics (FRPs) are used to make aircraft structures, highway bridges,
automobile components, storage tanks, boat hulls, truck beds, and so on. When these
FRPs are exposed to the atmosphere, environmental humidity can weaken the structural
integrity and cause fiber delamination. The use of glass-fiber-reinforced nanocomposites
made by addition of nanoclay, reduces the fiber damage and delamination because of its
ability to enhance the barrier property of the matrix material. Clay not only acts as a
barrier toward moisture diffusion, it also sequesters the moisture and protects the glass
surface. During the course of this study the role of nano and micro fillers such as
Montmorillonite clay, carbon nanotubes and Kevlar™ pulp in decreasing the diffusion
coefficient for steady-state moisture transport through vinyl ester-based composites was
quantified. Effects of temperature, concentration gradient, filler-type, filler content,
extent of filler dispersion, filler orientation, and moisture adsorption on the filler surface
were studied. It was found that nano and micro fillers bring about a decrease in
diffusivity of vinyl ester composites, but the decrease is not as substantial as predicted by
available equations in literature. An attempt was also made to evaluate the applicability
of existing models in quantifying the decrease of diffusion coefficient for
nanocomposites. It was found that the models developed during the course of this work

were more effective in predicting the experimental results then the existing models.
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1.0 Introduction

Glass fiber reinforced composites (GFRP) employing thermosetting polymer matrices,
such as epoxy, vinyl ester or unsaturated polyester are finding their use in construction
and repair of bridges and other civil structures because of high strength-to-weight ratio
and a high stiffness-to-weight ratio, as compared to conventional materials such as steel
and aluminum.

Fiber reinforced polymer composites consist of fibers of high strength and modulus
embedded in or bonded to a polymer matrix with distinct interfaces (boundary) between
them. High strength and high modulus fibers bonded by a matrix carry the load while the
matrix helps in maintaining the orientation of fibers and helps in distributing the stress
across the fiber boundary. Both the fiber and the matrix retain their chemical and physical
identities but produce a combination of properties that cannot be achieved with either
constituent acting alone. Even though fibers in a composite transfer forces in different
directions, the matrix performs several vital functions. The role of the matrix in the
GFRPs can be summarized as (1) to transfer shear stress between the fibers, (2) to
provide a barrier against adverse environment such as chemicals and water, and (3) to
protect fibers against mechanical abrasion. The various polymeric matrix materials that

have been used in FRPs are listed in Table 1.



Table 1: Polymeric matrix materials and their uses [1]

Thermosetting Polymers

Polymer

Application

Epoxies

Aerospace and Aircraft applications.

Polyester and Vinyl Ester Resins

Automotive, marine, chemical and

electrical applications

Phenolics

Bulk molding compounds

Polyimides, = Polybenzimidazoles  (PBI),

Polyphenylquinoxaline (PPQ)

High temperature aerospace applications

Thermoplastic Polymers

Nylons (Nylon 6, Nylon 6,6), Thermoplastic

Polyesters (PET, PBT), Polycarbonate (PC)

Used in injection molded articles

Polyamide-Imide = (PAI), polyether-ether
ketone, polysulfone, polyphenyline sulfide

(PPS), polyether Imide (PEI)

Suitable for moderately high temperature

applications.

Among these polymeric matrix materials, thermosetting polymers such as epoxies,

unsaturated polyesters, and vinyl esters are in great commercial use, mainly due to the

ease of processing and composite manufacturing, higher thermal stability, and chemical

resistance.

However their use has been restricted by a lack of long-term durability and

performance data, because they are intended to function/perform safely for 50 or more

years. Furthermore, it is found that atmospheric moisture can diffuse to the fiber matrix




interface and cause de-bonding of laminae and fiber weakening. Efforts have been made
to reduce the moisture diffusion coefficient. The basis for these studies has come from
Maxwell’s [2] work, in which he calculated the diffusion coefficient, D, of a small solute

through a continuum partially filled with a suspension of impermeable spheres.

SRR

Do __ 2 . (1)

o
T
<

where, D, , is the diffusion coefficient in the absence of spheres and ¢ is the ‘loading’,

that is, the volume fraction of the spheres.
1.1 Objectives and Scope of Research

Any application of polymer composites in an outdoor environment involves exposure
to moisture, either in the form of water vapor or rain. In addition to water, composite
materials may also be exposed to other chemicals depending on the type of material being
used. The durability or the effectiveness of the matrix material to act as a barrier to
diffusion of such chemicals, thereby protecting the fibers, becomes important. A
modified matrix material having an inorganic phase just might serve this purpose of
enhancing the barrier property. The following objectives were achieved:

1. Permeability, diffusion coefficient, and mechanism of water diffusion through

neat and fiber-reinforced vinyl ester samples were measured.
2. The effect of nano-filler ‘loading” on diffusion properties of the matrix with and

without glass fiber was studied.



3. The effectiveness of clay, carbon nanofibers and Kevlar fibers as a barrier
material was investigated.

4. Techniques like Transmission Electron Microscopy (TEM)& Differential
Scanning Calorimetry (DSC) were used to characterize the structure of
nanocomposites.

5. The applicability of various models quantifying the decrease in diffusion

coefficient was studied.

To summarize, water permeation experiments were carried out to test the effectiveness
of nano-fillers in decreasing the permeability and diffusion coefficient through vinyl ester
based glass fiber composites. TEM and DSC were used to characterize the structure

change that is obtained with the formation of nano-composites.



2.0 Theory

To understand the transport properties of polymers, it is useful to group materials [3]

into two different groups according to their structure:

(1) Amorphous vs crystalline on a super-segmental level

(2) Rubbery vs glassy in nature on a segmental level

Combinations of these two categories gives rise to four different subgroups:

(1) Amorphous rubbery

(2) Amorphous glassy

(3) Semi-crystalline rubbery

(4) Semi-crystalline glassy

The latter two categories indicate the degree of segmental motion in the non-crystalline
regions of a semi crystalline sample. The crystalline regions are generally impermeable
to all penetrants.

The characteristic physical properties of materials in these four subcategories affect
the ability of small penetrants to diffuse in response to a chemical potential driving force.
These characteristic differences between the subcategories reflect the morphological
factors that are both segmental level and larger than segmental level. Imposed
orientations at both segmental and super-segmental levels can cause further changes in
the properties of chemically identical samples within these four subcategories. Efficient
orientation of impermeable crystalline domains in a sample increases the effective
diffusion path of a penetrant within the sample. The added path length effectively
decreases the ability of penetrants to cross through a film composed of the material,

making it a better barrier.



2.1 Process of diffusion

Diffusion of gases and vapors through solid, non-porous polymers is a three-step
process. In the first step, the gas has to dissolve in the polymer at the high-pressure side.
Then the gas has to diffuse as a solute to the low-pressure side. In the third step, the
solute evaporates back to the gas phase. The steady state diffusion through a membrane
of thickness (L) exposed to a partial pressure difference (Ap), the mass flux (J) [4]

though the membrane is given by:

_ps| 4P
J—DS[ ; } L2

where, D is diffusivity of the gas and S 1is solubility of the gas in the polymer at
pressure (p).For such a case the concentration (c¢) of the gas in the polymer is given by:

c=3S8p ... (2.2)

For simple gases above their critical temperatures and dissolved in rubbery polymers,

S is Henry’s law constant, which is independent of p. However, for glassy polymers, the

solubility may become more complex and at higher pressure can approach the Langmuir

isotherm. In these cases Michaels et al. [5,6] have distinguished between true molecular

solution and solution in preexisting cavities. It should be emphasized, that up to 1

atmosphere, this complex behavior is quite rare even with glassy polymers, and Henry’s

law is usually closely obeyed.



2.2 Measurement of diffusivity

2.2.1 Constant D

2.2.1.a) Time lag method

When diffusion occurs through a plane sheet or membrane of thickness (/) and
diffusion coefficient (D), whose surfaces at x = 0 & x = [ are maintained at constant
concentrations, c;, ¢, respectively, a steady state is reached in which the concentration
remains constant at all points of the sheet. The steady state diffusion equation in one

dimension is given as:
Z -0 .. (2.3)

provided the diffusion coefficient (D) is a constant. On integrating with respect to x we

obtain:

de = constant .. 24
dx

On further integrating and applying the boundary conditions at x = 0 & x =/ we obtain:

c—¢ X
=— .. (25
c,—c )

The above equations show that the concentration changes linearly from c; to ¢, through
the sheet. The flux of diffusing substance is same across all sections of the membrane and
is given by

Flux = —D@ -pi~%
dx )

... (2.6)

D can be deduced using Equation (2.6), from an observed value of flux.



For permeation experiments, the surface concentrations, c; and ¢, are not known.
However, the vapor pressures, p; and p,, on the two sides of the membrane are available.

For this case the rate of transfer in the steady state is written as:
Flux = P@ (27

and constant P is then referred as the permeability constant. Here P is expressed, for
example, as cm’ of gas at some standard temperature and pressure passing per second
through 1 cm? of the surface of a membrane 1 cm thick when the pressure difference
across the membrane is 1 cm of mercury. The permeability constant is not as standard a
fundamental constant as the diffusion coefficient particularly as different investigators
use different units and even different definitions of P.
If the diffusion coefficient is constant and the sorption isotherm is linear, i.e., there is
a linear relationship between the external vapor pressure and the corresponding
equilibrium concentration within the membrane, the linear isotherm may be written as:
c=Sp ... (2.8)
where, ¢ is the concentration within the material of the membrane in equilibrium with an
external vapor pressure, p, and S is the solubility. Since ¢y, p1, ¢2, and py, are correlated by
the above equation, it follows that
P=DS§ ... (2.9
where P is the permeability, D is the diffusion coefficient and S is the solubility.
When one face of the membrane at x = 0 is at a constant concentration c¢; and the
other at x=/ 1is at c;, while the membrane is initially at a uniform concentration c, there
is a finite interval of time during which this concentration profile develops. During this

time, the concentration [7] changes according to



X 2&C,COSnT—C, . NIX _p,
c=c¢+(c,—c) T+ 2 Lsin—— e 2771 4
[ 745 n l (2.10)

400 i 1 in (2m + l)m efD(2m+1)2 w2t/
7T 5 2m+1 [

As time (t) approaches infinity, terms involving the exponentials become negligible
and a linear distribution of concentration is obtained again as before. If M; denotes the
total amount of diffusing substance that enters the sheet during time (t) and M, the
corresponding amount during infinite time, then [9]

M _ _i sin (2m + 1)7DC efD(2m+l)27r2t/12 (2.1 1)
M 7= 2m+1 [

o0

(& +C‘2

In this case M=/ ( — coj and the total content of the membrane at time (t) is given

by M, +Ic,. The expression is similar to and is readily evaluated from the zero fractional

uptake curves.

The rate at which gas or other diffusing substance emerges from unit area of the face

at x=0 of the membrane is given by D(z—cj . By integrating with respect to t, the total
X

x=0
amount of diffusing substance (Q;) passing through the membrane in time (t) is obtained,

where [9]

t 21 c,cosnmw—c [y, W By
QtzD(CZ C)l+7z-_ 2—21(1—€D t/])+

1

4C li 1 —D(2m+l)27r z/lz) (2 12)
@m+u
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Figure 1: Time Lag method for calculating diffusion coefficient [3]

In the experiment for which the membrane is at zero concentration (co=0) and the

concentration at the face through which the diffusing substance emerges is also

maintained at zero, Equation 2.12 reduces to:

)n
e—Dnzzz'zt/lz

(S
>
|
|
3o
_Mg
ah

This line has an intercept, 77, on the time axis given by

12

=D

This is used to calculate the diffusion coefficient.

.. (2.13)

L (2.14)

... (2.15)
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2.2.1.b) Sorption method

For an experimental arrangement where the concentrations within the surfaces of a
plane sheet of thickness (/) are maintained constant, the amount of diffusant, M;, [9] taken
up by the sheet in time (t) is given by

A]‘;f =4(%j [#JrZZ(—I)”ierfcn—lj .. (2.16)

. 2(Dt)1/2

The uptake 1s considered to be a diffusion process controlled by a constant diffusion
coefficient (D). M, is the equilibrium sorption attained theoretically after infinite time.
Equation 2.16 also describes desorption from the same sheet, initially conditioned to a
uniform concentration, whose surface concentration is brought to zero at t = 0. The value
of D can be deduced from an observation of an initial gradient of the graph of M/M,, as a

function (t/1°)

2.2.2 Variable D

Frisch et al. [8] obtained expressions for time lag in linear diffusion through a
membrane with a concentration dependent diffusion coefficient without explicitly solving
the diffusion equation. The relationship between the diffusion coefficient and
concentration must be of a known form or be assumed to satisfy an arbitrary analytical

expression containing unknown parameters. Frisch’s method yields numerical values for

the parameters, e.g., if the relationship is known to be of the form D = D e”, where Dy

is the diffusivity and B is a constant, the values of D and  are determined from a series

of measurements of the time lag. For the conditions

11



c=c¢,,x=0,120,
c=0,x=10t>0, .. (2.17)
c=0,0<x</lt=0,

Frisch shows that the time lag (77) is given by

I}
I xc, (x)dx
L 000000

n= ... (2.18)

jD(c)dc

where ¢, (x) is the concentration distribution in the steady state and can be found from

the equation
G, Gy
X
[ D(c)de = i [ D(c)de ... (2.19)
C, 0

There is one limitation in the method described above. The extraction of c as a
function of x from Equation (2.19), in order that it can be used in Equation (2.18), is not
easy and a series expansion becomes necessary. Clearly, if the diffusivity-concentration

relationship contains two parameters, at least two measurements of 7 for different values

of ¢g are needed for their determination.
2.3 Experimental determination of permeation rate

Both steady-state diffusion and the time lag technique for determining diffusion
coefficient require measurement of the permeation rate of a diffusant through a film.
These measurements are made under constant well-defined conditions of surface
concentration. The surface concentration will remain constant if it is in equilibrium with a

constant concentration source of the diffusant.

12



Membrane permeation

Polymer laminas for use in permeation experiments do not present a problem when
these experiments are being used for the evaluation of existing films as diffusion barriers.
The calculation of diffusion coefficients from experiments on such films may, however,
lead to erroneous values due to inhomogeneities in the structure. Commercial cellulose
film, for instance, may possess a skin that has a structure. The film may contain a non-
volatile plasticizer and though it might be argued that the sole effect of this would be to
give a coefficient for diffusion in plasticized polymer. This overlooks any migration of
plasticizer that occurs to minimize the free energy of the three-component system in the

presence of a gradient of diffusant concentration.

2.3.1 Partition cell methods

For accurate measurements, partition method is used. In this method, the vapor
pressure is controlled on both sides of the membrane, and the permeation rate is
measured independently.

An example of this assembly is that used by Barrer and Skirrow [10] for studying the
diffusion of paraffin hydrocarbons and nitrogen in natural rubber. This is shown in Figure
2. All air is removed from the apparatus and one side of the membrane is maintained in a
constant pressure atmosphere of the diffusant by the manual operation of a Toepler pump.
Initially, the other side of the membrane is at zero pressure. As gas permeates through the
membrane, the pressure builds up, and a sensitive Macleod gauge measures the built-up

pressure. Using this equipment both the time lag (7 ) and the steady state flow rate can be

measured. The increase in pressure measured by the gauge is so small that the outgoing

side of the membrane can be considered to be effectively at zero pressure throughout.
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Figure 2: Partition cell method for determining permeability [9]
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The continual operation of the Toepler pump for controlling the pressure on the
ingoing side of the membrane can be dispensed with the use of a larger buffer volume. In
the case of vapors, a liquid vapor source can be used and the pressure can be controlled
by the adjustment of temperature. Vapor pressures lower than saturation can also be
obtained by addition of a nonvolatile diluent to the liquid source or in the case of

diffusion of water, by the use of hydrate mixtures.
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2.4 Factors affecting permeability in polymers
Factors [9] influencing permeability through a polymeric film can be divided into:
a) External (temperature, pressure, concentration, humidity, etc)
b) Penetrant related (solubility, molecular weight, shape etc)
c) Related to matrix polymer

These effects are described below:

2.4.1. Dependence on relative pressure

For a number of systems, P is not a constant but depends on the relative pressure

difference across the membrane. Steady state integration of Fick’s first law gives

19
J = ;iDdc ... (2.20)

where c; and c, are the concentrations at the ingoing (x = 0) and the outgoing (x =/)

faces of the membrane. The permeability coefficient (P;,) can be written as:

B, = .. (221)

and it follows that

B, = D (P By — PyPy)s .. (2.22)

where P,y and P, are the coefficients measured with pressures p; and p, at x = 0 and zero
pressure at x = [, respectively. Only when the flux (J) varies linearly with ingoing
pressure can the permeability coefficient be uniquely defined for the system such that

Py, = Pyo = Pyo. If Pyo is known as a function of p;, then Py, can be evaluated for any

difference of p; & po.

15



2.4.2. Dependence on thickness

If the diffusion is Fickian then it follows from Equation 2.21 that P is dependent on /.
Structural effects, which are a function of the membrane thickness, may arise during the
processing of films. The results of Taylor et al. [11] indicate that the dependence of P on
[ was only observed at high relative pressures. With the more hydrophilic polymers the
ingoing side of the membrane is swollen relative to the outgoing side and, as a result,

stresses are developed which may lead to a variation in P with /.

2.4.3. Dependence on temperature

Generally, the permeability coefficient increases with temperature. Barrer [12]
pointed out that usually the least permeable membranes are more sensitive to changes in
temperature. When Henry’s law is obeyed and D is constant then P=Do, where o is the
Henry’s constant. Over a considerable range of temperature, permeability varies
exponentially as:

P=P, exp(-E,/RT) ... (2.23)
Ep=AH + Ep ... (2.24)
When Henry’s law is not obeyed these relations are valid only in the limit of zero
concentration. [9]
¢
( j Ddc)
0

omP __d(np)
o1/ T o(1/T)  a(l/T)

... (2.25)

If the pressure (p;) is held constant then the first term on the right becomes zero. The

second term may be evaluated if the D versus c relation is known at several temperatures.
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2.4.4. Dependence on the physical state of water

Since the chemical potential of the vapor at unit relative pressure is the same as the
liquid, P may be expected to be independent of the physical state of the penetrant.
Differences between vapor and liquid permeabilities have been observed (Yasuda and
Stanett, [13]; Sivadijian and Ribiero, [14]). On the other hand, for several polymers, both
permeabilities are identical since the permeability varies linearly with pressure. It would
appear that differences between the liquid and vapor permeabilities are largely due to
experimental difficulties in maintaining the vapor phase at unit relative pressure.
Significant differences may arise if the soluble material is extracted from the membrane

or if thermal equilibrium is not established throughout the system.

2.4.5. Dependence on the structure of the polymer

2.4.5 (a) Physical structure. The presence of crystallites in a polymer reduces the
effective cross-sectional area for diffusion, increases the effective path length and may
also result in restraints being imposed on the amorphous phase. For a simple model:

P=P,v,x ... (2.26)
where, P, is the permeability coefficient, and v, is the volume fraction of the amorphous
phase. The structure factor x is a function of v,. From Equation (2.26) and Equation
(2.23) it follows that

_R Oln(v,x)

E,=E
poon a(1/T)

.. .27)

When the polymer is cooled, crystallization eventually sets in so that v, and x
decrease as (1/T) increases. It has been inferred that local cooperative vibrations of only a

few structural units were sufficient for the water molecule to diffuse. This case is not
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pertinent to vinyl ester since a cross-linked polymer does not crystallize. It appears that
somewhat unique behavior of water is attributed to its comparatively small size and to
specific interactions with polar groups of polymer.

2.4.5 (b) Chemical structure: Polymers with low permeabilities have several features in
common: skeletal chain is carbon with no hydrophilic substituents, substituents are
relatively small, and there is a lateral symmetry on each carbon atom of the chain.
Regularity of structure, which encourages crystallization or close packing, and the
absence of highly polar groups appear to be necessary prerequisites for low water
permeabilities. There are other cases where crystallization is not essential, for example,
amorphous glass is an excellent water barrier. High permeabilities are generally
encountered with polar polymers or where the segmental mobility is high as for
polydimethylsiloxane.

It has been recognized that during permeation the structure of the polymer changes. In
the presence of penetrant molecules a partial plasticization, i.e., an increase in chain
mobility may take place, which in turn may lead to stress relaxation and shrinkage.

As discussed before, the simplest multiphase material is a semi-crystalline polymer. It
has been shown that the sorption and diffusion coefficients in the crystalline phase are
substantially smaller than in the glassy or rubbery phases. As a result, it is generally
assumed that the crystalline phase does not sorb and hence does not allow any penetrant
to pass through it. In this case, D depends on the volume fraction of the amorphous

phase, a, the tortuosity of penetrant path, t, and the blocking factor, B;:

... (2.28)
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where, D, is the diffusion coefficient in a hypothetical, completely amorphous polymer
and n = 1 is an empirical parameter, dependent on the nature of the penetrant molecule.
Equation 2.28 can be used to interpret data of any multiphase system, writing B; and 7 as
functions of concentration and process variables. In polymer blends, the dispersed phase
can be incorporated in a wide range of volume fractions, particle sizes, and particle
shapes distributed randomly or in an orderly fashion.

2.5 Nanocomposites: An Introduction

Uniform dispersion of nanoparticles can lead to an ultra large interfacial area between
the constituents, per unit volume of the material. The immense interfacial area and the
nanoscopic dimensions between nanoelements differentiate polymer nanocomposites
(PNC’s) from the traditional composites and filled plastics. Three major characteristics
define and form the basis of PNC performance [15]: a confined matrix polymer,
nanoscale inorganic constituents, and their arrangement.

Presence of internal filler-polymer interfaces makes the majority of polymer chains
reside near an inorganic surface. Since an interface limits the number of conformations
polymer molecules can adopt, the free energy of polymer molecules in this interfacial
region is fundamentally different from that of those far removed from the interface (i.e,
bulk). The influence of an interface is related to a fundamental length scale of the
adjacent matrix, which for polymers is of the order of the radius of gyration of a chain.
The restrictions in chain conformations will alter molecular mobility, relaxation behavior,
free volume, and thermal transitions such as the glass transition temperature. In case of

semicrystalline polymers and block copolymers the interface will alter the degree of
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ordering and packing perfection and thus, crystallite and domain growth, structure and
organization.

The second major characteristic of PNC’s is dimension of the added elements. When
the dimensions of a cluster or particle approach the fundamental length scale of a
physical property (the so called confinement effect), new mechanical, optical, electrical
properties arise that are not present in the macroscopic counterpart. Dispersions of
nanoelements exhibiting these unique properties create bulk materials dominated by
physics of the ‘nano’ dimension.

Finally, arrangement of the constituents critically determines the material’s behavior.
Spatial ordering of spherical, rod-like, or plate-like nanoelements into positional arrays
with varying degrees of orientation order will result in large variety of systems. The
possibilities are further expanded by varying degrees of particle-particle association,
clustering, percolation (formation of an interconnected network), and heterogeneous
distribution of particles. The final property of the PNC system will depend as much on
the individual properties of the constituents as on the relative arrangement and
subsequent synergy between the constituents.

2.6 Nanoelements

Amongst all the potential nanocomposite precursors, those based on clay and layered
silicates have been more widely investigated. This is because starting clay materials are
easily available and their intercalation chemistry has been studied for a long time. The
various types of clay minerals are Montmorillonite, Illite, Kaolinite, and Attapulgite.

Illite is a non-swelling clay and hence, not compatible with polymeric matrix

materials. Kaolinite and Attapulgite clays have low Cation Exchange Capacities (CEC) as
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compared to Montmorillonite. The amount of cations that can be exchanged with organic

ions is expressed in meq per 100 g of dry clay and is known as the CEC of clay. Kaolin

also has a small basal spacing, and so the penetration of intercalant into the space

between the individual layers is limited. On the other hand, Montmorillonite has the

following advantages over other clay minerals, which make it more popular in making

composites:

1. Flat plate like structures with a large aspect ratio in the range of 200-1500.

2. High CEC, in the range of 70 to 140 meq per 100 g of dry clay, as compared to
other clay minerals.

3. Bentonite is the most abundantly available clay, which contains more than 50 %
Montmorillonite

4. Montmorillonite is a Smectite (swelling clay) type of clay that makes it more
compatible with a polymeric matrix.

5. Montmorillonite has a plate-like shape with high aspect ratio. Hence, at the same
loading, it leads to a better permeation barrier when compared to Attapulgite clay,
which has a needle like structure.

6. Montmorillonite develops similar increase in modulus and tensile strength at

loading of 3-5% as compared to 20-60% loading of other fillers such as Kaolin

and carbon black.

Hence, at the same loading, Montmorillonite leads to a better permeation barrier

when compared to other clays and because of which it is used more frequently.
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2.6.1 Structure of Montmorillonite

The crystal lattice of Montmorillonite, the most commonly used nanofiller, consists
of two-dimensional layers. In the structure, a central octahedral sheet of alumina or
magnesia is fused to two external silica tetrahedron layers by the tip. Due to this, the
oxygen atoms of the octahedral sheet also belong to tetrahedral sheets. Al or Mg atoms in
the octahedral sheets are coordinated with 6 oxygen atoms or hydroxyl groups located at

the 6 corners of a regular octahedron.

21 Sjlicon

. Oxygen

. Aluminiom

. Hydroxyl 92 A
y v

Figure 3: Structure of Montmorillonite (MMT) clay [29]

The three layers form a clay platelet or the unit cell of clay. Thickness of the platelet
is around 1 nm and the lateral dimensions of the platelets organize themselves to form a
stack. The stack has a van der Waals gap in between them called the interlayer or the
gallery. In natural form of clay tetravalent Si atoms in the tetrahedral sheet are partly
replaced by trivalent Al atoms, and/or trivalent Al atoms in the octahedral sheet are partly

substituted by divalent atoms such as Fe or Mg. The lack of positive charge is
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counterbalanced by alkali or alkaline ions (e.g Na" or Ca'"") situated in the interlayer.
These ions in the interlayer can be substituted with organic cations. This type of

substitution makes the clay compatible with organic polymers.

2.6.2 Surface treatment

Clay by nature is hydrophilic and swells upon adsorption of moisture. To make it
compatible with an organic material such as a polymer, it is given a surface treatment
involving a compatibilizer. For example, organic cation molecules can be adsorbed on
the surface of the clay, which changes the hydrophilic character to organophilic and
improves the extent of wetting of the clay with an organic polymer. In addition to this,
surface treatment serves two other purposes: (1) it reduces the layer to layer interaction,
and, (2) it causes expansion of the gallery spacing to as much as 20 A. The latter allows
greater intercalation of polymer molecules between the clay platelets. Intercalation is a
term given to the process by which monomer or polymer molecules enter into the
gallery spacing during the preparation of a nanocomposite. This not only swells the
clay by pushing the clay platelets apart, but also serves to reduce the forces of attraction
between them. The individual clay particles can then be separated and dispersed into
the polymer matrix. This is called exfoliation. For thermoplastic materials, exfoliation
is done either during polymerization or by the application of shear forces in an extruder.
For thermosetting resins, on the other hand, exfoliation is achieved by dispersing the
clay in the liquid resin by the application of shear forces. Surface modification can be
done by:
1.Ion Exchange method

2.1on Dipole method
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2.6.2.a lon Exchange method

This is the simplest technique used to treat clay. lon exchange treatment involves
replacing the adsorbed cations (such as Na*, Ca*) by an organic cation, typically an
onium ion or an amine salt. The organic molecule replaces the cation making the clay
surface organophilic. The organic molecules also enter the gallery spacing and cause the
clay to swell. This technique was first developed at the Toyota Central R&D

Laboratories, Japan (Lan [15], www.nanocor.com), where Montmorillonite was

compatibalized with caprolactum (Nylon 6) using amino dodecanoic acid.

2.6.2.b lon dipole method

Ion dipole surface treatment is a relatively new approach where the sodium atoms are
left on the surface of clay. The induced positive charge on the sodium atoms can interact
with partial negative charges on functional monomers or polymer groups. The functional
groups having negative dipole moments include alcohols, carbonyls, esters, amines and

ethers. Nanocor Inc., (Chicago) developed this process. (Lan [15], www.nanocor.com)

2.7 Types of nanocomposites

Based on their morphology, clay-filled nanocomposites maybe be of three types
1. Conventional composite
2. Intercalated composite
3. Delaminated or Exfoliated composite

In a conventional composite the tactoids exist in their original aggregated state with
no intercalation. The basal spacing of the filler within the nanocomposite remains the
same as in the pristine clay. An intercalated composite has a single, extended polymer

chain intercalated between the silicate layers resulting in a well-ordered multilayer
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having alternating polymer/inorganic layers. Consequently, the X-Ray Diffraction (XRD)
peak would be shifted towards higher basal spacing. A delaminated composite has
individual clay platelets uniformly dispersed in the matrix. A schematic representation of
this is shown in Figure 4. The full potential of nanoclay is only realized in the exfoliated
form. It should be noted that Montmorillonite has a high surface area, of the order of 750
m?/g. Property enhancements are obtained due to molecular scale interactions between
polymer and the clay surface. These interactions are greater in exfoliated morphology
where the clay particles present the largest surface area, since they exist as individual
platelets. During exfoliation clay aggregates break up into several nanometers sized
individual platelets and hence, a very small clay loading can lead to significant property

enhancements.

Figure 4:a) Intercalated clay composite b) Exfoliated or Delaminated composite [15]
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2.8 Synthesis of nanocomposites

Interlayer distance between clay platelets increases by a significant amount on
application of the compatibilizing agent. This makes it possible for monomer or the
polymer molecules to enter the gallery. This then allows individual clay platelets to be
dispersed. The process of clay platelets getting randomly dispersed inside the polymer is
called exfoliation. Depending on the type of polymeric system involved, different

methods of achieving exfoliation are being practiced.

2.8.1 In-situ polymerization

This process is conventionally used to synthesize a thermoset-clay nanocomposite.
The organoclay (surface treated clay) is swollen in the monomer. The degree of
exfoliation achieved in this method depends sensitively on the polarity of monomer
molecules, surface treatment of the clay, swelling temperature and degree of agitation.

During the swelling phase, high surface energy of the clay attracts polar monomer
molecules to diffuse between the clay platelets. Later, the polymerization reaction lowers
the overall polarity of the intercalated molecules and displaces the thermodynamic
equilibrium in such a way that more polar molecules are driven in between the clay layers

delaminating the clay eventually.

2.8.2 Solution approach

Polar solvents can be used to synthesize nanocomposites. In this case, organoclay is
swollen in the solvent. Polymer, dissolved in the same solvent, is added into the solution

of swollen clay. The polymer intercalates between the clay platelets and the solvent is
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then removed by evaporation under vacuum. This approach is not very practical for

industrial use due to the problems associated with removing a large quantity of solvent.

2.8.3 Melt intercalation

Melt intercalation is used to synthesize nanocomposites based on thermoplastics.
Molten thermoplastic is directly blended with organoclay in an extruder in order to
optimize the polymer-clay interactions. The mixture is then heated and molded into any
desired shape.

2.9 Theories of moisture diffusion through nanocomposites

Attempts have been made in the past to explain diffusion through heterogeneous
media. Usually a heterogeneous medium consists of a phase A dispersed as small
randomly shaped particles in a continuum of phase B. Maxwell [2] considered a
continuum with immersed spheres so far apart that the streamline pattern about each

sphere was uninfluenced by its neighbors. The following equation was proposed:

1+

(SHASE

Do
D

SN

Here, D, is the diffusion coefficient without any spheres and ¢ is the loading, that is,

volume fraction of the spheres.

Equation (2.29) is a mass transfer equivalent for the expression of cumulative
electrical resistance derived by Maxwell for the same system. His analysis to obtain the
cumulative resistance of n spheres of radius a, and resistance kj, placed in a medium with
resistance k, 1is presented here. Analysis [2] assumes that the spheres are at such
distances apart that effect of spheres in disturbing the course of current is independent of

each other.
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If spheres are assumed to be placed within a shell of radius a,, the potential at a great

distance r from the center of this sphere would be of the form:

V =(Ar+ nBiz) cosd ... (2.30)
r

where @is the angle from the center of the sphere where the potential is being calculated,
and value of B [2] can be given by:

k,—k
B= 2}; +; a’A4 ..(231)
1 2

The ratio of the volume of n spheres to that of a sphere, which contains them, is

3
p= ”"g ...(2.32)
a,

The value of the potential far away from the sphere may therefore be written as:

k—k 1
V=Ar+pa’ ——"2 " |cos@ ...(2.33
[ P o Tk, 72] 233)

If the whole sphere of radius a, has been made of material of specific resistance K, the

potential can be written as:

K-k
V=dAr+a, 2 Lz cosd ...(2.34)
2K +k, r

As Equation 2.33 and 2.34 are equivalent [2], we obtain:

2k1 +]‘72 +p(kl _kz)
K= k,
2k, +k, =2p(k, —k,)

...(2.35)

This is the expression for cumulative resistance of n spheres in a continuum. Equation
(2.29) is obtained by extending the above argument to diffusion. If D is used to represent
the diffusivity of the system, and Dy as the diffusivity of the medium without spheres, we

obtain
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D= 2D, + D, + p(D, — Dy)
2D, +D, -2p(D,-D,) °

...(2.36)

Here, D is the diffusivity of the solute through the spheres and p is the loading. If D is
assumed to be zero, that is if the spheres are assumed to be impervious, then the above

equation reduces to

p=1=Pp ..(2.37)

Equation (2.37) can be reduced to Equation (2.29) by replacing p by ¢.

Note that this result is independent of the size of spheres, but varies only with their
volume fraction. Also note that this is a result for a dilute suspension and is accurate only

when ¢ < 0.1. If loading exceeds this value, then the assumptions involved in the

derivation become redundant.

Similar results are found for other geometries as well. One such example is for a
membrane containing a periodic array of infinitely long cylinders oriented parallel to the
membrane surface [2]

Do _1+¢

D 1oy ... (2.38)

As before, the result is independent of the size of cylinders but only varies with their

loading (¢ ). Again, this result is limited to dilute solutions.

2.9.1 Models explaining the decrease in diffusion coefficient

Barrer et al. [16] studied the permeability of a membrane having a regular array of
rectangular parallelpipeds of phase A embedded in a continuum of phase B. The results

that they obtained are not significantly different from the previous ones. They
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emphasized that the spatial distribution of flakes and their aspect ratio play an important
role in the amount of decrease in diffusivity of flake filled membranes. These issues are

discuss in more detail, by models of Cussler and coworkers [18-21,24], and Nielsen [17].

2.9.1a Nielsen’s model

Nielsen [17] was one of the first researchers to present models describing the
diffusivity patterns of gases and liquids through flake filled polymer membranes.

In his work, the decrease in diffusion coefficient has been contended to be a result of
increased tortuosity and a decrease in available area for diffusion. This decrease can be

manifested as

=7 ...(2.39)

where @, is the volume fraction of the polymer and the tortuosity factor (7 ) is defined

as:

distance a molecule must travel to get through the film

film thickness

[

Figure 5: Figure showing the rectangular geometry used in Nielsen’s model [17]
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If the flakes are assumed to be rectangular plates oriented perpendicular to the direction
of diffusion as shown in Figure 5, the distance a diffusing molecule has to travel is

maximized. Such an arrangement gives a maximum possible tortuosity factor t

L
=1+— ...(2.40
T 2W¢F ( )

where L is the length of a face of the filler particle, W is the thickness of the filler plates,

and ¢, is the loading or volume fraction of the filler particle. The permeability equation is

given as

P
B__ ¢ ... (2.41)
Iju 1+L¢

ow 't

where Py and P, are the permeability values of the filled and unfilled polymer, and ¢,, is

the polymer volume fraction.
For low flake loadings and for the case where permeation process does not have an

impact on the solubility of the polymer, Equation (2.41) reduces to

DO
—=l+a
5 ¢

where, D, is diffusivity of the solute through unfilled polymer, ¢ is the volume fraction

of the filler, a is the aspect ratio (defined as the ratio of the length to half the width of
the particle) and D, is diffusivity of the solute through flake filled polymer.

Equation (2.41) is derived on the assumption that there is an increased tortuosity
when a penetrant passes through a flake filled membrane. Increased tortuosity, is a
significant effect produced on the addition of nanofillers but there are several other key

factors that need to be included in order to define the enhancement completely. For
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example, the model does not include the effects of layer spacing. It is a very important
factor that helps in determining the effectiveness of nanocomposites. For example, if the
distance between the adjoining layers in a nanocomposite was increased and a
corresponding decrease in the lateral spacing was made to keep the volume fraction
constant, a tremendous amount of increase in the barrier property would be obtained. On
the other hand, if the layer spacing was decreased and aspect ratio kept constant to
maintain a constant loading level the horizontal distance between flakes would have to be
increased. In this case, although, both aspect ratio and volume fraction do not change, a
significantly lower decrease in diffusion coefficient is obtained. Furthermore, such an
overlapping geometry is only attainable at high loading levels. This is not a practical
situation, especially, for a resin system. Even though the equation is derived for high
loading levels, it seems to represent practical data better for cases with low filler loading.
Nielsen also contends that permeability of liquids through filled polymers is much
more complex than gas permeability. According to him, liquids often have appreciable
solubility in the polymer, so that the polymer becomes swollen. In addition, a liquid may
interfere with the polymer-filler interface, and the solubility or adsorption of liquid at the
interface may be different from the solubility in the bulk polymer. This may be especially
true if the filler has been given some treatment where a substance (different from the
polymer) has been adsorbed on the surface. In the development of the Nielsen’s model,
an assumption is made that around each filler particle there is an interfacial layer, which

has properties different from the bulk polymer saturated with liquid.
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A diffusing molecule can get through the filled system by going only through the
polymer, or it can diffuse along a path, which consists of both polymer and the interface.

Thus, the total permeability is divided into two parts.
D dp +¢
P, =P (T—LO) +P, % ... (2.42)

Pp, P, and P, are the permeabilities of the liquid through: (1) filled polymer, (2)
interfacial part, and (3) the saturated bulk polymer. P, is equal to the permeability of the

liquid through the unfilled polymer, Ppr, unless the filler induces changes in the polymer.

7’ is a tortuosity factor for the interfacial part; it may or may not be the same as 1. ¢, ., is

volume fraction of the liquid collected in the interfacial region while, @,,, is volume
fraction of the liquid dissolved in polymer. For whole system

Gp+0. +, +0,, =1 ...(2.43)

These volume fractions are for the swollen systems. In general, ¢,, should be directly

proportional to the surface area of the filler, which in turn for a given particle size is
proportional to it’s volume fraction.
In the interfacial region the liquid must go through both the interface and polymer to

get through the film. In this region reciprocal permeabilities are additive. Therefore,

0 0
1_6. 6 ... (2.45)
PP Py
or
PP
JT o . .. (2.46)
PPL0i+1)i€P
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where, 0; and 0p are the fractional lengths of diffusion path through the model for the
interface and the polymer respectively.

0+0, =1 ... (2.47)
P; is permeability of the liquid in the interface, which generally would be expected to be

much greater than Pp; The desired equation is

PP | -
P =0 (%}L pp{@} L (2.48)
p T LUp

The variables in the above equation, which cannot be determined experimentally, are P;,
0;, and, 7. The only way these variables can be determined is by assuming a geometry or
an arrangement of the particles inside the polymer. For instance, to determine 6; it is

necessary to calculate the thickness of polymer between the filler particles. For cubical

particles the arrangement is shown in Figure 6.

O | Dp+dp)!
= TR
9':!11: 8, | \x

L
;_; ull SN
P’ ( Pz i

Figure 6: Model for calculating the minimum seperation of particles in a filled
system (left side). On the right side is the derived model for the case where the filler
particles are porous aggregates [17]

D: Minimum distance between the cube faces, i.e., thickness of polymer layer separating

the particles.

[ : length of cube faces of filler
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L : length of “unit cell”
L': size of specimen; L' is assumed to be 1
m: number of filler particles; if L' =1 then m is the number of filler particles per unit

volume. The total volume allocated to each filler particle is

ml’

L’=V/m and ¢, = I

where, V, is the total volume (L").

D= L-1

1/3 173 13
Vv L (@ L 3, 1-¢
IR e B R e
m m m m m

the total fraction of the thickness that is represented by polymer between particles is

m'”D. Therefore
m'"*D=(1-¢,")=0, ... (2.50)
Using a similar analysis for thin plates (L/W—o) that are oriented parallel to the film

surface, the fractional length of the thickness occupied by polymer is found to be
pror(l1—¢,).
In general 6, =¢,"and6, =1—¢,", where n is a constant between 0 and 1, which

denotes the fractional length of the average diffusion path that is through the polymer.
The constant, n, is likely to depend on particle shape, orientation and aggregation. For
cubical or spherical particles, n should be roughly 1/3 while for thin plates with
(L/W—00) and it would approach 1 if the plates are oriented parallel to the plane of the
sheet. For plates (L/W—o0) oriented perpendicular to the plane of sheet, n should

approach zero. Diffusion of liquid through a filled sheet or film becomes
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Py _ P, (ﬁj{M} (251
PPL PPL¢F”+P1‘(1_¢Fn) z’ 4

Here we discuss specific cases for the diffusion of a liquid through a filled polymer.
Case 1: Channels
One case 1s where the interface forms channels all the way through the film so that n =

0. For channels the above equation reduces to

p Pty p (Mj .. (2.52)

7’ T

this type of situation would be expected to occur where thin plates are oriented
perpendicular to the surface or where the particles are not completely dispersed but form
certain types of aggregates.
Case 2: Permeability when filler particles are porous aggregates

If the filler particles are not completely dispersed, they will form porous aggregates,
which contain more or less free volume, and the density of the mixture will be less than
expected.

If one assumes that the filler particles shown on the left side of Figure 6 are highly
permeable aggregates instead of individual impermeable filler particles, a model such as

shown on the right side of Figure 6 should apply. In this case 8, + 8, =1, where, 0p and

0., are the fractional lengths of the diffusion path that are in polymer and aggregates,

respectively. From the analysis leading to Equation (2.50), it is expected that

0, :1_0F1/3 &0, = HF1/3
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Also 1’ =1 = 1, because of the void volume in the aggregates, the permeability of the
liquid through them should be very high since capillary attraction and ‘wicking’ can
occur. Thus, P,>>Pp; where, Pa, is the permeability of the liquid through the aggregate.
The earlier equation can be modified as follows for the case discussed above

P, P
= a +(d, +0,,) ... (2.53)
PPL PPL¢F1/3 +P¢1(1_¢F1/3) ¢P ¢LP

Such kind of behavior is expected to occur in systems having aggregates instead of a
uniform distribution of particles. Such a system would always result in an increase in
permeability instead of a decrease, which would be limited by the ratio of P,/Pp. and
would be maximized when P,/Pp; goes to .

The relevance of the above equations to our case was not determined as the part of
this work. However, it is suspected that, formation of an interface might interfere with the
diffusion process and in turn, with the final barrier properties of the polymer

nanocomposites.

Nielsen’s Work: A summary

Case A: If the solute does not have appreciable solubility through the polymer matrix
the decrease in diffusivity is attributed to the following reasons:
1. Increase in tortuosity
2. Decrease in cross sectional area
These factors are in turn a function of flake aspect ratio and the loading. If the tortuosity
is defined as

L Distance travelled
Thickness of Film
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using this,

0

2= (1+ag, )1~ 4;) (2:53)

Case B: Diffusion of a liquid solute leading to considerable amount of swelling. In this
case,

1. Solute interferes with the polymer-filler interface

2. Interface has a different diffusivity value than the bulk polymer.

So the diffusivity value for the filled polymer is given by a combination of two values
Py dp+ ¢
D,, :DI(T—L0)+D2 % ...(2.54)

where, Dj, is the diffusivity for the interface and, D,, is the diffusivity for the bulk
polymer. D; is given by the following equation

DD
| = — ...(2.55)
D PL gi + Di gp
where 6, and, 6p, are fractional length of diffusion path through the model for the

interface and polymer, respectively. These are functions of the loading. Using the above

expression

Dy, _ D, (¢_Loj+(M] ..(2.56)
DPL DPL¢Fn+Di(1_¢Fn) 4 r

2.9.1 b Models By Cussler and Coworkers

Cussler and coworkers [18-21,24] studied permeation through membranes with
impermeable flakes and they have discussed the possible phenomena associated with

diffusion in a heterogeneous medium as is discussed below.
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Figure 7: Models of barrier membranes containing impermeable flakes [18]

Four models of barrier membranes containing impermeable flakes aligned with the
plane of the membrane are shown in Figure 7. The four models differ in the geometry
assumed for the flakes. The most realistic model is shown in Figure 7(a). It has flakes that
are randomly shaped and randomly distributed throughout the plane of the film. The
impermeable flakes impede solute transport across the film by creating a tortuous path for
diffusion. The analysis for such a model is rather impractical. Hence, an idealization is
considered in two ways. First, flakes are assumed to occur periodically in a discrete
number of planes within the film. Second, a particular shape and spacing for the flakes is

assumed.
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Three such geometries are considered. In the first case, flakes are assumed to be
rectangles of uniform size but great width, regularly spaced like bricks in a wall. In such
an idealization, diffusion will occur through the slits between the bricks. Alternatively,
each layer of flakes can be assumed to be a flake perforated with regularly spaced pores.
In this extreme idealization, diffusion is assumed to take place through pores rather than
slits. The last geometry considered is probably the most realistic one, in which the flakes
are randomly sized rectangles randomly located in the discrete planes.

For the three different geometries, the models relating the neat diffusion coefficient to
the diffusion coefficient in the presence of flakes are discussed below.

For the slit model a unit cell of area (2dW) is considered. The total flux (Jy) through
this unit cell when no flakes are present is given by

Jo= DszWAc ... (2.57)

where, [, is the total thickness of the membrane and Ac is the concentration difference
across the membrane. This result can be rearranged to obtain the resistance across the
membrane

DAc ]
Jo 2dw

... (2.58)

This resistance is proportional to the membrane thickness and inversely proportional
to the area through which diffusion occurs.

When just one barrier is present in the membrane, the diffusing solute cannot pass
through the membrane without necking down to pass through one of the periodic slits.
The resistance in this case is given by

DAc / b1 b a

= -
Ji 2dw dw  2s  2sW

... (2.59)
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in which, J; is the flux through a unit cell of area 2dW. The first term on the right hand
side in the above equation is the same as resistance without the flakes. The second term
represents the constriction into and out of the slit; and the third term is the resistance of
the slit itself.

This result is an approximation in the sense that part of the resistance to diffusion
across the membrane is counted twice. But, as the above result is valid for the case when
the permeation length is much greater than the flake length and slit size, so this is not
expected to alter the results for many layers.

The resistance for a multilayer membrane is taken to be an extension of these results.
The resistance for diffusion across a membrane with N flakes is

bDac_ I b d N 1y 4 ... (2.60)
Jv  2dW  dw  2s 2sW 2 bW

As before, the first term on the right hand side is the resistance of the layer without
flakes, and the second term is the resistance of the constriction into the first layer of
flakes and out of the last layer flakes. These terms are the same as in the previous
equation, because there is no additional constriction; once in the membrane, diffusion
must follow its narrow, tortuous path. Third term is the resistance of N slits through
which solute must pass to cross the membrane. This term is just N times the final term in
the previous equation, as in the present case N layers are being considered instead of one.
The fourth term on the right hand side reflects the tortuosity: (N-1) wiggles each, d units
long. The factor of 2 in front of this term represents the reduced resistance due to the
periodic array of flakes, i.e., the solute can diffuse through each slit either from the left or
from the right.

The more useful form of the result is in the ratio of J,/Jn
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J0=1+%lni+Nda+_N—1d2 (261)
JIn [ 2s s bl

If each layer is almost filled with the flakes then volume fraction or the ‘loading’

equals ¢= a/(at+b). Flake aspect ratio () is a measure of the flake shape and point aspect

ratio ¢ (=s/a) characterizes the pore shape.

2
oy, da, d ... (2.62)
JIn s(a+b) b(a+Db)
2 42
=1+Ua¢+a¢
1-¢

Note that the second term on the right hand side has dropped out.
Equation (2.59) can be interpreted in two different ways. In the first case if o/a<<I,
which is the case when wiggles within the film are dominant then the above equation

reduces to

- g ... (2.63)

and if the diffusion is controlled by slits itself, which is the case when o/0>>1, then

Equation (2.59) reduces to

I 14 aoy ...(2.64)

JIN
Thus, in this case, the diffusion through the flakes is shown to be a function of loading
flake aspect ratio and point aspect ratio.
We now look at the second geometry. This model has the same multi-layered structure
as before, but the diffusion takes place through the pores instead of slits as discussed in
the previous case. Diffusion from the pores in one layer to those in the next is a

multidimensional process, a significant change from the previous case.

42



As discussed before, the resistance across a membrane containing no flakes can be
written in terms of the flux, J.

DAc 1
J, 4d’

.. (2.65)

This resistance is similar to the previous case, except that the unit cell of area, 2dW, has

been replaced by a unit cell of area 4d°. Resistance for a composite of N layers is given as

ln—
DAC: 12+L+&+(N )—— \/_S
Jy 4d° 25 0w

.. (2.66)

As before, first term is the resistance without flakes, second term is the resistance due
to the constriction into the top layer of holes and out of the bottom layer of holes. The
third of these terms is the resistance of the N holes — each a units long and having an area
of ms” through which the solute must diffuse in traversing the membrane. The fourth term
on the right hand side of the equation represents (N-1) wiggles, which the solute makes.
Strictly speaking, the natural logarithm in this term should be the inverse hyperbolic
cosine, but this function is almost identical to the logarithm when d/s>>1, as is true here.

Again, for multilayered limit

J, 4d> I
—=1+ —+—In—
J. a+h 7232 b fs
_ i“_¢+_ 2 (2 ¢2 (2.67)
. \/_02 d e

in which a, o, and, ¢, are the flake aspect ratio(d/a), the pore aspect ratio, (s/a), and the

loading, a/(a+b). The first term on the right hand side is the resistance of flake free

membrane, the second term is the resistance of the pores, and the third term is the effect
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of tortuosity. The effect of constriction has dropped out in the limit of many layers as it
did in the previous case.

The third geometry consists of very thin randomly oriented flakes of the same size d,
as suggested by Figure 7.

Again a membrane consisting of N layers is considered. Diffusion across this
membrane will miss a flake in (N-n) layers, and hit a flake in n layers. As a result, this
process can take place via (N+1) modes of probability p,, n=0,1...N. The probability, py,
of hitting n flakes is

py =g (1- )" .. (2.68)

n
where, ¢, is the loading in the membrane. The path for diffusion is (a+b) for each layer
where a flake is missed. The path for each layer where a flake is hit is more difficult; it is
increased by pd, where, p is a geometric factor. However, the area available for this
transport is proportional to, Wb, rather than, Wd. Thus, the effective path for each layer
where a flake is hit is (a+b+ud*/b).

The average flux, Jn, across an area, d?, of a membrane like this is

J _i dzDAC (269)
v N(a+b)+nud® /b R

Using the expression for probability in the above equation

JNZ _ > E ¢’1(1_¢)N—n
N(a +byb
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in which, /= N(a+b), is the total thickness of the membrane. Because N is large, this
binomial distribution of probabilities is close to Gaussian; if N is very large, the only

significant probability is the mean.

DA g
€ 1+ pat 2 .. Q.71
J. 1 1-¢

Where, 1 is a combined geometric factor characteristic of a random porous media.

All three of these geometries emphasize the simple fact that addition of flakes retards
the process of diffusion by three factors: The tortuous wiggles to get around the flakes,
the tight slits between the flakes, and the uncertain resistance of turning the corner to go
from the wiggles into the slit. It is also important to realize that wiggles both increase the
length for diffusion through the composite, and decrease the cross sectional area through
which the diffusion can occur. Also, the altered diffusion depends not on the size of the
impermeable material but only on its volume fraction and that the ratio, D/Dy, is
independent of Dy. It does not matter if the impermeable material is put into wax or into
Poly vinyl chloride; the ratio depends only on the shape and the volume fraction.

Many others have developed theoretical models for infinitely long flake geometry,
which essentially substantiates the above arguments and also add other sources or

resistances to the transfer of solute. One model, due to Aris [22], predicts that

Dy _,, a4  ap 4 af m[ ma’y’ } . (2.72)

D I1-¢ o #nl—-¢ |o(l-¢)
Again, the physical origin of each of the terms on the right hand side merits

discussion. The first term is just unity, the limit without flakes when the loading of flakes

¢, equals zero. The second term, involving, o, is the resistance to diffusion of the

tortuous paths around the flakes. This path is called a ‘wiggle’ in this discussion. The
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dependence on the square of both, a, and ¢, reflects both the increased distance for

diffusion and the reduced cross-sectional area between the flakes. This wiggling is
considered to be the chief contribution to increased resistance in the flake filled barrier
membranes. Its success justifies treating these systems as containing infinite flakes. The
preferred path for diffusion must be predominantly around the second largest dimension,
the short side, of these oriented flakes.

The third term represents the resistance to diffusion of the slits between the adjacent
flakes in the same horizontal plane.

The fourth term on the right hand side represents the constriction of the solute to pass
into and out of the narrow slits. Such constriction or ‘necking’ is easiest to imagine for a
single layer of flakes pierced only by widely separated slits. Solute diffusing across such
a layer would be forced to neck down to pass though the slits. This necking down would
represent an additional resistance to diffusion, even when slit length is very short. This
fourth term is the most controversial one. Cussler [18-21] argued that it would be
significant only when entering the top layer of flakes or when leaving the bottom layer of
the flakes. As a result, they argued, this resistance should be insignificant for membranes
with a large number of flakes.

A modified version of the above equation is presented by Wakeham and Mason [23]

D 2 42
o144 ¢
D 1-¢

2 a1 sy li=?
+;+2(1 ¢)ln2¢0_ - (2.73)

The difference in the above equation and one predicted by Aris is that the fourth term

here does not depend on the flake aspect ratio (o).
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Falla et al. [19] investigated the applicability of the above equations and also the one
predicted by Cussler et al. [18], by carrying out Monte Carlo simulations, which are
discussed below.

The Monte Carlo Simulation theory

A composite medium is constructed in a unit simulation volume. Monte Carlo
simulations of molecular trajectories through this medium are interpreted via a mean
square displacement technique based on Brownian motion. A hybrid technique was
employed to cut down the simulation time. It averages the Brownian motion when far
away from any flake and which follows a discrete step-by-step technique when near a
flake. In particular when the solute particle is away from a solid surface, it is allowed to
advance a significantly longer distance than one mean free path. This large step is then
converted to the distance that would have been traveled if the molecule were following a
random walk.

The simulations begin by defining a square cross section with impermeable flakes in a
solvent continuum. The flakes are modeled as equal rectangles oriented so that the flake
centers in one course are directly above the slits in the courses above and below. The
loading, the flake aspect ratio, and the flake spacing are used to generate the structure.
The trajectories are calculated from the randomly picked points near the center of the
cross-section. If the location of a specific point falls outside of a flake, it is kept as an
initial starting point, if it falls inside a flake, it is discarded but used to check the
calculated value for loading.

The distance from this starting point to the surface of the nearest flake is then

determined. If this distance is more than five times the mean free path, the particle is
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allowed to advance to a random point on the circumference of an imaginary circle the
radius of which is equal to the distance to the nearest flake. The time it would take a
trajectory to reach this position, R, for the first time, if it were to follow a random walk, is
approximated as R*/4Dy. This relation is valid only if the trajectory is large compared to
mean free path, and is not valid at regions close to the surface of a flake.

When the particle is within five mean free paths of the flake, it moves by taking steps
equal to a mean free path. The specific mean free path is taken from an exponential
distribution of mean free paths. When a step intersects a flake, the particle stops at the
flake surface. After the surface is hit, the particle moves a mean free path away from the
flake in a random direction. It is then advanced a mean free path in random direction until
it again hits the flake or until it leaves the region around the flake. Once it leaves this
region, its path is calculated as above.

Calculating the ratio of actual to effective diffusion coefficients requires estimating
the mean square displacement as a function of time. The mean square displacement in the
x-direction is simply the square of the x-distance from the initial starting point. The time
is proportional to the total distance traveled. When the mean square displacement vs. the
total distance traveled, is plotted, the slope of the plot is proportional to the diffusion

coefficient.

D
Do 24 ... (2.74)
D 3(slope)

Where, A, is the mean free path used for the calculations.
Falla et al. [19] ran the simulations with two distinct geometries, one in which the

flakes are close together and, the other in which the flakes are more widely spaced. They
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found that when flakes are placed close by, the variation of Dy/D with a’¢” /(1—¢) is

consistent with the previous published results. (Cussler, [18])

When flakes were widely spaced the results from the simulations showed the

dependence on resistances other than wiggling. The results from the simulations as they

found for 24 geometries have been presented in Table 2. These simulations were done for

a wide range of aspect ratios and slit shape factor ratios.

Table 2: A comparison of different models with Monte Carlo simulations [19]

Aspect Ratio | Slit shape 6 | Loading ¢ Aris Model | Wakeham ‘s | Simulations
10 0.1 0.05 9.6 14.9 20.7
0.10 20.1 19 21.5
0.15 32.1 243 243
0.20 45.8 30.8 24.9
1.0 0.05 3.6 6.0 6.5
0.10 7.8 5.8 4.3
0.15 13.4 6.9 5.5
0.20 20.5 9.1 9.9
10.0 0.05 1.6 1.2 1.8
0.10 3.7 0.77 3.9
0.15 6.9 1.7 7.9
0.20 11.3 3.6 12.4
30 0.1 0.05 32.9 27 55.7
0.10 74.3 47.9 64.0
0.15 125 75.5 98.8
0.20 186.4 110.8 118.4
1.0 0.05 14.7 9.2 8.6
0.10 37.5 16.7 20.6
0.15 69.0 31.1 29.9
0.20 110.4 53.1 44.8
10.0 0.05 8.7 3.4 5.4
0.10 25.0 9.9 22.0
0.15 49.4 23.1 64.3
0.20 83.0 44.0 77.4

According to them, the results are repeatable within 10 % accuracy. It can be seen

from Table 2 that Aris’s model predicts higher values. It is because in that equation
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resistances are separated instead of combining them together. These simulations
emphasize that largest reductions are obtained for small slit size and large aspect ratios,
which is shown by the similarity of the results from the simulations and from the
equations.
Reactive barrier films

Apart from wiggling, necking, and other resistances contributing to the decrease in
diffusion coefficient, an interesting situation occurs by the incorporation of reactive
groups into the membrane. Yang et al [24] studied the effect of incorporating reactive
groups. They proposed that the reactive groups do not decrease the steady state value of
permeability, but their effect is manifested in terms of the time taken by the groups before
the permeation begins.
Theory

To see how a solute penetrates a reactive barrier, a thin barrier separating two well-
stirred solutions is considered. The diffusing solute “1” is initially present in one solution,
but not in the barrier or in the second solution. An immobile reagent solute “2” is present
at the barrier, but not in the two adjacent solutions. At time zero, solute “1” begins to
diffuse from the first solution across the barrier 