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1.3. Aim of the paper

With the recent developments in the nanotechnologies and nanosciences field, the
correlation of material mass transfer properties with the nanocomposites stru cture
has generated much interest. From this standpoint, the objective of the present

article is to comprehensively discuss the role of the particle shape on the modu lation
of the mass transfer properties in hanocomposites. In this purpose, more than 700
values (i.e. 100 articles) of the most recently measured values of O 2, CO2 and H 20
permeability in agro-, bio and petroleum-based nanocomposites were collected

from the available literature. Particles considered were classified in th ree categories:

1 Tortuosity ( ) represents the ratio of the distance that a molecular specie must follow through the
nanocomposite thickness (d’) to the distance through the neat polymer (d): =d/d
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Several strategies have been considered for the preparation of nanocomposites and

are gathered in figure 2; the most commonly used preparation techniques can be

divided in three main processes for all the particle types and shapes with the
addition of one particular method for the spherical particle (e.g. sol gel method) and

platelets (e.g. template synthesis).
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Besides this main impact, secondary peaks were observed in figure 4. In the case of
spherical particles, 17% of values were obtained for the class 2 < P/P 0 <3 and 14% for
0.8 < P/Po <1 indicating that permeability in spheres-based nanocomposites could be
either multiply by a factor 3 in a significant number of times as well as sl ightly
decrease of 20%. This feature confirms well the herringbone scatter graph observed

when all data of P/P o are represented as a function of ! vol (figure 3a). In the case of
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The in-situ size aspect ratio, i.e the aspect ratio of the particles ones embedded i n
the polymer matrix after processing, in turn, strongly depends on the particl es
dispersion state . For instance, in platelets-based systems, different state of dispersion
have been identified; exfoliated, intercalated, both intercalated and exfoliated, and

tactoid structures. Sanchez et al. [Sanchez et al. (2007)] have demonstrated that the
decrease of oxygen permeability was higher in PHBV-PCL nanocomposites
displaying exfoliated structure. Koh et al. [Koh et al. (2008)] obtained the same results
in their study comparing the effect of three different montmorillonites organo-

modifications in PLA. They observed that the highest decrease of the oxygen and

carbon dioxide permeability was obtained for the exfoliated structure. Sun et al . [Sun
et al. (2008)] also observed that a higher degree of particle exfoliation le ad to higher
decrease of oxygen permeabi lity in #-zirconium phosphate/epoxy resin

nanocomposites compare to samples where only intercalation or mix of

intercalation/exfoliation was achieved. In intercalated structures, the platelets
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2. Basics on mass transfer

Mass transfer in a homogeneous polymer matrix is supposed to obey to Fick's law
which related the flux (J) to the gradient of concentration through a proportionality

coefficient, (D):
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where w i and t i are the width and the thicknesses of the fractions (i) of the platelets.

In 2D/3D numerical approached, the real polydispersity of size could be considere d
since each particle could be individually drawn and considered in the geometry

(see for example definition of geometry in commercial COMSOL software). Some
equation of distribution could be required to generate, through reconstruction
algorithm, the observed geometry. In all cases, the difficulty is to gain the i nformation
on this polydispersity from experimental observations which is as for the in-situ size
aspect ratio, tricky to analyze.

Polydispersity of in-situ particle orientation was also detected; some analyti cal
models have considered the orientation of the particle in the matrix but onl y
acknowledge an average orientation [(Bhardawaj et al. (2001), Dunkerley et al.

(2010) Maksimov et al. (2008)]. It is obvious in figure 5 that the decrease of the
relative permeability is function of the particle as evaluated by using the Bharadwaj

model. When several orientations are coexisting in a hanocomposite, the real curve

relating their impact on the prediction of the relative permeability lies som ewhere

between the two extrema of the Bharadwaj simulations (S=-1/2 et S=1). The higher
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4.1. Modelling at different scales: an overview

Theory and modelling method can be categorized into four groups (figure 9),
depending on the time and the length scale on which there are defined [Gubbins et
al. (2010)]. The first group, the electronic level of description, in which the matter is
regarded as made up of fundamental particles such as electrons, protons, etc... is

described by quantum mechanics. The second group, the atomistic level of
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Currently multiscale modelling of structure and mass transfer relationships is achi eved
for the prediction of macroscopical properties from structural information gained at
the microscale. The founding work in that field was that of Falla et al. in 1996 that

used Monte Carlo simulations for modelling the diffusivity in 2D nanocomposites fil led
with flakes. Their work was extended to 3D structures by Swannack et al. (2005) and

by Gusev et al. (2001) for disks. More recently, interest of Finite Element Method (FEM )
was explored by Goodyer et al. (2007, 2009) for 3D modelling of mass transfer
properties in nanocomposites filled with impermeable particles. Minelli et al. (2011)
did the same using finite volume algorithm (a method derived of FEM). All the
aforementioned computational modelling attempts were done for platelets
perfectly perpendicular to the direction of the flux for comparison purpose w ith
tortuosity based models. Bhunia et al. (2012) first introduced the effect of the
orientation in its 2D finite element model, followed by Greco and co-workers (2013

and 2014) who worked on 2D and 3D models based on random distribution and
orientation of non-interpenetrating impermeable lamellae. These numerical models

were generally compared and found more powerful than analytical tortuosity base d

models such as that of Bharadwaj (Bharadwaj, (2001)).
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GAB and Park models both fit experimental sorption data, with satisfying
Rz (all higher than 0.99) and E (all below 8%) values with, however a very sl ight

advantage to the GAB model.

Table 1: GAB and Park fitting parameters which were identified from the water vapour
sorption isotherm of the neat polymer matrix (PHBV), wheat straw fibres (WSF) and
PHBV-based composites (PHBV10, PHBV20) at 20°C

GAB parameters
Samples
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Geometry of the system Geometrical input parameters

Fitting parameters

Mathematical equation

tionnal equations

Validity of the model

Reference
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The incorporation of WSF in PHBV polymer matrix lead to an increase of water v apour
permeability in WSF-based composite and more especially in PHBV filled with W SF up
to 19.52 vol% in accordance with the hydrophilic character of the WSF. Pr ediction of
permeability by using analytical bi-phasic models required to known permeabili ty of
the continuous phase (polymer matrix) and, trickier, that of the dispersed phase. An
estimation of the P ¢ in WSF was done from the product of D by S and confirmed the
contribution of WSF to the overall water vapour transfer in the composite; P ¢ of WSF
was 100 folds higher than that of the neat matrix PHBV. Prediction of permeability by

using analytical bi-phasic models necessitated in most cases the adju stment of at

least one parameter. Only three models were applied as they stand; predictive

modelling of P by these three models was successful only up to a loading 11.40 v 0l%
of WSF in WSF-based composites. When the volume fraction of particles was higher
than 11.40 vol%, structural changes could occur and disrupted the barrier prop erties.

Furthermore the fit of the other kinds of models gave the same conclusion: the value
of the fitting parameter changed between 11.40 vol% and 19 vol% with no physical

meaning.
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