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Chapter 1. Introduction






Due to a significant concernrfthe contamination of food prodigsdby substances originating
from materials in contact such as packggimaterials, INRA (Institut National de la
Recherche Agronomique) has eailed diffusion coefficientsD)) in different polymers
(Begley et al., 2005; Cottier et al., 1997; Fibaum et al., 2005; Pennarun et al., 2004a,;
Pennarun et al., 2004b; Pinteadt 2010; Pinte et al., 2008; Regniet al., 2001a; Reynier et
al., 2001b; Vitrac et al., 200&)s a public mission (Feigenbaum et al., 2002; Nguyen et al.,
2013; Vitrac and Hayert, 2007a) and for sanitanyvey(Gillet et al., 2009; Vitrac et al.,
2007a; Vitrac and Hayert, 2005; Vitrac and laetd, 2007). For several decades, the common
opinion has been th& values of organic solutes such as additiveg. @ntioxidants, light-
stabilizers, plasticizers...), oligomems non-intentionallyadded substancee.. residues,
contaminants, neoformed substances...) weréngitr properties of polymers and could be
only raised in conditions of use due to temgiure increase or gsticization. DecreasinD
values were thought possible pidy changing the design tiie packaging assemblie by
inserting a barrier layer betwedme source and the food) or biending the barrier material
with a higher glass transition temperatufig)(into the base polymer (Lange and Wyser,
2003). In appearance, diffusion of large and bulilgstances in solid thermoplastic polymers
suffers a lack of interest from the scientif@mmunity. The likely reasons are in two aspects:
1) diffusion coefficients of organic substandassolid thermoplastics are spread over several
decades requiring long-term measurementsaocombination of different techniques at
microscopic and macroscopic scales to reacturate determinations (Goujot and Vitrac,
2013; Moisan, 1980; Roe et al., 1974; Vitrad &ftayert, 2006; Vitrac et al., 2007b); ii) most
of the reported works in the literature focused on the transport of gas molecules, mainly
oxygen and water (Marais et al., P9Métayer et al., 1999; Xu at., 2001), initially with an
intent of understanding diffusion (Bavisi @&t, 1996; Bharadwaj and Boyd, 1999; Pavel and
Shanks, 2005) and subsequently with aterih of developing new barrier materials
(Alexandre et al., 2009; Andrad al., 2003; Beake et al., 20(Bang et al., 2005; Hiltner et
al., 2005; Liu et al., 2004).

During the last decade, two main trends edtal the perspective of barrier materials:
0 new biosourced or biodegradable matsrialsed as mono-materials such as
polyesters (Liu et al., 2004; Ray ak, 2003; Shogren, 19¥9Baker et al.,
2008) or used in blends with polymei®m vegetable (Averous, 2004) or
animal (Matet et al., 2013ources, and requiring opiiation in particular to

increase their resistance to water;



o the development of nanocomposite systems a solution to the increasing
demand for environmental friendlineasid materials with improved barrier
properties (Bordes et al., 2009; Bordealet2008; Follairet al., 2013; Katiyar
et al., 2011; Lagaron and Lopez-Rub2f11; Li et al., 2013; Martucci and
Ruseckaite, 2010; Sanchez-Garciad d_agaron, 2010; Singh et al., 2010;
Svagan et al., 2012; Vartiainehal., 2010; Yu et al., 2006).

Although most of hybrid systems are not yethawized in the EU due to insufficient
migration and toxicological dat@rora and Padua, 2010; Cushetnal., 2013; Espitia et al.,
2012; Restuccia et al., 2010; Rhim and Ng, 200@ concept of nanocomposite materials for
food contact is flourishing in the literaturéhe reviews of (Azemo, 2009; Hatzigrigoriou
and Papaspyrides, 2011) list not only enhancedebpgoroperties butlso novel attributes
such as antimicrobial properties (Espiga al., 2012), oxygen scavenging (Busolo and
Lagaron, 2012), enzyme immobilization, and sertf food storage conditions. The presence
of nanoparticles could have also additional bignddy reducing the riskf release of plastic
additives (De Abreu et al., 2010).

The reported physical principles of barriereets in nanocomposites have been reviewed by
(Choudalakis and Gotsis, 2009) and comprisdéardmation/exfoliation effects, orientation
effects, aspect ratio effectdpcal polymer reordering i.e. Tg shift, densification/
dedensification, crystallizatiomduced). All combined effecta/ere however associated to
reductions of permeability lower than one di#eand insufficient taransform poor barrier
materials into good ones. Thweork of Merkel et al. (R02a; 2002b; 2003) describes an
increase of free-volume around inclusionstéad, which tends to increases conversely
permeability (Hill, 2006).

The thesis addresses the barrier problem faodifferent interest ipy focusing on organic
molecules instead of gases or water vapaoyiusing modeling as a tool to understand and
optimize barrier effects. The initial motivatiomas to develop new concepts to be used for
biodegradable materials (such as polylactigdelycaproclactone), lhuthe work must be
envisioned in a broader acceptation of materrasrporating nano-adsorbents to be used as
packaging material or as separation membr&oe.the first application, the main goals are
limiting the sorption of food constituentg.g. lipids or aroma) (Duwet et al., 2007) in
packaging materials or to prawt the leaching of substand€ourgneau et al., 2013). For the

second application, it is more prospectibeit significant results have been recently



discovered by showing that si#i beads could block beyondiging theories (Janes and
Durning, 2013) im-alkyl acetates in poly(methyl acrylate).

The premises used in this work originatenfrearlier theoretical works of (Watanabe, 1978)
showing that the macroscopiorepts of diffusion and sorpti@ould not be transposed at
low scale without significant precaution. In pewtar, although it is well established that
random walks around particles or micro-damsafollow well the Smoluchowski equation
(von Smoluchowski, 1906}.€. continuous approach), it anly true after sufficiently many
jumps or after a time much longer than a jumglitdn the vicinity ofinclusions, the reality
may be different and lead to new propertiese Timin initial application was the description
of the escaping time of radisaaround traps or quenchefie results show a well-known
result in chromatography: multiplying the number of independent adsorption time increases
proportionally the escape/elutioiime. Such coarse ideas habeen generalized in the
theoretical work of (Kalnirand Kotomin, 1998) on the genkzation of Maxwell-Garnett
equation in materials comprising inclusionseTgeneralization addresses the random walk or
trace diffusion of substances in inhomogenaoaserials crossing energy barriers as depicted
in Figure 1-1. It is shown thaignificant energy barriers bed@n phases are able to decrease
significantly the effective diffusion coefficiemégardless the organization of phases and the
diffusion coefficient in the continuous phagelditional proofs on thestrong effects of the
asymmetry of energy barriers effective diffusion coefficientgan be found in Karayiannis
et al. (2001) and (Mac and Hayert, 2007b).



Figure 1-1 Different cases of energy basidetween the matrix and inclusions}ifi. > ,
{E}}i=1.2 are the hop length and the activatioergy of diffusion in the inclusions1 and in

the matrixi=2. (a) An inclusion with a diffusion coeffent in the inclusions smaller than in
the matrix; there is no significant energyrier between them. (b) An energy barriea for

the penetration into inclusion. (c) Partial trapping of particles inside inclusions, the

“detrapping” energy i&;. After Figure 2 of Kalnin and Kotomin (1998).

The thesis explored these phenomena by molecular modeling/simulation and from an
experimental point of view. Experiments weused at two stages: to supply reference
transport or thermodynamic data to validatécaation methods and éories but also to

provide proofs of the concept of diffesi reduction/blocking on real systems. As
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recommended in such engineering problems @@ al., 2010), calculations and theories
provided support and methodsdetect non-conventional effectsth particles and means to
optimize them by a proper choice of systems and thermodynamic conditions. From previous
considerations and because tragpcan have both an enthapi@(energetic barrier) or an
entropic (.e. correlations) origin, the geral approach should be seen as combination of
concepts from chromatography and diffusion amorphous polymers. The document is
organized consequently as follows. Sectiom teviews available theories of diffusion in
amorphous polymers and their recent evolutiforssystems containing inclusions or not.
Emerging concepts for extending free-volume theasfediffusion or to trap reversibly or not
organic solutes are particularly illustrated. Section three details the objectives followed and
the corresponding experimental or computatiosteategies. The choices of systems are
justified as a balance between feasibildpd cognitive needs. The main materials and
methods are detailed in section four. Resales presented in seati five as independent
studies corresponding to the three majors efttiesis: i) to understand enough diffusion in
amorphous polymers to detect adsorbent effel} to estimate # energetic barrier on
commercially available nano-adsorbents, iii) goobe the concepts on real systems and
assessing the remaining distardeprogress. Finally the findgs are summarized in section

six and the concepts are challenged basedenrettent results of (Janes and Durning, 2013).






Chapter 2. Literature review






In mass transfer, the concept of barrier matens a somewhat contentious concept, which
has been interpreted differently in differectintexts. The notion dbarrier is very often
related to the macroscopiceid of low permeability (Hansen, 2007), which implies that the
reservoir of substance to blogk located outside the material. The practical consequence is
that the substance needs both i) to be absarb#w® material before diffusing inside and ii)
to diffuse along a significantly long period tfne so that a steadyoncentration profile
(linear if the diffusion coeffi@nt is uniform) is obtained. Mardata have been published for
gases (Stern and Fried, 2007) deald to several prediction atgts. One of this model has
been coined by its author Salame (1986)“Rsermachor” which has been proposed to
extrapolate the permeability of any simple gaany arbitrary polymer from its permeability

in reference polymer at the same temperatiwee fmge 676 in van Krevelen and te Nijenhuis
(2009)). In simple words, the approach aqytleat the relative permeability between two
rubber polymers should be independent of tbaswered substance. istrue for larger
substances? The behavior of a new polymerdcbel predicted from its barrier performance
to one single gas (e.g. helium, oxygen)? As santhors suggest thatelapproach could also
work for large organic substances (Prasad Brown, 1995), the appach might be highly
attractive. But as quoted by van Krevelen p&& (van Krevelen, ®@2), the approach is
mainly correlative and does nptovides any recommendation lmver the permeability of
any new polymer (e.g. composite, semi-crystallin) except that permeability decreases as
the ratio of cohesive ergyr density and fractionaldée volume in the polymer.

Is it possible to transpose similar ideas whemn ghbstance is already inside the material as
part of its initial composition or if the sulasmce diffuses so slowly that it did not reach
opposite side? The answer is ncsakibilization and diffusion argosely intricate within the
permeability concept. Similarly, the barrier properties of polymer materials are assessed
usually with respect to thelrarrier performances to gasgeoxygen and water vapor). Naive
considerations will suggethat a material that isarrier to gas is alsa good barrier to larger
molecules such as organic substances. Thisugever only true when the substance does not
plasticize the material by corriting to an excess of free volumes. Is the opposite true? That
is, do we need a good barrier to gas to limitdtiusion or permeation of larger molecules?
If the material is already baer for one substance, will ibe also a good material for a
substance with approximately the same speediame but with different chemical structure
and shape? These raised questions do notderaimple answers. Instead of looking for
analytical equations, i.e. qu#ative relationshipsto describe a coplicate reality, an
alternative could be to use a lmcular or theoretical represetitan of the “barrier effect” as
suggested by Goddard lii et al. (20@hd Kontogeorgis and Folas (2009).
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This section reviews extensively the two mé&dpics necessary to darstand how energy
barriers could be used to modelaffective diffusion coefficientg solid polymers. At first

sight, the suggested idea shibuwiiolate the common belief @h sorption and diffusion are
macroscopically independent properties. Withangjudging the origimof a possible coupling

at microscopic scale, section 2.1 explores rilesp data and modets diffusion of organic
solutes in rubber polymers from solid to molten states. The expected outcome is a general
representation of diffusion and models, which dolbé used to detect non-standard effects,
such as those involving imtctions with nano-particke In particular, it isa priori thought

that they could be related as specific deviations when a solute or temperature is changed. The
concepts of barrier materiadgse clarified in section 2.2 byonsidering that a “good barrier”
material is a material, which prevents peation, sorption and degdion phenomena. With

this respect, the claimed barrerformance of composite systems, nano or not, are compared
with their real ability to rduce robustly diffusion coefficiée. The strategies to gain

additional selectivity in the blockingf substances are also presented.
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Predicting diffusion coefficients of chemicals in and through packaging

materials

2.1.1 Abstract

Most of the physicochemical prapies in polymers such as agtivand partition coefficients,
diffusion coefficients and their activatiomith temperature are accessible to direct
calculations from first principles. Such preitbns are particularlyrelevant for food
packaging as they can be used (1) to detnatesthe compliance or safety of numerous
polymer materials and of thetonstitutive substances..additives, residues...), when they
are used: as containers, coatings, sealants, gagketiting inks, etc. (2) or to predict the
indirect contaminationof food by pollutants €.9. from recycled polymers, storage
ambiance...) (3) or to assess the plasticization of materials in contact by food constituents
(e.g.fat matter, aroma...). This review artidammarizes the classical and last mechanistic
descriptions of diffusion in polymers andsdusses the reliability of semi-empirical
approaches used for compliance testing both irmBtJ US. It is concluded that simulation of
diffusion in or through polymers is not limited ¥eorst-case assumptions but could also be
applied to real cases for risk assessmergigdeng packaging with low leaching risk or to
synthesize plastic additives with low diffusion rates.

Keywords: diffusion, packaging, mathematicabdeling, molecular modeling, migration

2.1.2 Introduction

The evolution of our urban lifegdes (takeout food, portionegoglackaging food, ready-to-eat
food or microwaved food...) inevitably leadsddot of concerns not only of sustainability
impacts of packaging (Lewist al, 2010) but also of packaygj food safety involving an
increase of the surface areatbk materials in contact with food and consequently to a
repeated exposure to chemical substanleached by these materials (Delmetaal, 2005;
van Leeuwen and Vermeire, 2007; Halden, 2010&nE¥ food contact materials are not the
only source of exposure, such aatic exposure starts fromdlfirst stages of life: during
fetal life with the food ingested by the mother (Raejital, 2010) and baby foods (Muncke,
2011). The exposure relatedubiquitous substancesd(. highly frequent in food) depends on
the considered substance or family, its freqyesfcoccurrence, the time and temperature of
contact between the food and its pachkgg(Vitrac and Hayert, 2005, 2007a; Vitrac and
Leblanc, 2007; Pocast al, 2010) and in a less extent additional physicochemical factors
such as pH and ozone content, which werendl significant for the rgration of bisphenol A

(Mercea, 2009). Calculation methods for assgy consumer exposure of chemicals from
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packaging materials have been reviewedPbgas and Hogg (2007). They attract nowadays
more and more attention due to the high eondor the contaminaih of packaged food
product by endocrine sliuptors (Vandenbergt al, 2009; Wagner and Oehlmann, 2009;
Tacker, 2011; Batra, 2011; du Yeehal, 2012) or cocktail of substances (Muncke, 2009;
Zeliger, 2011). As a result, packaging materiaésiavolved in strong scientific controversies
propagated by evocative titles or editorials in both magazine and scientific literature such as:
"How dangerous is Plastic” in Time Magne of April 12, 2010 (Walsh, 2010); "...the
drinking water left in a hotar can cause breast can' in Nature Reiews Endocrinology of
May, 2010 (Heath, 2010). Two controversies hdwend large echoes in the scientific
literature: the contamination of drinking watgtored in polyethylene terephthalate bottles
(Bachet al, 2012) and the role of packaging thre exposure to bisphenol A (Vandenbetg
al., 2009; Goetzt al, 2010; Sharpe, 2010; Siva, 2012). Néit necessarily similar audience,
many surveys tend to incriminate almost alhitable materials in the market including:
plastics (Wittassek and Angerer, 2008; Felal, 2008; Guaret al, 2011; Bactet al, 2012,
Kappensteiret al, 2012), can aatings (Pooleet al, 2004), paper and board (D'Holland@sr
al., 2010; Vollmeret al, 2011). These experimental stugliare macroscopic and usually
neglect the physicochemical details and theddmns, where the amounts transferred to the
food are significant. Such phenomena hagerbreviewed by Laand Wong (2000), Piringer
and Baner (2000, 2008), Helmrathal (2002a), Arvanitoyannis and Bosnea (2004), Petas
al. (2008). They all conclude on the key rolediffusion and its activation on migration of
organic substance®.(). additives, polymer residuegind mineral substances.q. catalyst
residues) (Fordharat al, 1995; Kawamurat al, 2009; Welle and Franz, 2010; Haldimann
et al, 2012). Diffusion mechanisms in solid polers have been discussed in several
reference textbooks (Mehrer, 2010; Neogi, 19@stna and De Ke&995; Vieth, 1991) and
reviews. They tend however to focus eitloer the diffusion of gas molecules in polymers
(Alexander Stern, 1994, Klopffer and Flaconne@@®)1) or large molecules in gels (Masaro
and Zhu, 1999). Hence, there is a generahiop according to: diffusion coefficients of
additive-like molecules could not be pradit accurately (page 156 Cussler (2009)) or
related to the chemical structures of thiudiants (page 135 of Piringer and Baner (2008)).
The practical consequence is that migratiordefiog concepts used to check the compliance
of food contact materials or for evaluating came&r exposure to packaging substances rely
on models (Helmrothet al, 2002a; Begleyet al, 2005) disconnectetfom the progress
gained in the field of Polymer Science or mbreadly in Chemical Engineering over the last
decade. The question is all the more relevaan th could be expected that the same science
might be used to design low migration madkyiassemblies and to assess the safety of
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materials (Vitrac and Hayert, 2007a; Nguyetnal, 2013). For complementary properties,
such as partition coefficients (TehranydaDesobry, 2004) and their activation with
temperature, it has been demonstrated that both molecular dynamice{ldes2008; Hess
and van der Vegt, 2008; Ozt al, 2008; Boulougouris, 2010, 2011; De Angetisal, 2010)
and advanced molecular simulation techniques (Gletl, 2009a, 2010; Vitrac and Gillet,
2010) enable tailored and accurate estimationgantition coefficients of additive and
polymer residues in rubber and glassy paysn(Lipscomb, 1990) without requiring any
fitting procedure or experimental data. Similsends have been obtained for diffusion
coefficients, by simulating hundreds of caurations with coarsgrained molecular
dynamics (Durancet al, 2010) and by bridging free-volume theories for small and rigid
solutes with the theory of flexible solutes in solid polymers (Frad, 2013).

This review aims at filling the gap between diices to encourage a more critical use of
physical models of diffusion rather than engal approaches to extend the applications
where migration modeling can be used for decision making (Brandscal, 2002,
Arvanitoyannis and Bosnea, 2004; Vergnaumd &osca, 2006; Vitraand Hayert, 2007a ;
Gillet et al, 2009b). Such contributions could be dlsought to be used to assess consumer
exposure to arbitraryubstances whatever the availabilitf contamination data and to
develop safe materials. In particular, the aapts of homologies whichnable to extrapolate
the diffusion coefficient of from one moleculedalose one or from@olymer to another one
are detailed in depth begd early attempts by Reyniet al (2001a), Reynieet al (2001b)
and Vitracet al (2006).

2.1.3 The concepts of “generally recognizedliffusion models” in legal US and EU
systems

US and EU manage the risk of contaminatiéfood by packaging substances by two closely
related concepts but with different dipption modalities: “food contact substance
notifications” under the US lawand “inert food contact maials” principles in EU
regulations.

According to US law, only the regulatory stabhfgshe components of a food contact material
is tested and not the whole teaal itself. Under section09(h)(2)(C) of the Federal Food,
Drug, and Cosmetic Act (CFR, 2011) , a “foodhtaxt substance” is defined as a spedcial, (
indirect (Till et al, 1987)) food additive “intended for useasomponent of materials used in
manufacturing, packing, packaging, transpaytior holding food if such use is not intended
to have any technical effect in such food”.aflngs, plastics, paper, adhesives, as well as

colorants, antimicrobials and antioxidants foungackaging fall into this category (Shanklin
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and Sanchez, 2005). Any substance, which wageoérally considered as safe (GRAS) in
food (CFR, 2012a) or in food paaing (CFR, 2012b) and not sabjed to any Threshold of
Regulation Exemption (CFR, 2012c; Murgbal, 2002), must be listeth the inventory of
effective food contact substance (FDA, 2012ihich includes 952 substances at the
beginning of 2013 or listed in the CFR parts 174-181. If the substance does not fulfill any of
the previous criteria because the substanceotslisted and must be used for a different
intended use, a notification must be submitted. The notification stepwise process (FDA,
2012a) authorizes diffusion modeling as a substibditexperimental migition testing or to
extrapolate the data at a different temperature as soon as a “predictable migration-time
behavior é.g.Fickian diffusion)” has been establishé\n example cited: “migration for two
hours of retorting at 121°C can be estimated @shded to migration after 238 hours at 40°C”.

Without citing it, the reasoningsaumes several properties or apmations. Firstly, that the

transferred amount iswvariant with the producbt or JDt (see Eq. 4.18 of Crank’s book
(Crank, 1979) and section 2.1.4.1.4), wheres the diffusion coefficient antis contact time.
Secondly, it assumes an Arrhenius behavicerahe whole range of temperature between
40°C  and 121°C  with activation energy ofca 60 kJmol' (8§

8.3110° In 238 2/ Yoz abd ¥or3121). Is it true for every polymer? Even if the glass

transition temperature is crossed? Even € thaterial is closer to its melting point/flow
threshold than its glass transition temperatdtef?any migrant regardless its size, geometry
and flexibility? Similar extrapolations are usedUS system to assess the safety of recycled
materials. In this case, surrogates are usedrtolate the misuse of materials before recycling
(FDA, 2006). They should include: a volatile @aolorganic substance, volatile non-polar
organic substance, a non-villla polar organic substance, non-volatile non-polar organic
substance, and a heavy-metal salt. As redartédppendix 1 of (FDA, 2006), most of tie
values used in numeric challenge tests originlte from mathematicahodels with a goal of
extrapolatingD values from one molecule to a neahe. The safety of packaging for
irradiated foods (Paquette Kiiisa, 2004) and of so-calledutictional barriers” (see section
2.1.4.1.4) for both food (FDA, 2006, 2007) aaig (MAPP 5015.5, 2011) applications are
supported by very similar arguments.

The EU regulation system uses in a veryilsimfashion the concept of migration rate or
diffusion rate. Article 3 of the EU frameworegulation 1935/2004/EC (EC, 2004) defines a
so-called “inert packaging” as “manufaptd in compliance with good manufacturing
practice so that, under normal fareseeable conditions of use, they do not transfer their

constituents to food in quantities which abeindanger human health...”. Migration modeling
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is a legal concept introduced EU, initially via the articlel4 of the Directive 72/2002/EC
(EC, 2002a): “For certain types of plastics thailability of generally recognized diffusion
models based on experimental data allows tlimagon of the migratio level of a substance
under certain conditions, therefore avoidingnptex, costly and time-consuming testing”.
The concept has been reformulated ie Regulation 10/2011/EC: égerally recognized
diffusion models based on scientiBgidence that are constructaech as to overestimate real
migration.” In other words, the #®ation of diffusion parameter®.Q. diffusion coefficient,
activation energies) and partitioigi is assumed to be consdiva and not the real values.
But, How conservative are they? Is it safeextrapolate the behavior from a small molecule
to a large one? From low temperatures to éigiemperatures? In EU, the results of the
project SMT-CT98-7513(EC, 2002b) and pubéd as a collective work by Begley al
(2005) is usually chosen as reference (Pagtasl, 2008), whereas the Food and Drug
administration (FDA, 2006) recommes earlier or alternativeersions of these models
(Baneret al, 1996; Limm and Hollifield, 1996).

The sources of diffusion coefficients and aation energies are scarce and underline the
needs of reliable models in absence of aege database of diffusion coefficients. A
bibliometric analysis ([ISI Web of Kndedge v5.9, Thomson Reuters, USA — on F&b 3
2013]) shows that the number gpecific studies of diffusion ctiecients in polymers is in
particularly low regarding # importance of the taske.g. number of substances and
polymers): it is usually thought that betwesH00 and 8000 different substances would enter
into the composition of food contact materialshn885 substances for the sole positive list of
additives and monomers forgstics in EU (EC, 2011, 2012a, Bince 1979, 86 articles have
been published in Macromolecules — the fjairnal in Polymer Science by its number
citations —with “Diffusion Coefftient” in the title over a total of 774 withDiffusion” in the
title). The collected effort tended to be repdrto less specializegdurnals such as Food
Additives and Contaminants, which has reported diffusion coefficient values in 45 articles,
since 1990. The concept of “generally recognidéflision model” is even more difficult to
establish. The 90edition of CRC Handbook of Chemistand Physics (Lide, 2009) reports
diffusion coefficients in gases, liquidsich semi-conductors but none for polymers. The
Physical Properties of Polymers HandbdMark, 2007) and The Polymer Data Handbook
(Mark, 1999) report only diffusion coetfients of gases. Only thd' #dition of the Polymer
Handbook (Brandrupet al, 1999) includes some diffusi coefficients for organic
compounds but without inferring any generic suk® extrapolate to other substances and

polymers.
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2.1.4 Some generalities about diffusion

2.1.4.1 Mass transfer from and to food packaging materials

In most of the cases, the reality of leachingsobstances by materials in contact into food
cannot be observed by nakedesy Migrating substances anedeed usually colorless,
odorless and tasteless. Even with anefjftimethods, identifyig an unknown chemical
among all the food constiats is a cumbersome task (Himmelsbethl, 2009; Silveet al,
2006; Simal-Gandarat al, 2002). By contrast, the reverseo@ess is easier to highlight. In
the everyday life, we shall have already iced that transparemplastic tableware and
containers can be easily tainted by food pigmemtsheir surface proptes can be affected
by oily contact. For both transfer from orftmd packaging materials, diffusional transport is

involved.

2.1.4.1.1 Sorption of food constituent into food packaging: first observation of the reality

of diffusion

A change of refraction index associated togbmption of decane, simulating an oily contact,
in polystyrene is presented kigure 2-1 based on the obsdiwas of Morrissey and Vesely
(2000) but also described by Feigenbaetmal, (1991). A moving migran front separates
an outer region with polystyrene swollen dgcane and a dry region, where the polymer
remains at glassy staté<{Tg with a glass transition temperatufg of ca. 95 °C). From a
physicochemical point of view, the depictesbrption involves a complex transport
mechanism combining the solute concentrationigracand the gradient of elastic stresses as
detailed in (Del Nobilet al, 1994; Lipscomb, 1990; Mensitiezt al., 1991; Miller-Chou and
Koenig, 2003).
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Figure 2-1 Microscopic olesvations in visible light and itmolecular interpretation of the
sorption of decane in atactic polystyreng@t’C (after Morrissey and Vesely (2000)).

2.1.4.1.2 Cross mass transfer in multicoponent food packaging systems

Main migrants from packaging materials repdria the literature fall into two categories
(Brimer and Skaanild, 2011; Cromptd2007; Deshpande, 2002; Rahman, 2007):

1. Intentionally added substanckmown as additives to @iprocessing or end-service
(life-time, mechanical properties...), imcling antioxidants, antiblocking agents,
antifungal agents, bactericidal agents, beglkts and whiteners, colorants, expanding
agents, impact improvers, ultraviolet motive agents and ultraviolet degradation
inhibitors, printing ink adhesives, gasrber packaging oxygen scavengers, antisplit
agents, antistatic agents, heat and light stabilizers, melt strength improvers,
plasticizers, lubricants and slip agentsgrpents, fillers, mold release agents, and
fungicides.

2. Polymerization residues, including monomexggomers (with a molecular weight of
up to 200), catalysts (mainly metallic Itsa and organic peroxides), solvents,
emulsifiers and wetting agents, raw matengburities, plant contaminants, inhibitors,
decomposition and side reaction products.

Apart of plasticizers, additives are usually hindered and bulky substances with relatively low
diffusion coefficients, well-known primary drghution in packagingassemblies and initial
concentrations typicsl lower than 0.005 kégg™. Liquid plasticizers (Patrick and Limited,
2005) are by contrast small and low branchealecules used in high concentration (above
0.1 kgkg™) with a much higher migration power. Thignd to be ubiquitous not only in cling
films but also in printing ink, adhesives, sagliclosures, etc. Residues exhibit much broader
chemical structures and migration behasiopolymer degradation products, incomplete
cross-linking reaction products, polymerizationatgdgts and initiators in curing reactions,
processing aids such as solvents and surfaget®g. The occurrence of such substances and
their migration routes are far less docureentAccording to (Deshpande, 2002), the more
volatile gaseous monomeies.g. ethylene, propylene, and vinghloride, usually decrease in
concentration with time, but very low leveisay persist in the finished product almost
indefinitely. Styrene and acryldrile residues are generalillge most difficult to remove.

Typical migrants with molecular weight ranging from 100 to 23@fog* are listed in Table
2-1. As detailed in Nguyeat al (2013), recent crises suels those involving printing ink
residues arose from an insufficient desaniptand understanding dfiffusional transport

along the packaging and recywi supply chain. Ink componentan be redisibuted during
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the storage of films before contact (Nguystral, 2013) or be present in recycled paper and
board fibers and permeate the primary packaging aedntact layers (Biedermaret

al., 2011). In simple words, the list of possibtontaminants is neither limited to the
components of the layer in contaor to the primary packaging.

Possible migrants which are notaontact with food need toftlise before contaminating the
food. More generally, diffusion is the limiting mestism as soon as the concentration profile
in the any layer (in direct contact or not withod) is not uniform. The identified sources and
routes of all transfers are reported in Tabl2; possible couplings due cross-transfer are
sketched in Figure 2-2 in agreement with thore general discussi found in Vergnaud and
Rosca, (2006). Activation of desorption @ackaging constituentsnto food due to
plasticization of the aatact layer by food constituents (segute 2-1) is poorly described the
literature and very often referreab “oil extraction” (Helmrottret al, 2002b; Riquett al,
1998). It is, however, underlined that notlyotriacylglycerols butmany hydrophobic food

constituents such as the aroma can alsabserbed in layers in contact (Ducragal, 2007).
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Table 2-1 List of typical potentigubstances existing in differemiaterials for food contact purpose.

antiblocking agent

Rubbery thermoplastics : Pk

Migrants :
Source materials In Refs
M (g ,mol ™) (state at ambient contact
Technical class Chemical class &chemical temperature 25°C) with
structure
N | e Rl emone e P oo Garsmta,
Antioxidants Hindered phenols, Phosphites, 1200/BA | Rubbery thermoplastics : PE, 2003), (Jamshidiaat
PP al., 2012),
- -Benzophenones, Oxanilides, - Glassy thermoplastics : PA,
wv S;Sg(')“rizréluv Benzotriazoles 2320%(3L A PVC, PC (Nerinet al, 2003b)
-Activated charcoal -Glassy thermoplastics: PET
Calcium/zinc stearate or laurate E
H - Organotin compounds Glassy thermoplastics: PV(C ac;]%d (Adamset al, 2011)
eat stabilizers . , N/A T (Al-Malack, 2001)
Tris(nonylphenyl) phosphite Glassy thermoplastics: PLA  gther
. : (Yanget al, 2008a)
@ Polycarbodiimide plastic
2 Phthalic acid esters layer
g Epoxidised soybean oll
< Acetyl tri-n-butyl  citrateDi(2-
ethylhexyl)adipate 200- Plasticized thermoplastics: (Fierenset al, 2012)
Plasticizers Polyester of 1,2-propanediol 1000/LA/B PVC (Courgneauet al,
and/or 1,3- or 1,4-butanediol Glassy thermoplastics: PLA 2011)
12-(Acetoxy)stearic acid
2,3-bis(acetoxy)propyl ester
Poly(ethylene glycol)
N,N-bis(2-hydroxyethyl)alkyl(C8- Glassy thermoplastics : PS (Deshpande, 2002),
Antistatic C18) amine, Amino and <500/L Rubbery thermoplastics : PE (Metoiset al, 1998),
guaternary ammonium compoungs Glassy thermoplastics: PVC Food (Barneset al, 2007)
Slip additive and Erucamide, oleamide, stearamide <600/L Glassy thermoplastics : PS (Barneset al, 2007)
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Glassy thermoplastics: PV(C

Residues

-Ethylene
-BPA -Rubbery thermoplastics :PE
-Styrene - Glassy thermoplastics: PC
-Terephthalic  acid, ethylene - Glassy thermoplastics: PS
glycaol, Bis(2Hydroxyethyl) - Glassy thermoplastics: PET
terephthalate 60- - Glassy thermoplastics:
Monomers -Vinyl chloride 230/L/LA PVC
-Caprolactam - Glassy thermoplastics: PA
-Acrylic acid, 2-ethylhexyl ester - PAA or copolymers
-1,4-butanediol - PBT, PU
- Alpha-methylstyrene - copolymers
- Perfluoromethyl perfluorovinyl - fluoropolymers
ether
Catalysts Antimony  trioxide,  calcium N/A Glassy thermoplastics: PET]
acetate
-I_sophorone diisocyanate (IPDI) _Rubbery thermoplastics:
. trimer, PEPU
Cross-linking agents | -Acrylic polymer <800/B .
-Dicumyl  peroxide, triallyl “Glassy thermoplastics:
. ' PVC, PLA
isocyanurate
: . -Printin inks, lacquers,
Processing aids ‘-n-alkylbenzenesr(:lo..13) 210~340/LA adhesivges g
(solvent/surface agents)}Acrylic polymer PVC
2-isopropyl thioxanthone
2-ethylhexyl-4- Printing inks and lacquers
Photoinitiators dimethylaminobenzoate 200~300/BA OxvOen scavending polvmer
1,3,5-Tris(4-benzoylphenyl) Y9 ging poly
benzene
From can coatings Bisphenaldiglycidyl ether 340/A Thermoset polymer: epoxy

resin, vinylic organosols

Food
and
other

. plastic

layer

(Hoekstra and
Simoneau, 2011)

(Fordhamet al., 1995)
(Pandey and Kim,
2011)

(Jianget al, 2009)
(Yanget al, 2008b)

(Aurelaet al, 2001),
(Forrest, 2007)

(Sanches-Silvet al,
2009), (Forrest, 2007

(Veraet al, 2011),
(Forrest, 2007)
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From paper and Perfluorinated surfactants

cardboard Mineral oil <1000 Paper, cardboard (Trietral, 2011)
2,2-+Azobis(2-
Polymer methylproplonltnle), . bis(p1 Rubbery thermoplastics: PP
degradation methylbenzylidene)sorbitol, 100- Thermoset polymer: epoxy (Hakkarainen, 2008)
tetramethyl butanedinitrile and its 400/BA/L ST : ’
products : resin, vinylic organosols
hydrolyze acid, 4

methylbenzaldehyde, BADGE
2,2,6,6-Tetramethylpiperidine,
2,2'-[(3,3'-dichloro[1,1'-biphenyl]-
Additive | 4,4'-diyl)bis(2,1-

Reaction
products (Alin and Hakkarainen
2011), (Marqueet al,

1996), (Gryn’oveet al,

degradation diazenediyl)]bis[N-(2,5- 100-200/B | Rubbery thermoplastics 2012), (Noguerol-Cal
products | dimethoxyphenyl)-3-oxo- ot al éOlO)g (Azet al
butanamide ’ ’ ’

1991)

NIAS

(Vollmer et al, 2011),
(Biedermanret al,
2013), (Perez-Palacio

Mineral oils (saturated and
aromatic hydrocarbons (<C28)) <800/LA | Paper and cardboard
BPA, BPF, BADGE, BFDGE

et al, 2012)
N - Volatile, aroma and flavg (Camacho and
Contaminations from compounds (limonene, Karlsson, 2000), (Nerif
recycled materials | . .
isopropylester of myristic and Recycled PET, HDPE, PP et al, 2003a),
palmitic acids) <500/L PC ' ’ ’ (Pennaruret al,
-Degradation and  secondary 2004b), (Romaet al,
reaction products(acetaldehydes, 2009), (Dutreet al,
oligomers and diethyleneglicol) 2011)
1,6-dioxacyclododecane-7,12- .
Contaminations from | dione and 1,47 90-200/BA Thermoset polymer: PU, Plastic ((';ilgég,: le" ggig))
adhesives trioxacyclotridecane-8,13-dione, CA, Hotmelts layer N '

Aromatic amines (Veraet al, 2011)
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Antimicrobials (caffeine, thymoall (Aznaret al, 2012),
" : )
D and carvacrol, citral), Peptides, . (Granda-Restrepet
o % antimicrobials, ethyleneenzymes, antioxidants (butylated S\lch)Zy thermoplastics: PET, al., 2009), (Guillarcet
5 4| Oxidation or oxygen | hydroxyanisole (BHA), butylated N/A Rubbery thermonplastics: PP Food | al., 2010), (Peltzeet
< & scavenging materials| hydroxytoluene (BHT), propyl PE y b ' ’ al., 2009), (Nichols,
@ gallate  (PG), and  tert- 2004), (Buonocoret
butylhydroquinone (TBHQ)), al., 2003), (Han, 2003
(Azeredo, 2009),
§ Nanoreinforcements, | Clay and silicatesgellulose-based (Busolo and Lagaron,
'g antimicrobial nanoreinforcements, carbon Glassy thermonlastics: PET Food | 2012), (Llorenset al,
g- nanocomposites, | nanotubes, silica, starch PLA |):/>ol olefinp ' " and 2012), (Solovyov and
S oxygen scavenging | hanocrystals, chitin/chitosan  N/A Rubt,)er y thermonblastics: other Goldman, 2007),
§ nanocomposites, | nanoparticles, silver, titanium PCL y P T plastic | (Neethirajan and Jaya
[ nanoscale enzyme | dioxide layer 2011), (Smirnovaet
Z | immobilization systems al., 2012), (von Goetz
et al, 2013)

w

Note: BPA: Bisphenol A, BPF: $phenol F. BADGE: bisphenol A diglycidyl ethdBFDGE: bisphenol F diglydyl ether. PE: polyetfiene, PP:
polypropylene, PS: polystyrene, PVC: polyvingthloride, PET: polyethylene terephthalaPC: polycarbonate, PA: polyamide. RERyolyester-

polyurethane, PBT: polybutghe terephthalate, PU:

copolymer, CA: cyanoacrylate.
L: linear migrants, B: branched migrants, A: aromatic migrdms linear aromatic migrants, BA: branched aromatic migrants.

Ilpaorethane. PCL: polycaplactone. PLA: polylact acid, EVOH: ethyleneimyl alcohol
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Table 2-2 Main contamination routes of fdmglmaterials in direabr indirect contact

28

Contamination modes

Desription

Examples

Refs

With direct contact with
food

Direct contact wh the food during
packaging, filling, storage, use (i.
vacuum heating, microwave heating)

eMonolayer materials

Goulas et al (2002), Caneret al
(2004), Berlinekt al (2008)

Through of layer in

contact with food

The substance must pass through on
more materials before coming in
contact with the food

El)\%ltilayer materials, label

varnishes, decors

Trier et al (2010), Simal-Gandaret
al. (2000), Roduiet al (2005), Miltz
et al (1997), Marqueet al (1998),
'Dole et al (2006a), Feigenbaurat
al. (2005)

Contamination of layer ir
contact with food befors
conditioning

nPutting in contact the inner and ou
ofaces of the packaging (set d
phenomenon)

idfilms rolled, packaging grPage and Lacroix (1992), Jueg al
nfpackaging

componen
stored in stack...

92010)

Without contact

Contamination via headspace or ¢
permeation

jdl|vors,

Ink solvents, flavors, off
contaminant
coming from secondar
packaging...

Freire et al. (1998), Sadleret al
(1996), Alin and Hakkarainen (2012),
+ Cao and Corriveau (2008), Tehrany
sand Desobry (2004), Lorenziet al
¥(2010), Nerinet al (2009), Battelliet
al. (2011), Anderson and Castle
(2003), Pastorelliet al (2008),
(Linssenet al,, 1998)




Figure 2-2 Main mass transfer from, to andssr packaging materials (after Rahman (2007),
Vitrac and Hayert (2007a)).

2.1.4.1.3 Mass transfer controlled by diffsion in the packaging materials

As reviewed by Wijmans and Baker (1995h# solution-diffusion model has emerged over
the past 20 years as the most widely ammbpexplanation of traport” in membrane
separation and more generally@ss dense polymers. This mbdeust not be confused with
other models, such as the “pdlew model”, in which migrantsre transferred by “pressure-
driven convective flow through tingores”. This last model applies, for example, for papers
and boards but not for plastics and thermosets.

For plastics, the generalization solution-diftusimodel is also well accepted for multilayers
and multi-materials as justified in Pocas al, (2008); Roduitet al, (2005); Toseet al,
(2008) and in Nguyeret al, (2013); Vitrac and Hayer{2007a), respectively. For each
packaging component, diffusion is cmited by a diffusion coefficienb (S.I. unit nf s%).
The main assumptions are summarized in fég-3. Between the food and the layer in
contact and between packaging componeatsyartitioning coefficient, as reviewed by
Tehrany and Desobry, (2004), cais the distribution of migmts between materials. On
food side, mass diffusion combined with advectmay also occur. Mageansfer resistances
on the food side have been reported bothignids (Goujot and Vitrac, 2013; Vitrac and
Hayert, 2006; Vitracet al, 2007) and in *“solid” food such as meat (Sanches ®ival,
2010; Sanches Silvat al, 2007) and cheese (Cret al, 2008). Concentration profiles of
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several chemicals in different food produdtave been reported dong the EU project
“Migrosure” (Franz and Simoneau, 2008). Theresponding mathematical modeling of mass
transfer through the packagingdafood has been formulated alshon its modern form by
Reidet al, (1980) and reformulated with several siifigations in several reviews (Helmroth
et al, 2002a; Lau and Wong, 2000; Poeasl, 2008) and in more general terms by Rahman
(2007) (see Table 40.2). They all acknowledge thatprofiles and kinetics fit within the
general diffusional and boundary equations dised earlier by Crank (1979). In the field of
food contact materials, the first mathdimanodels have been described by Retidl (1980)
and subsequently by Chatwin aKatan (1989). The authors sheavin particular that the
migration process could be satisfactoryngiified as a one-dimensional mass transfer
problem from a contact material, with a total thicknksdo a food system, with a finite
volume, denoted;. The key features are: i) t@&p the real contact surface arkabetween
the material and the food and cegaently the same dilution rathds/Vg; and ii) to reproduce
the difference in solute chemicaffinity between the food antthe plastic in contact with a
proper choice of the partition coefficienkKgp. Without increasingsignificantly the
mathematical complexity, a boundary layer approximation can be used to account for the
existence of an additional mass transfegistance on the food side governed by a mass
transfer coefficienth with SI units in ms” (Reid et al, 1980; Vergnaud, 1998; Vitrac and
Hayert, 2005, 2006; Goujot andtkéc, 2013). Experimental vada have been tabulated by
(Vitrac et al, 2007) and can be incorpded within a dimensionless mass Biot number:
Bi=hlp/D. In the simplest case of monolayer matksriwith constant and uniform properties,

the set of transport and conservation equatmorresponding to Figure 2-3 is given by:

- C,, w°c, w
[e] D >
° WX w
° ol wal''®
-t
D— h K_.c ; — 0

o®|x Ip Xx ! FIP™ x Ipt CF WXJ- .
o Al
c G’ =3t dw

V, X e

Fo (2_1)

where ¢y is the local concentration in packagilayer in contact. For uniform initial
concentration profiles, approximate and exactital solutions to the set (1) can be found
in Sagiv, (2001, 2002); Vitrac ardayert, (2006); Goujot andiwac, (2013). It is important
to note that these references use a dsmless form of Eq. (2-1), involvin@i, a

dimensionless time or Fourier numibar=Dt/l %, a dilution ratioL.=Alp/Vi
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Figure 2-3 Concentration profile of migrantsd. additive) along the thickness of the food-
packaging system as detailed in Vitrac and Hayert (2006). \t#@emigrants are assumed to

be distributed homogeneously in the packggmaterial so that a uniform concentration
profile can be assumed. Fo¥0, mass balance enforces that the surface area below the
concentration profile on the food side igual to complementary surface area between the

profiles att=0 andt>0 on packaging side.

2.1.4.1.4 The concept of functional barrier

The concept of functional barries broadly used by the paaying community without clear
definition (Widen, 1998). Artid 3 of Regulation 10/2011/E(EC, 2011) defines it as “a
barrier consisting of one or molayers of any type of matatiwhich ensures that the final
material or article compliesvith Article 3 of Regulation (EC) No 1935/2004”. In more
general terms, it could be defined as a ibarlayer inducing a gnificant delay in the
permeation of migrants as reproduced in Figzwe When the barridayer consists of one
single layer of thicknedsg and associated with a diffusion coeffici€n, the delay is given
by Eq. of 4.25 in book of Crank (1979):
[

tdelay 6D
FB

(2-2)

Glass and aluminum foil are coneréd absolute barriers and associated to infinite lag time.
Polyesters (Bayer, 2002; Pennartral, 2004a; Pennaruet al, 2004b), amorphous silicate
deposits (Feet al, 2012) have been propmas as significant functil barriers. Their use
including virgin PET has been meoparticularly suggested fpreventing recycled PET to be

in direct contact with dod (Begley and Hollifield, 1993; Crockett and Sumar, 1996;
Triantafyllou et al, 2002; Feigenbaurat al, 2005; Doleet al, 2006b; Cruzt al, 2011).
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Polymer materials combining a functional lerrhas been also gposed to prevent food
contamination by various contact materialscluding: irradiatedpolymers (Sadleet al,
2001), materials incorporating nanoparticles §4lil and ElIneshwy, 2010), printed materials
(Fiselier and Grob, 2012; Johes$ al, 2000; Piergiovannet al, 1999). The extension of
transport equations (1) to materials incorpoatinfunctional barrier is given in Laoubi and
Vergnaud, (1996).

Figure 2-4 Cumulated amount of diffusafk)(crossing a plane sheet of thickndsg, with
upstream concentratio®, versus dimensionless tinlst/lrs®. The intercept of tangent line
with Q=0 attyelay~= lrs?/6Dks gives the typical time lag tget a significant permeation across
the film. (after Fig. 4.2 in book of Crank (1979))

2.1.4.2 Molecular diffusion

2.1.4.2.1 A macroscopic definition

The term “diffusion” by itself ishe process by which matter iaisported from one part of a
system to another as a resaflrandom molecular motions tfe center-of-mass of molecules
(Crank, 1979). The process may cover very differeatities: bulk diffusion in gas, liquids or
solids, Knudsen diffusion inside pores, surface, surface diffusion, capillary condensation,
molecular sieving... (Cussle2009; Krishna and Wesselingh997). Molecular diffusion is

the general term for a mass transfer in the buk far from walls) in absence of external
forces and consequently due to the soleafbf the thermal motion of all molecules and
atoms. On earth, these conditioase difficult to fulfill in fluids due to some residual
advection terms generated by gtgand better verified in solgl(Brogioli and Vailati, 2000).
Tracer diffusion and self-diffusion are the awspecial cases of spontaneous mixing of

molecules, where diffusion occurs in abseraf a significant composition gradient (or
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chemical potential gradient). This type diffusion can be followed using isotopic tracers.
The tracer diffusion is usually assumed to identical to self-diffusion (assuming no
significant isotopic effect) and takes place under thermodynamical equilibrium (Masaro and
Zhu, 1999). By contrast, mutual diffusion orechical diffusion occurs in a presence of a
concentration gradient or more generally presence of a chemical potential gradient
(Wesselingh and Krishna, 2006). The diffusionfioents for these two types of diffusion
processes are generally different because thasiin coefficient for chemical diffusion is
binary and it includes the effects due to twerelations between the displacements of the
different diffusing species (Vignes, 1966).

The apparent paradox associated toet mass flux along direction J(x), in presence of a
sparse gradient, is removed by noting that sudlix must be proptional to the difference
between the average molar velocity of the considered moleculasd of the mass reference

frame,up, alongx (Wesselingh and Krishna, 2006):

J X cu y D—

" (2-3)
The superiority of this representation arisesaose it is also defidein presence of one
single migrant. In this casa,andup are time-averaged insteafl population averaged ardd
is a stokesian flux (Keffeet al, 2004). Although such results may look obvious to many
readers, they remain a very active research areae(Ml, 2009), in particular to express
with the local properties of the polymer butik in presence of nanocharges, see some
examples in Masaro and Zhu, (1999); Ke#eral, (2004); Choudalakis and Gotsis, (2009);
Arora and Padua, (2010); Mat al, (2010); Spearadt al, (2012); Janes and Durning, (2013).
The first concepts emerged with two paparsong five that A. Einstein wrote in 1905
identified today as, “the year that changjes face of physics” (Stachel, 2005). As quoted by
Einstein himself, the first “paper is a detémation of the true sizes of atoms from the
diffusion and viscosity of dilute solutions péutral substances”; the second “proves that, on
the assumption of the molecular [kinetic] theofyheat, bodies of the order of magnitude of
1/1000 mm, suspended in liquids, must alrgaelform an observable random movement that
is produced by thermal motion”.

2.1.4.2.2 A microscopic definition

Since the works of A. Einstein,dlreality of the molecules is natsubject of debate (Psillos,
2011). The description of the ramdavalks of migrants in polymsris exemplified in Figure
2-5 as one-dimensional mass transport. Tiserdie hopping mechanism but continuous in
time is consistent with the kinetic Monte+@asimulations proposed in high dimensions by
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Vitrac and Hayert (2007a) for diffusants much &rthan polymer voids in polymers, such as
plastic additives. Below a critical time scalarge comparatively to the vibration of atoms,
diffusants appear trapped. Beyond, a sufficierdrdering of the whole diffusant-polymer
system enables independent displacemarfitghe center-of-mass, denoted CM, of the
diffusant. In absence of correlated displacetmerf CM, the motion is called Brownian
(Hanggi and Marchesoni, 2005) and is contlley the self-similar skewed trajectories.
These derivations lead to ergs the diffusion coefficienD, as the product of a hopping

frequency, (), and squared hopping length, (Vitrac and Hayert, 2007a):

limD, IimilfQ
tof t of 2d (2_4)

whered is the number of dimensionse( d is 3 in 3D). It is vey important to note the
analogy of Eq. (2-4) and Eq. (3-8sed for funtional barriers ¢=3 in this case as migrants

are not confined along a line).

Figure 2-5 One-dimensional interpretation of ewllar diffusion with “eyed” particles a) as
populations in contiguous elemental voluneshanging particles)) as a local hopping
process and c) as mutual diffusion of a budklglitive among connected polymer beads. In the
real life (at macroscopic scaléhe particles and theirection of jumps are indiscernible. To
enable particles counting, theelition of the sight gives hetke direction of the next jump.
In details, situations in (a) and (b) illustratee concepts of macroscopic and microscopic

mass balance applied implicitly in secomaldirst Fick equations, respectively.

34



2.1.4.2.3 Trace diffusion and random walks

On time scales longer than molecular trapginges, the results of Einstein, Smoluchowsky,
Langevin and Perrin (Haw, 2002) enable to retatéhe time dependence of the motions of a
single additive type substance Fackian diffusion used in sysin (1). Einstein turned the
macroscopic diffusion problem into a probabitistiescription by noting #t the evolution of
the spatial distributionp ) of a single particle can begaticted by the second equation of
Fick (Einstein, 1905b):

2
Pxt WPt W
— D —withp,, o, GXx
w v "’ (2-5)

where /(x) is the delta or Dirac function witi{x=0)=1 and O elsewhere. For an infinite one-
dimensional mass transfer problem, multiplying the left hand side of Equation 5)aby

integrating them by parts yields the mesmuare-displacement (MSD) of the diffusant:

f f
t
Wz( xdx M3pxtx2dxﬂt<>€2 3 wW
f f (2-6)
f '] § f .
.. 2 Xt s w . &V

By noticing that — x .dx 3— xp,, dx Ofor any odd integraBd and that mass

f X WX © XwW ™ a1 W

f
balance enforces3p,, dx 1, a similar treatment to the right hand side of Eq. (2-5) leads to a

constant:
f 2 § f < f 2 ) f
x°D p;’t .dx D3 — XZpr,t::§ x D ¥ P xt dx 0 2D xﬂ dx W
f W ¢ X o u ot Xo1 i W w -1
fw f §
2D — xp,; dx 3 p,, dx 2D 3
P o © (2-7)

Equating (2-6) and (2-7) demonstrate that thganae of the position of a diffusant centrered
around of O will increase linearlyith time as illustrated on miulations depicted in Figure
2-6. This property is used tderive diffusion coefficientan polymers from molecular
dynamics simulations includinNgisusants according to the generalized Einstein relationship
(Durandet al, 2010; Kefferet al, 2004; Liet al, 1997):
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(2-8)
wherer“" t is the position of the center-of-mass of ifieliffusant. The ensemble averaged

operator( > is applied to all possible reference positions of €M 0 . According to Eq.

(2-3), it is important to notice that the pawmiis are corrected from a possible drift of the

center-of-mass of the whole system.

Figure 2-6 Simulation of 10 one-dimensiomndam walks starting from a same initial
position. The continuous probabilitgaussian distributions assatdd to an infinite number

of trajectories are also representeddifierent times.(see Egs. (2-6) and (2-7)).

2.1.4.2.4 Mutual diffusion

When the concentration of diffusant is largeg(plasticizer or solventthe flux of diffusant
may disturb the local compositi of the binary mixture whit may in return affect the
interactions with surmending force. In this case, it is preferable to relate the diffusant
concentration gradien®to its corresponding chendl potential gradient?, (Krishna and
Wesselingh, 1997). By expressing chemical potenirapolymers with volume fractions as
recommended in Gillett al, (2009a, 2010) insteaaf molar fractions, tb intuitive approach

of Vignes (1966), reviewed by Hsu and Cher§98); Nauman and He, (2001), leads to Egs.
(2-9) and (2-10):

36



VPD'” JW RT win J fwc RT c °wy
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=

where is the diffusant activity coefficigrrespectively to its volume fractior. T is the

absolute temperatur® is gas constant, * is the thermodynamic famt that controls the

deviation from ideality: *is a thermodynamic correctioadtor depending strongly on the
local composition and equal to 1 when the polym#ushnt mixture is ideal, that is when the
solute-polymer obeys to Henry’'s law. Stitging Eq. (2-9) in Eq. (2-3) gives a new

definition of the net flux:

c f e w
T Degr j 0 wJX b

where D,, ; is the Maxell-Stefan diffusivity(Curtiss and Bird, 1996; Krishna and
Wesselingh, 1997). Several prssions generalizingd *D,, ¢ have been proposed for

diffusant-polymer mixtures, they are allrded from Darken equation (Sunderrajanal,
1996).

As already exemplified in Fig. 2.1, the absavptof the release of substances can modify the
relaxation of polymer chains. When mass transéerses the glass transition to be crossed or
approached, major deviations to a Fickian berapure self-similar random walk on several
time and length scales) can occur as repaigarimentally in Callghan and Pinder, (1984);
Vrentaset al, (1986); Saby-Dubreuit al, (2001); Dubreuikt al, (2003); Muelleret al,
(2012). Consistent descriptions sidich transports in technologi contexts are proposed by
Narasimhan and Peppas (1996).

2.1.4.3 Diffusion in thermoplastic and elastomers

Thermoplastics and elastomers are polymeraterials possibly congpinded with additives
and charges (Brydson, 1999). Thdifferences are very subtléhe first one flows in melts
when temperature is increased and are usefibass or containefswhereas elastomer is
defined as a polymer which diags rubber-like elasticity JPAC, 2007) with primary uses
as adhesives or sealants. From a chemicait pdi view, elastomersre usually polymers
cross-linked during a curingegi (McKeen, 2008). Such ocoepts are now extended via
physical crosslinking to thermoplastic elastomers (Cadtaal, 2010) which combine
segments with low glass transition temperature, denbgedand with crystalline segments or

rigid segments with higfg.
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Below their melting point at solidtate, polymer materials casisof entangled chains, whose
organization is not completely random (@shaw and Windle, 2003; Lakes, 1993). Fig. 2.7
exemplifies such a hierarchized in highndigy polyethylene at different scales of
observation. The resulting broad dispersion of chain segmental motions in time and space has
been investigated by molecular dynamics dation at atomistic scale (Kotelyanskii and
Theodorou, 2004) and coarse-grained scale gathene or several monomers in one single
bead or blob (Vettoredt al, 2007). It usually consideredathdiffusion in semi-crystalline
polymers occurs exclusively in the amorphoplsase of the polymer as reviewed by
Hedenqvist and Gedde (1996) and expentally tested by Van Alsteet al, (1995).
Although spherulites depicted Figure 2-7 are argudd be impenetrableseveral multi-scale
simulations showed that diffusion spreatisough defects in spherulites (Mattozi al.,

2006; Nilssonet al, 2009) and in interphasebetween crystallites (Zhet al, 2001). The
possible invasion of large crystalline struetsirby diffusants would explain the apparent
homogeneity of diffusion concentration profiles in most of semi-crystalline polymers. As a
result, beyond critical time and space scales, diffusion appears homogeneous in space and

linear theory of diffusion with a uniform diffusion coefficient (see Eq. (2-1)) is fulfilled.

Figure 2-7 Schematic representation of multi-ssaif the organization of polymer materials
(e.g. polyethylene). a) chemical structure (Baschnagedl, 2004), b) intermingled chains
(Baschnagett al, 2004), c) semi-crytalline structure (Queyroy and Monasse, 2012), d) poly-
crystalline structure (Callisteand Rethwisch, 2011), e) heterogeneous materials (Muller-
Plathe, 1991)lo: length of a C-C bond,: persistence length; bond angle,E torsion angle,

rq: gyration radiusges end-to-end distance.

According to temperature afd, the amplitude and frequency of segmental motions can vary
in a dramatic extent between rubbery materi@isTg), with time scales between 1% and
10°s, and glassy material3<Tg) where they reach I® and beyond (Barrat al, 2010).

The different cooperative chain segmental kdispments from glassy to molten state are

sketched in Figure 2-8. As detailed by Baschnagel, (2004) from simulations at different
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scales and illustrated in Figure 2-14, only crankshaft motions exist b&{pwnd can
contribute to diffusion. Aboverg, local polymer relaxations are combined with large
segmental motions between entanglements andctests, offering large fluctuations of free
volumes (see section 2.1.6). Finalgbove the polymer melting point,, the chain can

translate along its full length.

Figure 2-8 Largest polymer displacements versus temperafyris. the glass transition
temperaturely, is the melting temperature, (after Paul and Smith (2004)).

Higher densities in glassy materials combineith extremely low renewal rates of free
volumes cause diffusion coefficients to be sav®wer decades in glassy polymers than in
rubber ones. Figure 2-9 illustrates the scalin@p dor two extreme polymers: natural rubber
and glassy polyvinyl chloride (PVC), thoughtl&®ly upper and lower envelopes of diffusion
coefficients met in plastics andtmiances with molecular weightgl) lower than 200 gnol

! The ratio ofD in rubber to PVC increases exponentialligh the volume of the diffusant
(see section 2.1.6 for more details) for H4=¢ gmol™"), methane NI=16 gmol™) and
Hexane =86 gmol®) are ca. 10, Tand 1Grepectively. The difference in translation

mechanism between glassy and rubber polgrisefurther illustrated in Figure 2-14.
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Figure 2-9 Scaling of diffusion coefficients imatural rubber and polywl chloride (PVC)
with a) molecular mas$/) and b) van-der-Waals volum&w) of diffusant (Berens, 1981).

2.1.5 Scaling laws and friction models

The molecular weighM is one of the main molecular descriptors to predict an order of
magnitude ofD. This section presents the main scaling 1@wM “associated to the tracer
diffusion or self-diffusion in condensed phasesl the polymer matrices. These scaling laws

are first introduced from theoreticconsiderations and companedh experimental values.
2.1.5.1 Overview

2.1.5.1.1 Hydrodynamic theory of diffusion

Firstly Einstein (Einstein, 1905a, b; Einsteand Furth, 1956) and subsequently Langevin
(Langevin, 1908; Lemons and Gythiel, 1997) praguband extended a likewise interpretation
of the Brownian motion. By assuming that accatien of contribution ishort-lived, Einstein
showed that the driving forc&, which Langevin showed to be random with white spectrum,
should be equated by a dragdermproportional to the displacement velocity of the diffusant:
o (U-Ww), with ¢ a molar friction coefficient. By noting &t the work associated to this force
is also the work to insert the diffusantthe matrix (Krishna and Wesselingh, 19970an be

expressed in the form (see Eqgs. (2-3) and (2-10)):

1

D* WP,
RT wx

X J X
f 0 u l"IO ] 0 c 0
x (2-11)
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By identification, one gets arfit mechanistic description ob, known as Einstein
relationship:
RT

D *
Jo (2-12)

For a spherical substance of radils diffusing in a medium of viscosity, the Stokes

formula with sticks bounds conditions predicts/, 6 SR, (6 is replaced by 4 with a slip

boundary condition instead (Kirkwood and Riseman, 1948)). For non-spherical substances,
Ry is called hydrodynamic radius and its valdepends not only on the shape but also
mechanism of translation. For instanfas, an aromatic ring of diamet&g ois expected to

vary betweertz AR, and 16 AR,according to the ring translates edge on (likeliest) or face on
(unlikely), respectively. The valueveraged over all orientationsli2 AR, (Berg, 1993).

For a flexible substance includimdgjsimilar heavy atoms or sub-units.. methylene group
in n-alkanes), so-called blob%y could be thought proportiohdo the gyration radius
n 2§/j/2 ‘
o [ e ~ , where t,

of-mass (CM) respectively. The positions depend however on the conformations of the

Ly andrg, are the position vectors of blobs and of center-
. .1

substance so that only the scaling lawRs:v N can be easily derived (Yamakawa, 1971),

with . depending on the diffusant flexibility. FOM compact beads, one expect&l/3
whereas, for a linear and sufficiently long mole¢u/2 and 3/5 are percted in a thetd.¢.
random coils configurations) and good solverg. (stretched configurations), respectively
(Teraoka, 2002). It is important to e that such descriptions prevenfrom exceeding a
value of 1. The Kirkwood-Riseman theofl{irkwood and Riseman, 1948) offers further
insight by calculating explicitly the total fricth coefficient, which simplifies for a bead-
spring model as (Pastor and Karplus, 1988):

[ — 65V _n
1 N, . |__<Hri er >
LN 2 (2-13)

where 1is the effective radius of ad#h, assumed to be all identicg, r || is the distance

between blobs.

2.1.5.1.2 Theoretical composition laws for diffusda consisting in N repeated patterns

For a linear and flexible solute consisting dfrepeated patterns (also called blobs), it is

relevant to expreds as a scaling law witN or equivalently withM:
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Moo ’1 (2-14)

whereMp andDg are the molecular weight and diffusionefficients of reference molecule.
The values of. for typical mechanisms of diffien are reported in Table 2-3.

When the displacements of &llblobs are homogenous in time with a growing mean-square-
displacement (msd) denoted g(t), the msd ef ¢bnter-of-mass (CM) is inferred from the

covariance of the averaged displacements of all blobs (&taalg 2013):

1 N N §,1 2V §
gt 2 G, tgt’ ] = G tTgt '

Ow U — — g
- N? ) i o' N Ny © (2-15)'

By neglecting torsionatonstraints, only thé&-1 correlations betweethe displacements of

connected blobs are significant and Eq. (2-15) becomes:

t
g— 2 NNleci)nnectg t

N (2-16)

Ooum t

. t . . . .
wherein C_,,. IS the normalized correlation betweénhe displacements of two connected

blobs.
Replacing Eg. (2-16) in Eqg. (2-8) leads to a definitiorDo€lose to the one proposed by
Kirkwood and Riseman (1948). In the lattdd, is combined to be the sum of two

contributions:

. . . t .
) A composition law folN blobs equivalent tGgN— in Eq. (2-16) and named after

Rouse work (Prince E. Rouse, 1953), and correspondirgiltan Eq. (2-14).

i) An additional effect due to weak interactions between blobs generalizing the
Derjaguin’s approximation between twgherical particlegDerjaguin, 1934).
Replacing o in EqQ. (2-12) by defined in Eq. (2-13), one gets Eq. (2-17) for an ideal system

(+=1) (Edwardset al, 1981):

t RT RT L < il 1>
D lim Jewm D D oga i LNz
tof 6t rouse ydrodynamics N o g mz K

(2-17)

The concept of hydrodynamic interactionsderived from colloidaltheories (Lianget al.,
2007) and assume that the linear solute islieatmn of colloidal particles diffusing in an
incompressible solvent continuum. Such agstion is known to be well verified for
polymers in melt or linear diffusants dissolved a solvent consisting of much smaller
molecules (Masaro and Zhu, 1998t it is questionable for siomigrants in interactions
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with long and entangled polymer chains wheenewal rates of free volumes are much
slower. According to Fangt al (2013), long-lived contactsnd to dominate so that the

coupling between correlated displaamts of blobs can be neglectac.(no effect of the

square dependence) and so thaan be considered equal to unity.

Table 2-3 Scaling law and diffusion mechangsassociated with ideal mixtureg= 1).

No. of Diffusion mechanisms
-D
blﬁbs (diffusion regime) DwW D Ref
Molecule consisting of g
bead with radius 6 SR — (Einstei
R4 (Stokes-Einstein in H p Rt Einstein,
! solution Jo  M¥ 12 1905b)
Molecule consisting oN -
) , RT 1 (Prince E.
1<N<30 beads Rousg in solution N/, N ™ v 1 | Rouse,
0 1953)
- RT 12 N?
Molecule consisting of De Lt
entangled\ beads, which NJo  we Wire (i%tilc);erzgi?
N ( 30 only can translate alongy , | Y% vN? 5 | and
its contour feptation) 5 E\/ N _1V Edwards,
. N° N 1978)
(Lodge,
Reptation with N/A N/A 59 1999)
constrained relaxation (Bueche,
1968)

R: gyration radiusN: the number of beats in the chaig,the friction coefficient associated to

a single bead/blob, angye the length of the reptation tub@ye the retention time in the tube

Scaling ofD as .=1 (Rouse theory) has bemitially proposed in diluted solutions (Prince E.
Rouse, 1953), and has been subsequenthgrgézed to concentrated media (Feetyal,

1955). This theory is the mosikely for linear sdutes which are noéntangled with the
polymer. In practice, it is wWeverified for both self- €.g. n-alkane orn-alcohols diffusing
among other alkanes) and trace diffusierg(n-alkanes in polyethylene) as soon as the static
and dynamic properties of the host can be considered independent from the length of the
considered diffusants. For self-diffusion, freelume effects have to be corrected (as the
density of the host change wiM) to get . =1 (Harmandari®t al, 2002; Meerwalkt al.,

1998), if not the monomeric friction coefficients, is found to vary wth diffusant length
(Rheeet al, 1977; Wonget al, 1970). For trace diffusion coefficientsz1 is found in
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polyethylene melts without any sudagient correction as the density of the host is constant at
constant temperature. Similar results for self and trBcenave been systematically
investigated by coarse-grained ea@lilar dynamics simulation by Duraatial (2010) with a
generic flexible model in the temperature ran@Tg and 4Tg. However, it is emphasized
that . values much larger thanhhve been reported by (Kwahal, 2003; Vitracet al, 2007)

in solid polymers. The breakdomof the Rouse model ne@g has been suggested by Plazek
et al (1993) but resisted to correctpdanations since recent years.

For large molecules\(( 30), values greater than 1, ramgibetween 2 and 2.4 are proposed
by reptation theory (Lodge, 1999), but it wouldrbisleading to envision such mechanisms to
substances with molecular masses ranging betweeantiol§ g mol™* as their gyration radii
are much smaller than the typical entangtat length of polymer segments (Fagtgal,
2013). Indeed, reptation mechanisms shouldebgisioned as a special case of Rouse
relaxation where the translational displacements enabled only ahg the contour of the
molecule. The relaxation of Rouse model in durear frame and its back projected in the
laboratory reference frame has been examlgulated by De Genné$971) and is known to
be the main factor responsible for an increase fwbm 1 to 2 for self-diffusion of polymer

chains.

2.1.5.2 Experimental data of diffusion ccefficients in solid polymers

Comparatively to diffusion in liquids or polymer melts, diffusion coefficients in solid
polymers exhibit a broader range over several decades (Cussler, 200%t Fn@013;
Vitrac et al, 2006), which are associatezla large spectrum of size and shape dependences,

but with . values strictly larger than 1.

2.1.5.2.1 Linear substances

In solid polymers, above the glass transitiangerature of the polymer but below its melting
point (or threshold of flow ithe amorphous polymer), it hasdn proposed that the deviation
to Rouse theoryi.e. .>1) could be associated to a mixduwf short and long-lived contacts
with the polymer. For linear solutes, the following scalingddfias been theoretically based

on double relaxation mode of blobs displacements:

Oeum 1 1 1
6Dt 2" 1, C't
PR
N2 (2-18)

whereC(t) is the cumulated pair correlations betwéles displacements of all particles in the
system to enable the tiglation of one single blob.
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Experimentally, two strategies havedn used to assess the deviation tf unity:
) measurement dD values of homologous series in the same conditiergs fame
polymer, same temperature, same method...) applied in Kataal, (2003);
Vitrac et al,, (2007); Fangt al, (2013).
i) massive collections dD values of different substancéem literatures as applied
in (Vitrac et al,, 2006).
Both approaches are illustrated in Figur® 2nd Figure 2-10 respeceely. Figure 2-10
provides . value of n-alkanes in low densitypolyethylene far abovelg. The given
experimental data confirm a strong depetde of molecular mass larger than 1 and
approximately equal to 2 for linearalkanesif=12..18) and non-monatously increase with
the molecular weight. For branched alkankis=10..16-? g mol™), the reported. values in
Figure 2-10c) vary from 1 to 3.

Figure 2-10 Scaling laws associated to the diffusion a-b) of lineskanes (at 40 °C,
according to Reynieet al (2001b), Vitracet al. (2007)) and c) linear or branched alkanes
(between 23 °C and 30 °C, data colézl by EU working group SMT-CT98-7513 and
published by Beglegt al, (2005), Vitracet al, (2006) and available within the EU database
hosted on the Safe food packaging pditdRA, 2011) for low density polyethylene.

2.1.5.2.2 Additive type substances

For additive-type molecules, an homologousiese of substance idifficult to establish
(Hatzigrigoriouet al, 2010; Pintest al, 2010; Pintest al, 2008). Scaling oD can be inferred
only from the collection on a large set of datdafith M. The reported values of additive-

like molecules varying several decades in battbery and glassy states are demonstrated in
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Figure 2-11. Scaling exponentincreases again more rapidly with molecular weight in glassy

polymer than in rubbery polymer.

Figure 2-11Scaling laws identified for additive-type molecules in different thermoplastic
materials at 298K (Dolet al, 2006a).

2.1.5.2.3 Combined effect of T, Tg and geometry

Recently, the discrepancy betweewmalues in meltsg.g. .=1 in polyethylene melt at 453K as
shown by von Meerwalét al. (2007)) and in solid polymer (Vitraget al, 2007) has been
explained, as the consequencetlud temperature dependence ofvith polymer density.
Indeed thermoplastics areghiy thermo-expandable aboVe. For aliphatic polymers above
its Tg, plasticized or not, the following-Tgdependence has been proposed.for

T, 10T T 10 $DK
¢ NE (2-19)

whereK  andK are temperature-equivalent parameti€rss almost constant aril depends
on the solutes series.

This dependence is illustrated on Figure 2-I2bfath linear and aromatsnlutes series (Fang
et al, 2013). Presented diffusants are almostdliogous and gathered in different polymers
far above itsTg. For each serief) values are scaled as a power lawb{ranging between
70 and 16 g mol™), whose exponents are much greatanthnity and tend to decrease when

temperature is increasing. By fitting collectedlalues versu3-Tgas described in Eq. (2-19),
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Fanget al (2013) gets the scaling of diffusion behasiof linear and aromatic solutes appear

separated by a temperature shift of 91K.

Figure 2-12 a, b) Log-log plots of traceffdsion coefficients in polyethylene of linear
aliphatic and aromatic solutes. c) The corresponding scaling exponesrtsusT-Tg for both
linear aliphatic solutes (Koszinowski, 1986;nauld and Laurence, 1992; Mdéller and Gevert,
1994; Kwanet al, 2003; Vitracet al, 2007; von Meerwalkét al, 2007) and aromatic solutes
(Koszinowski, 1986; Doong and Ho, 1992; Fa@l, 2013).
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2.1.6 Free-volume theories

2.1.6.1 Common assumptions

As quoted by Vrentas and Duda (1977)thaligh the free-volume model of molecular
transport is based on an oversiifigd view of the detailed molecular processes, there exists a
significant amount of evidence thauch theories can be usedpt@dict diffusion coefficients

in liquids and polymerignaterials (Hedenqvisét al, 1996; Jairet al, 1975). Free-volume
theories rely on a common assumption tfrae volumes in amorphous systems can be
decomposed between interstitial free volumstributed almostuniformly around the
considered substance and disamndus distribution of holes.€. pocket of voids) as shown
in Figure 2-13 on a cross-section of a simuwgtelymer including a dissolved rigid aromatic
diffusant. The free volume itself can be deteed experimentally by positron annihilation
lifetime spectroscopy (PALS) (Consolati anda3so, 2001) or indirdg by following the
approach of (Vrentas and Duda, 1977). céwling to Cohen and Turnbull (1959) and
following earlier derivations by Doolittle (1951for viscosity, it is thought that the
redistribution of the energy of the intetsti free volume is so large that only the
reorganization of free volume holesn be involved in the tratation of diffusants. Both
types of voids around diffusants are illustrated-igure 2-13. In liquids, Frenkel (Frenkel,
1955) describes similarly the tigport of holes as a consequerof the displacements of all
molecules in the mixture: one molecule occuagythe hole next to it while leaving a similar
hole at its initial position. The incom@msbility of atoms compensates therefore

instantaneously any increase in size of & gl an opposite diminution of another hole.

Figure 2-13 Distribution of free voimes around a planar and rigififusant (fluorene) in high
density polyethylene at room temperature pnessis extracted by isobaric and isothermal

molecular dynamics simulation. The imageoistained by plotting the projected Connolly
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surfaces onto the plan defined by the main afdke diffusant. Only the atoms included in
the thickness of the diffusant are considered.

The major assumption in Cohen and Turnbull (1968pry is that the distribution of holes
does not require any change of the energy of the host+diffusant systar gignificant free
energy barrier to cross). At firsight, one important consequenshould be that diffusion in
polymers should not be activated by tempaet This conclusion would however be
misleading as the static and dynamic prapsrtof the polymers are also affected by
temperature. The volume fraction of holes areirthenewal rate is indeed higher at higher
temperature, so that diffusion appears activhtetemperature as the sole consequence of the
thermal expansion of the liquid or of thebber polymer. The interpretation of Cohen and

Turnbull (1959) remains in essence statisticdle diffusant translates when any amount of
hole free volumes larger than a critical value, dendf’édappears. By noting> v the

theoretical diffusion coefficignexpected for a hole volume occurring with a probability

p v , the measurable diffusion coefficient isfided as the average over all possibilities of

hole volumes larger thav"

f

DV' 3pvDvady

v’ (2-20)
Equivalently, p v must be seen as the limit probabilitigtribution of the number of attempts
of moving any atom (Bernouilli trig) before the first trandi@an occurs. As the geometric
distribution converges to trexponential one, it comes that v is exponentially distributed
and Eqg. (2-20) becomes after integratioee(€u (2006) for a detailed demonstration and

discussion):

DT Dexp Y/, T
0 EXP /FH (2-21)

where D, is a pre-exponentiahttor proportional to the section thfe cage that is related to
the geometry of the diffusant itselfp is an overlap factor (ranged between % and 1)

introduced because the same free volume is available to more than one diffusant.

A

V., T is the average hole free volume per molecule in the hoslV As related to the

diffusing species and could leought roughly proportional tthe volume of the diffusant.
According to Figure 2-9, this approximationasceptable for short diffusants in elastomers
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far aboveTg but not in glassy polymers. In the IatthA/F,is read to be proportional ®In\,,,

instead, wher®&\qw is the Van-der-Waals volume of the diffusing substance.

Additional sophisticabns are required to explidbe effect of temperature on, above and

belowTg and to enable fractional jumps (translatoach smaller than the size of the solute).
Finally, the theory of free-volume theory iwh does not incorporatfree energy barrier
considerations (see Vitrac and \éat (2007b)) must be extergiéo account the mixture of
long and short-liveccontacts between the solutedathe surrounding polymer (Famg al,
2013).

2.1.6.2 Vrentas and Duda theory for rigid solutes

The Vrentas and Duda model extied iteratively Eq. (2-21%0 polymer-solvent mixtures
(Eq. (2-22)) through several papékgentas and Duda, 1977; Vrentaisal, 1985a; Vrentas
et al, 1985b). The general equation of Vrentas andais more generéhan Eq. (2-21) and
covers mutual diffusion. Since trace diffusioraispecial case of mutual diffusion, it can be

simplified as Eq. (2-22) for difgant jumping as a single blob:

D D,exp %-g exp [\EI/P-__§
©

Vew' ® 1 (2-22)

where N, replaces\?in Eqg. (2-21). The parameterlumps all diffusant characteristics

(volume, geometry,...); it is defined in the origiformulation as the ratio of critical molar
volume of diffusant jumping unit to criticaholar volume of polymer jumping unit. The

jumping unit is the elemental fragment of th&udiant or polymer involvé in the translation.

V. is a polymer dependent parameter with @aning of the specific hole free volume of
polymer required for a jump?FH relates to the polymer thermal expansion property defined

as the average hole free volume per gram of mixture amghresents an average overlap
factor for the mixtureE* is an additional activation teroorresponding, according to Vrentas
and Duda (1977), to the effeatienergy that a molecule needvercome attractive forces.

The last version of the theory (Vrentas and Vrentas, 1998; Vrentds 1996) provides a set

of rules to calculate practically all parameters in Eq. (2-22). The useful relationships for
polymer and diffusant parameters in Eq. (2-2@ gathered in Table£2with key references
providing additional details and sophistications.
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Table 2-4 Calculation method of freelume parameters in Eq. (2-22)

Approximation Calculation method ref
method
Molecular vV V(0)
y-  simulation here Vo) i " " " £ vol ¢ (Haward,
P (Monte Carlo- Where V. (0) is the specific volume o 1970)
type statistics) €quilibrium liquid polymer at 0 K
. a 2. 0 (Hansen,
. E L G Vg, 2007)
Cohesive energy . (van
£ via solubility where C and Gare solubility parameter forK | ]
coefficients i \/© revelen an
dlffu_sant and polymerV" are mole volume te Njjenhuis,
of diffusantat T 20009)
7 Ve T, 20EC
Vo 0
~ William-Landel- o (Kontogeorgi
v Ferry wheréV,, (T) is specific volme of polymer s and Folas,

approximation atTg, a is thermal expansion coefficient for 2009)
equilibrium liquid polymer,C; and C, are
WLF constants.

0
L iy, L2
Geometrical 1 L1 AB \A
description of where B/A is an aspecétio for the diffusant
/ diffusant along molecule which is a geometry-based(Vrentaset

the main descriptor of molecular shapg® 0 is mole al., 1996)

dtlrectllor:_s of  \olume of equilibrium liquid diffusant at 0 K.
ransiation ;- is critical hole free volume per mole of

polymer jumping units required for a jump.

7 0 G a o
Vey MT, S aT T2 T T s

Vo V0T, £ 3 8, TTLT T

Polymer thermal WhereVF?(Tg) is specific volume of polymer (Vrentas and

i expansion at Tg. fZ2is fractional hole free volume of Vrentas,
properties  polymer atTg. a, and a, are thermal  1998)

expansion coefficient for glassy polymer and
the sum of the specific occupied volume and
the specific interstitial free volume for the

glassy polymer respectively.

<>

The whole calculation procedures have beesnmmtified and tabulated for typical linear and
aromatic solutes and different polymersréitas and Vrentas, 1994, 1995; Vrergasal,
1996). Typical values atested in Table 2-5.
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Table 2-5 / and E values for 8 diffusant-polymer systems.

diffusant polymer B/A /[ E* (kcallgmol®) V. (cm3/mol)

PS 0.23 - 135
PMMA 0.19 5.3 135
Methanol PVAC 1.251 0.31 3.4 88.8
PPMS : 3.1 345
PS ) ] 135
PMMA 0.39 2.8 135
acetone PVAC 1.160 &0 1.0 88.8
PPMS 0.15 3.1 345
PS 0.56 0 135
PMMA 0.54 0.21 135
toluene PVAC 1.242 0.75 -0.24 88.8
PPMS 0.23 4.4 345
PS 0.59 0.61 135
PMMA 0.54 1.7 135
ethylbenzene 1/ ~ 1409 575 -0.11 88.8
PPMS 0.26 4.4 345

Early versions of free-volumiieories (Vrentas and DudB)77; Vrentas and Vrentas, 1994)
required to fit parameterE and / from at least two experimaitdiffusion coefficients and
might look empirical or semi-empirical as altative ones (see semti 2.1.8). The presented
version of the free-volume theory (Vrentasdavirentas, 1998) has to be considered, by
contrast, as predictive, sined important parameters can be inferred from calculations or
properties independent of diffusion ones. Biffusants including repeed patterns or sub-
units, it has been shawindependently by Fangt al (2013) that properties could be
extrapolated from one diffusant (with a molecular mdssnd a geometric paramete) to a

next one in the series from simple rulesl@ed by the scaling relanship in Eq. (2-19).
Indeed, [, was found well approximated §.24In % %for all polynjlers and solute
0

series considered by Vrentasal (1996). The main analogies and equivalences are listed in
Table 2-6. They show in particularathactivation energy of linear solutdse(aliphatic or

aromatic) increases with thegarithm of the molecular mass.
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Table 2-6 Formal equivalences between scdlmgof diffusion coeffcients and free-volume
theory for diffusants based on linearly repeatel-units (see Figure 2-in rubber polymers
(Fanget al, 2013)

: Free-volume theor
Scaling law (Eq.(2-19) ) (g, (2.22) y
. . M § -
Relative diffusant effects In — 024 [ [
M,© 1
: K 0.24 J Ve
Scaling exponent 1 D KoKy T T,
(T, Tg) T T, Ke K1, Koz are polymer free-
volume parameters.
Relative activation energy
Ea M,T Ea M,T E E/, [
Ea , T Ea/, T [ RT? M 00
N VR %,  RT
D M,T T T,+K . 0 [ e :
D M,,T Klz Ky T T,
w'T

At high temperature, freeolume theory predicts(T) : 0, However, scaling exponents close
to unity in agreement with Rouse theory have been reporteddidanes including from 8 to
60 carbons in many polymer systems (Chen and Ferry, 1968; &hak 1977; Von
Meerwall and Fergus, 1979; von Meerwaét al, 2007).

2.1.6.3 Extension to flexible solutes

The last version of the free-volume thediyrentas and Vrentas, 1998) does not have
adjustable constants if the critical molar volume of polymer jumping units has been
determined for the polymer of interest. iguantity is availble for common polymers
(Table 2-5). This theory assumes however thast of diffusants jump as single units. It is
valid for rigid diffusants but quetionable for large and flexibldiffusants. Also, the average
hole free volume associated with polynaad diffusant units are different.
For many diffusants of technological interest vihiend to diffuse in a segment-wise manner,
several physically driven mddiations have been suggested: hybrid model for alkyl phenyl
substances (Doong and Ho, 1992hdified free-volume model speiiélly for plasticizers in
PVC (Coughlinet al, 1990, 1991a, b; Mauritznd Storey, 1990; Mauritet al, 1990), or
models for flexible and semi-ftéble diffusants that are expected to move in a segmentwise
manner (Deppet al, 1996; Ehlich and Sillescu, 1990). Zielinski (1996) was the first to relate
to the Kirkwood and Riseman (1948) the@sge Eq. (2-17)) for flexible diffusants.was
therefore related to the root-mean-squared erehtbdistance of the diffusants so thatan
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be estimated withoutiffusion data. Fangt al (2013) followed similardeas while including
trapping effects due to the necessity of coteckedisplacements of blobs to get a significant
translation of the center-of-mass. By following #zene approach as used to derive Eq. (2-18)
for simplest cases, the diffusion coefficiemts many connected blobwas related to the

equivalent diffusion coeffients of one single blab, , T,Tg :

Dy T.T
D diffusant T, T — gT
iffusant (2-23)
Kblob .
where D, , T,Tg exp ——2—I with K*and K, constants are related to free-
Ko T To a1

volume theory.C diffusant T is a correlation term due tmmulated “trapping” effects with

the polymer host. For convenience Eq. (2-23) benrecast for angiffusant chosen as

reference and replacing,,, T,Tg :

D diffusant T, T b
diffusant

_ diffusant T D,
D, reference diffusant J excess

polymer

T T

g

(2-24)
where D, reference diffusant, ] is a scaling parameter wheliffusant=reference diffusant

§ I .
exp L:: is the free volumeantribution and coding

andT:Tref . D 5
g Ko T Tye 0

T,T

polymer

for polymer effects vial'g. D diffusant T is an excess diffusion coefficient whén

diffusant
excess

values are extrapolated from the reference diffusa any diffusant in the considered series
regardless the considered polymer. In particulancorporates the edtts of temperature on

C diffusant T which cannot be predicted by free-volume theories. The generalized free-

volume theory has been exterdyvtested on two homologous ®=iof aromatic diffusants:
diphenyl alkanes and oligophenyis four different polymersat different temperatures
covering fromTg+10 K toTg+110 K. The main determinatioase reported in Table 2-7.
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Table 2-7 Equivalent terms in Eg. (2-24) footihomologous series afomatic diffusants.

Dpolymer T'Tg
D, reference diffusant T K, § Dgixﬂcléssim diffusant T,
PR T T '
Diphenyl
alkanes
exp In 10N—C'§
Ne10©
: _ Ncig number of carbons
Nc: number of| D, biphenyl T, required to decreas®
o carbons D values of biphenyl by 10.
etween two atT. :
phenyls %_:65080KK
Oligophenyls b
,.§ Aﬁiffusant NP;1 2 ‘
Nc=0, Npr=2 &P o7 |
©
Np: number of %EQ@Z@”‘ New 2
phenyl rings solute free energy barrier
between two varying with N,
phenyls

2.1.7 Activation models and data

2.1.7.1 Apparent effects of tanperature and pressure

The current review introduced several formal temperature dependences via Einstein
relationship (Eq. (2-8)), scaling relationshigq. (2-19)), thermal expansion effectéFH(
expression in Table 2-4), stduspecific energy barrieEf expression in Table 2-4). None of

these effects are captured via the familiar Armhgmelationship. It is emphasized that the
apparent discrepancy occurs because mechanistic theory descriptions cover a range of
temperature much larger than the one covered usually experimentally: few tens of Celsius
degrees. As a result, the Arrhenius relationshgptbébe seen as a local approximation of the

real behavior around an absolute temperafgt@nd a reference solute with a molecular mass

Mo (or equivalently with a free volume parametgr

wnD M, T ,
Ea M, T, R——— T/ R——

W% W M My T T,
M Mg T T,

Activation volumes are defined similarly arelated to the effeaif temperature:

(2-25)
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wD M, T

va M T, RTo——

M My T Ty (2_26)

Activation energies are very important quansitees soon as diffusion efficients must be
extrapolated to a flerent temperaturee.g. from room temperature to oven-heating or
sterilization conditions or eveto freezing conditions. Constngly, the polymers are not
significantly compressible so that the valuesaofivation volumes have mainly an interest
except for predicting migration under very higiessure (beyond 200 MPa) such as those met
in Pascalisation treatments (Dob&t3al, 2004; Julian@t al, 2010; Lamberét al, 2000; Le-
Bail et al, 2006) or to identify the moletar mechanisms of translation.

The activation energies and volumes for tratish of paramagnetic pbes in high density
polyethylene (HDPE) are compared in Tabl8 24th the same quantities at molten state.
They confirm the higher energies and activatimlumes to induce diffusant translation
rather than to induce a localoréentation. The activation erges in HDPE are of the same
order of magnitude as thosesaciated with the relaxation®and D fof the polymer
(Schmidt-Rohr and Spiess, 1991). Fage polycyclic molecules, Itet al (1987) and Setet

al. (1984) showed that activation volume reg@nts only a small fraction of the van-der-
Waals volume of the diffusant ranged betwed¥b@nd 0.2. The fraction is smaller when the
diffusant is more flexible. The experimahtvalues of activation volumes validate
independently the concept of jumping units Bemghan the whole diffusant as found in the
last free-volume theories (see section 2.1.6.3).

Table 2-8 The activation energy and volumepogsible for rotation and translation of the
additive-type molecule in higldensity polyethylem at macroscopic and molecular scale.
(after Kovarski (1997)).

macroscopic quantities molecular magnitudes
rotation translation rotation translation
kJ mol* S
Activation . ;
energy solid state T>Ty) 20-50 50-150 19-1 >1
molten state T>T,) 10-20 15-40 16— 10° 10°-1
cm® mol? A3
Activation .
volume solid state T>Ty) 20-70 50-150 30-115 80-250
Molten state T>T,) 8-15 13-30 10-25 20-50

According to free-volume theoryhe activation energy is expedtto increase progressively
from rubber to glassy state. The amount ofat#é activation energy ltges tabulated in the
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literature is however insufficiento derive a general law. The difficulty to get reliable
diffusion coefficients at gissy state arises from néickian kinetics (Chernikoet al, 1990;
Geiselet al, 1988) and ageing effects (Ehlich aitlescu, 1990; Veniaminov and Sillescu,
1999; Zhang and Wang, 1987). By comparing expental determinations and theories,
Tonge and Gilbert (2001b) argued thatnsi@d free-volume theories would tend to
overestimatd® values by neglecting thdfect of waiting times befora jump can occur. Hall

et al. (1999) showed that this effect could beluded by assigng a proper value to
parameteE* in Eq. (2-22). In particular, the autlsoshowed that an excess activation energy

up to 9 kJmol™* was required for polar diffusants in a polar matrix.

The mechanisms of translation of additivedymolecules at differd temperatures are
summarized in Figure 2-14 and compared wilie available degree of freedoms in the
polymer host. In the molten stat&€>T,), the translation of diffusants is enhanced by the
translation of the whole polymearhains. In the rubber stat&;€T<T), the translation of
diffusants depends on local fluctizans of chain contours. In Hotases, the activation energy
must be envisioned as th@nsequence of local reorder chain contours so that the
activation energies are expected to increaselglanth the size and rigidity of the diffusant.
In the glassy state, megree of freedom is yontrast available fahe polymer to open on a
regular basis of free volumes and the tratish can only occur occasionally when large
reordering of polymer segments occurs. Aaraple of such correladedisplacement are the
string-like motions of monomerns glassy polymers (Aichelet al, 2003). The energetic
barrier of translation must be seen as the egmsnce of the Poissonidistribution of such
collective events as discussed within thanfework of the transient state theory in
Karayianniset al, (2001); Vitrac and Hayert, (2007b).
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Figure 2-14 Interpretation of the translationadiitive-type molecules according to the state

of the polymer.

2.1.7.2 Activation energies

2.1.7.2.1 Effect of the molecular mass

The scaling law of diffusion coefficients forfflisants including lineayl repeated sub-units
(see Table 2-6) predicts a logarithm deperdeof activation energy with molecular mass
(M). Figure 2-15 plots on a log-log scale the evolutioafvith M for linear and branched
alkanes. The results were calculated from the work of European group SMT-CT98-7513 (EC,
2002b), partly reproduced by Begleyal, (2005); Vitracet al, (2006) and available in the
European database of diffusion coeffiteerhosted by the Safe-Food-Packaging Portal
(INRA, 2011). As the data mixed diffusion coefénts published in peer-reviewed journals,
data from migration tests and different kiofl polyethylenes, the residual uncertainty is
significant. The comparison withl shows however a systematic low dependende wfith

M, which tend to confirm the proposed expressiorEafin Table 2-6. In details, volatile
molecules (M<100 g-mdi haveEa values close to 50 kJ-mibwhile the additive molecules

have an activation energy comprising between 85 and 100 k1-mol
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Figure 2-15 Estimated activation energies betw2@ and 40°C in low density polyethylene:
a) smalls moleculell<100 g-mol*, b) linear alkanes, c) additive molecules with 108600
g-mol™. Data extracted from the European database of diffusion coefficients (INRA, 2011).

2.1.7.2.2 Polymer effects

The effects of the polymer host are analyzed in Figure 2-16 by plotting the Van't Hoff
diagrams of a model diffusant (2’,5’-dinmeixy-acetophenone) in broad range of polymers:
aliphatic, aromatic, with or whibut electrostatic interactions... i emphasized that the data
were obtained at or close to molten state wdth intent of evaluating the properties of
functional barriers of these polymarsco-extrusion conditions (Dolet al, 2006a; Dolest

al., 2006b; Feigenbaurat al, 2005). Comparisons between Figure 2-15 and Figure 2-16
show that polymer effects db are one magnitude lower than solute ones at rubber state.
Consistently with Figure 2-12 and Eq. (2-2B)yvalues are lower when-Tg differences are
smaller and apparent activation energies are higher in Tggpolymers. Indeed, higfig
polymers exhibit higher cohesive energies due to spe@iEnteractions, polari-bonding,
which turn to be also very sensitive to tengtere. As reported in chapter 7 of Mark (2007)
and in chapter 4.4 of van Kreeal and te Nijenhuis (2009), sustteractions increase of the

thermal expansion coefficient with temperatarel Yu b » and consequently activates

dramatically the renewal rate of free volum8sveral models describing these effects were
proposed by Simha and Boyer (1962) and hHasen incorporated in the Vrentas and Duda

free-volume theory (see the expression§7,_<p,f T beyond and beloviig).
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Figure 2-16 Van't Hoff diagma of diffusion coefficient of 2',5-dimethoxy-acetophenone in
different polymers et high temperature (neaptocessing temperature). (after Feigenbatm
al. (2005), Doleet al (2006a), Dolest al. (2006b)).

2.1.7.2.3 Combined solute and polymer effects

The activation energies collected around 40°C by Bbbd (2006a) are plotted on a semi-log
plot for a broad range of diffants and polymers. They coni the previously described
trends: activation energies of additive-type saibses are higher for larger substances and the
activation energies are higher in higlg polymers. In agreement with the extended free-
volume theory proposed by Faagal (2013), the semi-log plot shows tttzd values tend to

be linear withnM (see Table 2-6).
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Figure 2-17 Variation of activation enerdgr different polymers between 20 and 40°C

according to Dolet al. (2006a).
2.1.8 Alternative models to predict D or to overestimate D

2.1.8.1 The justification of alternative models

Despite necessary adaptations, the polymer science community considers free-volume
theories as the most reliable approach tomede self- and trace diffusion coefficients in
polymers as discussed in details in Meervedllal, (1998); Tonge and Gilbert, (2001a);
Harmandariset al, (2002); Fanget al, (2013). Its range of appability has been broadly
extended during the last four decades from polymer-solvent systems (Narasimhan, 2001) to
arbitrary diffusants such as plasticizers (Coughtiml, 1990, 1991a, b; Mauritz and Storey,
1990; Mauritzet al, 1990) or antioxidants (Boersma, 2003; Boergtnal,, 2003a, b), while
including glassy polymers (Arnold, 2010; Romdha&tel, 1995). In his literature review of
“Models for Diffusion in Polymers”, Merce42008) quoted the free-volume theory as
“classical approach” but concluded that tltey not meet completely the following practical
goals to provide enough incentivies the process engineer or tlaav enforcer: “(i) as simple

as possible, (i) rely on parameters which ard Wweown and easily available, and (iii) at last

but not least, the use of timethod to predict diffusion peesses should not consume more
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time and resources than the direct migratidfugion experiments.” As a result, models so-
called “alternative” by opposition with conventioranes (as listed in the review ofMasaro
and Zhu (1999)) have been soughttfte food packaging applications.

The genesis and classification of such altereatiodels are difficult to reconstruct as they
are used almost exclusively by a single scientific commungyf¢od packaging) and for a
single purposeig. compliance testing). The Piringenodel, called Pinger “Interaction
Model”, is by far the most widely used by tlwemmunity, which includes also us as authors.
It has been firstly proposed by Banet al (1996) and is recommended by the EU
commission for the implementation of di§ion modeling for the estimation of specific
migration in support of EU regulation 10/2011/HEC, 2012c). The proponents argue that it
has theoretical grounds wherghs Food and Drug Administratiaquotes it asan empirical
correlation based on the molecular weigiitthe migrant” (FDA, 1999, 2006). Piringer
justified firstly his derivationsn pages 158-169 of his book “Bta Packaging Material for
Food” (Piringer and Baner, 20p@nd extended it in pagd$3-193 of its second edition
(Piringer and Baner, 2008). &hgeneral equation is said b2 multipurpose: “a uniform
model for predicting diffusion coefficients gases and condensed phases, including plastic
materials” (page 165 of the smw edition). The demonstrati is difficult to follow and
apparently not available in pessviewed journals. The genefatm of equation Piringer (Eq.
6.17 of the second edition) issteaped in this work to hidgight its possibé legacy with
classical equations (Eq. (2-22)):

DR expw, AA EaRT
0

exp R?V\Az exp A/@')l exp Eg RT

enthalpic
entropic contribution

contribution (2_27)

In its general form, the model can be compaséti classical theories to highlight possible
similitudes. The exact meaning of the factay, which is entropic by nature.€. not
temperature dependent), is lear. Based on the calculation$ the contribution thermal
vibration spectra to thiong term translation othe center-of-mass (Farg al, 2013), the
productRw, could be associated to the entropytminslation of a reference solute. The
authors showed indeed that thenslational entropy increasegmthe number of atoms. The
ratio A/Aq is the ratio of cross section respectivelyatoeference solute. It could be compared
to - oin classical free-volume theorigse( Table 2-6). Howevemy,, A, Ao andEa have only
been inferred for the self-diffusion (see Eq2566.27, Fig. 6.3 and Table 6.7 in Piringer and
Baner (2008)) and trace-diffusion onfalkanes in polyethyleneds Eq. 6.28 and Fig. 6.4 in
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Piringer and Baner (2008)). In particular, the E327) fails to reproduce the correct scaling
of D with M at different temperatures aspogted in reference experiments oralkanes
(Meerwall et al, 1998; von Meerwalét al, 2007). In practice, araplified version of Eq.
(2-27) is preferred instead (see Table 2-9) by udings the unique descriptor of diffusant
effects. Its goal is not to predibt values but to provide overestimatedofContrary to free-
volume theories (see section 2.1.6 and dsons in Vrentas and Vrentas, (1995, 1998);
Vrentaset al, (1996)), the parameters cannotdetermined without fitting existin® values.
The overestimation concepts have beenesggd by Arvanitoyannis and Bosnea (2004) and
have been subjected to seVenadates in the course of tBeiropean project SMT-CT98-7513
(EC, 2002b).

It is worth to notice thatancurrent approaches have b@eoposed during the meanwhile. A
very similar empirical equation has beewgwsed during the EU Rl Research Programme
CT94-1025 (Feigenbaurat al, 2002). Based on the same raw data collected during the
project SMT-CT98-7513, Helmrotkt al. (2005) and Vitraet al (2006) developed different
approaches offering the possibilityretrieve either realistic estimates(with half chance to
be either an underestimate or an overestimateoverestimates with an arbitrary “safety
margin”. The concepts @ overestimation and “safety marjion migration (or equivalently
Cr) must not be confused. Effects ohcertainties and overestimations Bnand other
parameters such as partitioning@nare particularly discussed Vitrac and Hayert (2007a).
Cr is a monotonously @reasing function oD but usually not a linear function &f, so that

an overestimation oD is not followed by a similar overestimation 6f. For diffusion
controlled monolayer material®.¢. Bi>100, Fo<0.6), one hasC. v+/D. By following

similar considerations, the Helmroth moddia® on a stretched expant@al (see Table 2-9)
and stochastic concepts to overestimate mapratather than simply diffusion coefficients.
The probabilistic concept was formally sttand proven simultaneously by Vitrac and
Hayert (2005) based on a stosti@ resolution of Eq. (2-1). is however important to note
that the introduced law of probability represents the additional safety facidbm@nneed to
consider due the lack of prediction of ttensidered model. For any model using avlyas
molecular descriptor, the uncertainty Bnis assessed by d@hdistribution ofD values of
solutes with similaiM values in a prescribed polymer at a giieThe model of Vitraet al
(2006) offers an alternative d@sincludes by contrast enghh mechanistic deriptors (see
section 2.1.8.3) and proper crosdidation procedures to predidtvalues to reach prediction

errors in the same range as experimental errors.
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2.1.8.2 Models overestimating D
Pocaset al. (2008) and Helmrotlet al. (2002a) have already rewed the models, denoted

D, , to overestimat® values. They are reported inbla 2-9 along with their apparent

M, T

scaling exponent wittvl: D with corresponding free pameters reported in

.
Table 2-10. Although all presented modelsim to be a generalization of existing
mechanistic models, they use simply molecuasss as the unique degtar of all diffusant
effects. In the light of scaling theories (s&&ction 2.1.5), their ovesgmation features at
constant temperature are asat@il to the consequence ot thnderestimation of the true
dependence dD to M for diffusants larger than a refaee diffusant with molecular mass,
denotedViy:
InDMVT| winD,, . |
InM ‘T winM ‘T

w
M,T D T,Tg, diftusanseries dr M tM,
w

(2-28)

Table 2-9 Main models to overestim@tesalues for compliance testing

wn D Theoretical
InD,,; dnD,,, D ——0  NeYE
vin M justifications
T

Limm model (Limm and Hollifield, 1996):
1

. 1
= bM 3 A
In D InD, aM? V2 V3 pparent cross
. ’ T aM’™”  bM section of
a and b are adjustable parameters which are 2 3r diffusant

specific for each polymer type.
See Table 2-10

Helmroth model (Helmrotlet al, 2005):
M § :

nD,, IhD, — F*'P|0,S

: M,© 1
c is polymer dependent parameter. M & Close to free-
F! P|0,S is the normal inverse distribution c — . volume

1 .
with zero mean and standard deviation s. For °© theories
P=50% (' 0.50S 0, it gives an
estimate and an overestimate for P>50%.
See Table 2-10
Piringer model (Begleet al, 2005; Piringer
and Baner, 2000, 2008):
Wl 23 . .

nD,, A, 0135M* ooom Y1O%  0.0900M Gas kinetic

' 0.003v theory

See Table 2-10
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In the Piringer model\'» and 2are polymer dependent parameters. A zero valu@éads to
an apparent activation energy of 87 kJ-holhich corresponds to a median activation

energy in polyolefin matrices (seegbre 2-15, Figure 2-16nd Figure 2-17).1§ corrective

activation parameter whicdepends only on polymer.

Table 2-10 Available parameter values of maiodels for different polymers as reported in
(Limm and Hollifield, 1996; Beglewt al, 2005; Helmrotlet al, 2005; EC, 2012a)

Limm model Helmroth model Piringer
Polymer model

LnD,| a b Ln D, c S Apr | UK)
LDPE,LLDPE 4.16 | 0.55% 11405 -13.633 0.37 1.3 11 0
HDPE 0.90| 0.819 1760.)7 -14.144 0.839 NJA 14 1565
PP (homo and 5 10| 0597 13357 -17.779 036 20 13 1565
random)
PP (rubber) N/A N/A NA N/A N/A | N/A | 11 0
PS N/A | N/A N/A N/A N/A | N/A 0 0
HIPS N/A | N/A N/A N/A N/A | N/A 1 0
PET N/A | N/A N/A N/A N/A | N/A 6 1565
PBT N/A | N/A N/A N/A N/A | N/A 6 1565
PEN N/A N/A N/A N/A N/A | N/A 5 1565
PA N/A | N/A N/A N/A N/A | N/A 2 0
PVC N/A | N/A N/A N/A N/A | N/A 0 0

LDPE, LLDPE: low density and Linear low-dgity polyethylene, PPpolypropylene, PS:
polystyrene, HIPS: high impacpolystyrene, PET: polyeytene terephtalate, PBT:
polybutylene terephtalate, PENDlyethylene naphthalate, PfAolyamide, PVC: polyvinyl

chloride.

Contrary to mechanistic models (see Figure 2-12 wheaeseshown to be a function of the
considered chemical series instead), all cster&ting models invokan equivalent scaling
exponent D which increases witM. Both Piringer and Helmrotimodels neglect the strong
dependence of the truewith M. Only the model of Limm ané#iollifield (1996) takes into
account some decrease @ with T but not withT-Tg, as predicted by free-volume theory
(see EQ. (2-22)). The values &f, calculated according to the three models (see equations
and parameters listed in Table 2+@darable 2-10) are compared with the @2&alues and
collected by the group SMT-CTI®13 in Figure 2-18. It is iportant to note that the
reportedD values cannot be considered as Eeahlues, because there is no standard methods
for measuringD, they were derived from differentrids of experiments published or not and
arbitrary normalized at 23°C, by assagian average action energy of 85 kJ:Mm@EC,
2002b). In addition, since all the presented da&ae used to fit/set the free parameters
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involved in the Piringer and Helmrothodels, the comparison with reportBdvalues and
calculatedD ones does not constitute an independ@htiation of these models. With the
previous restrictions in mind, the best weaaff between too large overestimations and too
large underestimations are obtained from thénger model. It underestimates the ré&al
values in 5.2 %, 26.8% and 366 of cases, with maximum undstienation factors of 18, 17
and 365 (10 if 365 is considered to beartlier), for LDPE, HDPEand PP, respectively.
When it overestimates results, the overestimation i@i® is ranged between a factor 1.3
and 193 (8 and 9%' percentiles respectively) with @verage value of 33 and a maximum

value of 1.5x18 If migration is maity diffusion controlled ie. C. v~/D), it would lead to

overestimations ofr by factors 5.7 ad 39, respectively.

Figure 2-18 Estimation dD with molecular weight by botmodels listed in Table 2-9 and
Vitrac model (see section 2.133.and validation of these adels by comparison with data
collected by the EU project SMT-CT98-7513 (EZD02b) and renormakd at 23°C in a)
LDPE (345 values), (HDPE (142 values) and &P at 23°C (141 values).
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The method to derivAp’ and 2values is discussed in a recent European guidance document
(EC, 2013). It is proposed to derid@’ and 2values for unknown polyers based on a small
set of data and to use them extrapolate otierates for a broader range of substances. From
Figure 2-18 and Figure 2-18,s obvious that the intangible dependencéofvith M cannot

fit all polymers and the risk of underestimatingralues is large if the reference experimental
D values were based on molecules thhosé targeted by the use of the model. The
experimentally detenined values of. from Figure 2-12 andheoretical values of D
calculated from Table 2-9 arichble 2-10 are compared in Figure 2-19 for all three models.
All models tend to underestimate truealues far abové&g, in particular in oven-heating and
sterilization conditions. As eesult, the extrapolation dD values to high temperatures might
be unsafe in particular if the activationeegies for low molecutaweight compounds are

overestimated.

Figure 2-19 Plot of scaling exponentsvith molecular weight fodifferent models in Table
2-9 and reported averaged experimentahlues in correspondingnge of tested molecular
weight (after Fanget al. (2013)). Each horizontal segmenpresents the range of molecular

masses used to determine

The variations of the overestimation ratffered by the Piringer model in two typical
polymers at the rubbery stafire reported in Figure 2-20he reference value®) were

derived from the behaviors @liphatic solutes and free-vol@ntheory of flexible solutes

(Fanget al, 2013). It is nbiceable that is® values and isdd values are not parallel when
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there are plotted versus molecular length/wemid temperature. By itself, the concept of
iso-D value or of superpositioprinciples of effects of M, T,Tg is a consequence of the
proximity of the core free-volume equatio?22j and the Williams-Landel-Ferry one. Figure
2-20a) and b) show howeverathlarge and small substances with a similar diffusion
coefficient at different tempenates according to the free-volentheory (see arrow) are seen
with different D overestimates presenting overestilon ratios varying over several
decades. According to ratio® /D reported in Figure 2-20c)nd d), the overestimation is
higher for larger substances and at lowengeratures. For volatile compounds or in high-
temperature processe®.d. oven-heating, pasteurizatiorsterilization,...), the ratio of
overestimation vanishes exponentially with a gigant risk of underegnhation. As a result,

it is recommended not to use the Piringeodel for any purpose independently on the
conditions used to set the model parameters. Whemparameters need to be assigned for a
new polymer or upgraded to include a lalearange of conditions, European guidance
documents recommend therefore usages Rafinger type diffusion models where
extrapolation is likely to be robust (E€D12c, 2013). The recommdable directions and

extents of extrapolation oD values from a small set of experimenfal values are
summarized in Figure 2-20e). As a rule lofirnb and because the underestimation region (in
red) is mainly located on the left hand-si@xtrapolation from small to large molecules
would be acceptable for substances belongintggcame category and within a small range
of molecular masse @.50 gmol™). When a broader range aflsstances and conditions are
required, referencP values should have to be collectdifferent temperatures higher than
the targeted one and for molecules represeemtf the size and shape expected in future

applications. Further sophistication would nedaktter consistency with free-volume theory.
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Figure 2-20 Evaluation of the robustnesstloé Piringer model fotwo typical polymers
above theirTg a), c) polypropylene Tg=0°C) and b), d) polyamideT¢=50°C). The
considered diffusants araliphatic solutese(g. alkanes and alkylacetates) below the
entanglement length. a-b) Comparison betweerDis@lues (from Fangt al (2013), see
Table 2-6, solid lines) and isb- values obtained from Piringer model (see Table 2-9, dashed
lines). c,d) Corresponding iso-ratid3/D where “safe regions” (with overestimations) are
depicted in light blue. e) Safstrategies to extend the Riger model to new polymers in
presence of scarce data.
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Finally, one may notice that the Piringer mbldas been also proposed for non-thermoplastic
materials such as paper and cardboard (Petcals 2011; Stormer, 2010). As these materials
are porous with a mass trans@acurring significantl in the gas phase, the general transfer
mechanism does not obey to the previous diffusieselution model presented in this review
(see section 6.4 from Cussler (2009) for dsjaibince the detailed mechanisms depend on
microscopic detailsg(g.Knudsen diffusion, capillary condetsn, surface dfiusion...), they
cannot fall within the categoryf “General recognized diffusiomodels” (see section 2.1.3).
The relative higher importance of the transplrbugh the gas phase will decrease the scaling
exponents of effective diffusion coefficientsdown to 1/2 or 1/3. Due to a strong risk of
underestimation of red values when it is applied to suiéasces different from tested ones,
the usage of the Piringer model or of angefivolume theory shoulbde avoided in these

situations.

2.1.8.3 Prediction of D based on decisiotrees and molecular descriptors

Figure 2-18 showed that di§ion coefficients cannot bexgained by a sole molecular
descriptor such as molecular mass,in particular for larg diffusants. For a saniM value,

the uncertainty can reach three decades (Reghigr, 2001a). This variability for a sani

is associated to coupled displacements of skliest segments to reach a translation of large
solutes. They cause a significant increasdethys between successive hoppings of diffusant
elemental jumping-units. In the framework géneralized free-volume theory, these effects

are captured through the prefactordiffusant T (see in Eq. (2-23)). Using a different

approach, Helmrotlet al (2005) proposed to solve the lack of prediction of simple models
such as Piringer one by combini@gmaster curve depending only &h with an upper
envelope collecting all otheeffects not related tM. The values oD were assumed log-
normal distributed with a standard deviation of Ibg s, as listed in Table 2-9. The
integration of an upper confidence intervaltie approach offers teresting overestimation
capabilities but as in the Piringer model theresémation ratio remains in essence variable

for a same molecular mass and variable wethperature due to a global definitionsodnd
N . vinD | :
the significant variation ofm with temperature (see Figure 2-19).

An alternative model was developed by Reymieal (2001b) and extended significantly by
Vitrac et al (2006) based on CART (classificatiand regression treejethods. The main
advantage of CART is that there are humeadable while being able to describe any non-
linear behavior (continuous or not). Startiirgm mechanistic considations of diffusion

close those used in Vrentas and Vrentas (1988)¢e descriptors (sdable 2-11) have been
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proposed to describa priori the diffusion behavior of mignts regardless the considered
polymer and temperature: van-der-Waals volugyation radius, shape factor. Their values
are illustrated in Table 2-12 for typical diffusari¢ithout fitting, it has been shown that such
a classification was able to gather homologmadecules with similar diffusion coefficients.
This concept is illustrated on a commercial U¥bslizer in Figure 2-21lt demonstrates that
the diffusant shape and rigidity are the imaharacteristics controlling the diffusion

coefficients rather than the detailed chemistry.

Table 2-11 Main geometric parameters used in CART approaches (¥ited¢ 2006) and
their physical justificationsConformers are usually obtained from molecular dynamics

simulation to reach repredative configurations at ¢hconsidered temperature.

Property Ensemble Associated mechanism
average
Scaling lawD vM ”
van-der-Waals volume <V\/dvv>oonﬁguraﬁons Activation volume represents
a fraction of VdW volum
gyration radius < Q/ . .'_I'ransllation by rotation around .
configurations g position different than the center of gravity

Translation in a favour direction (or
Shape parameter <| vl x>conﬁgurations corollary: a direction of translation is
severely disadvantaged)

Table 2-12 Values of topologicdescriptors for six typical metules as associated to their

state of minimum internal energy. The values are order&,as {/1,/1, (see Table 2-11).

All molecules were oriented along their main axes (x, y and z); the three main projected

surfaces are also depicted.

71



Figure 2-21 Example of automatic s&fication of Chimmassorb 90 (Vitrat al, 2006). The
request has been typed online on the Safe Food Packaging Portal (INRA, 2011), which gives

in return all substances in the EU database with similaalues.

Regression trees generalize classification trees with an aim of predixtwajues while
keeping similar simplicity (Breiman, 1984). Itasnon-linear procedure, belonging to a broad
range of machine learning methods, where the emagical model is coded as a flow chart.
Each internal node denotes a test on one @ftlihee considered geometry factors. The last
node (leaf) contains an estimatel»¥alues: either the median of diffusion coefficients or an
upper percentile. The model toeplict diffusion coefficients in.DPE is depicted in Figure
2-22. The predictions from pruned and croaBdated trees are plotted in Figure 2-18.
Contrary to previous models, the approach wds &b keep the variability of original data
(tested on 65D values including 268ubstances, see Vitratal (2006) for details).
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Figure 2-22 Decision tree for the prediction diffusion coefficients in LDPE at 23°with
different risks of overestimatns: 50% or 10% (after Vitraet al (2006)).

2.1.9 Conclusions

The general discussion initiated by Gilegtal (2009b) on the applicability of mathematical
modeling for compliance testing showed tithe interest in pradtive methods drop
dramatically when more than two parameters are unknown: identity of substances,
concentration in the materials, diffusion apdrtition coefficients, external mass transfer
resistance. Beyond two unknowns, uncertaing/ increasing dramatically so that
overestimated values of the migration tend teysematically over all prescribed thresholds.
Substituting point estimates of parameters (without limitations of their number) by their
statistical distributions lessens the previousthtions, as demonstrated by Vitrac and Hayert
(2005, 2007a) for monolayer and multilayer packaging materials respectively. Without
providing additional knowledge, the probabilistic approach combines in various sources of
uncertainty and variability, which is more captable in particular for risk assessment.
Building a mechanistic approach is however nmeatsfactory as it authorizes modeling as an
extrapolation tool to new substances, polymers @nditions (plasticizeon, temperature). In

silico methods are already avdéila for partition coefficients é&e introduction) but they start

also to be available for diffusion coefficienfss a result, the paradigm of migration modeling
may evolve from a prediction in worst-case dtinds to real ones with controlled margin of

safety. Recently the molecular concepts presemethis review have been integrated in a
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research collaborative pegt SafeFoodPack Design with an aim of developing an
engineering approach of “sdf packaging materials (Nguyeet al, 2013). Beyond the
concepts optimizing packaging assembliegy.(with proper functioniabarriers) and their
formulations €.g. substances with lower diffusivitiessolubilities and concentrations),
intentionally added substancesutd be also redesigned to miimize the risk of migration for
certain usagese(g. sterilization, oven-heatg). As a possible illustt@n, it has been shown
that adding a flexible group close to the cewfemass of the substances could decr@abg
one decade for each 1.3 carbon added (fearad, 2013). A list of stratgies to reduce the
leaching of additives has been iieed by Bart (2006]see Table 2.19):
1) Maximizing solubility or minimize vapompressure (by dding solubilizing
groups, preferring compounds with a low melting point).
2) Minimizing volatility and solvent extraability (by adding large substances,
preferring oligomeric additives).
3) Reducing diffusion (by adding oligomermalditives, polymeric additives).
4) Preferring polymer-bound additives (by copolymerization, reactive
processing).
Several free and open databases tools anda@ftimplement the concepts presented here
including: the Safe Food Packag Portal (databases, reame probabilistic modeling,
lectures...) (INRA, 2011), SFPP3 (multilayenodeling) (INRA, 2010), FMECAengine
(Vitrac, 2012) (open source implemtation of Failure Mode Effects and Criticality Analysis
method for packaging and combining chaineddeling, sensitivity analysis, migration
modeling, expert systems). Tkad-user should find an incergiby noticing that the present
concepts are not limited to thermoplastics lmyter any dense polymer matrix cross-linked or
not. Technical laboratories areceniraged to integrate the Iggbgress in migration modeling
to help the industry to complhyith its legal requirementsnd to implement new integrated

food management systems such as ISO 22000.
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2.2 Barrier materials

2.2.1 Some definitions and choices

Over the last decades, plastics have already become the main packaging materials to replace
metal, glass, paper, etc. due to their functipndightweight, ease oprocessing and low cost
(Arora and Padua, 2010). Barrier materiale aequired for many pplications: plastic
reservoirs or containers for chemicals or wastes including oil, products sensitive to corrosion
(e.g. electronics), spoilage (food), oxidatiohdpovoltaic systems, food, drugs, cosmetics...),
etc. As discussed in many reviews (Lalgel Wyser, 2003; Siracusa, 2012) and monographs
(Massey, 2002), permeability is the main limgiproperty of food packaging materials as it
impacts shelf life and sanitaryfety of food products. For thisole application, the concept

of barrier should be envisioned not only for #npgnetrants such as gases, water vapor and
organic vapor but also for medium-sized penetrants/diffusants including aromas, and flavors
from the food in contact and plastic additiiesm the packaging itself. As mentioned in
Brody et al. (2008), “the ideal packaging materisthould be inert and resistant to hazards and
should not allow molecular transfer from or to packaging materials”.

The definition of a “barrier material” is debhta. According to the Figure 4.2 from Crank’s
book ((Crank, 1979), also reproduced in Figure &-4ection 2.1.4.1.4), two definitions can

be reached:

- by opposition to membrane materials (peeble materials), a good barrier
material can be a material with a Ipsrmeability to the considered diffusants;

- from a mass transfer point of view, a goodriea material is a material with a low
diffusion coefficient and consequently a high lag time when it is exposed to
diffusants.

The first concept assumes that the substance is first absorbed, diffuses and subsequently
desorbed from the material. It suffers a lawkgenerality and cannot be applied to all
situations (e.g. sorption of plasticizing stayges, desorption of substances from the
material). Without excluding results aiming decrease the permeability, this thesis focuses

on the second concept. It is preferredcéaese it separates explicitly macroscopic
thermodynamic effects due to phase averadmg those related to microscopic effects
involving diffusion and all chemal interactions athe scale of diffusants. Indeed, adding

inert fillers to any polymewill decrease its permeability without necessarily changing the
microscopic details of the transport mechan@ninteractions between the diffusant and the

polymer. This result, which may be strange for some readers, arises from the definition of
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effective permeabilityPes, as the product of an efftive diffusion coefficientDey, and an
effective solubility,S+  When a volume fractiorEof fillers inaccessile to diffusants is
incorporated to the polymer (also called Wiog effect (Janes and Durning, 2013)), the
reduction of S,y comparatively to the solubility in the bul,x is proportional to the

reduction of the maximum concentration at equilibrium, hence:

Seff 1 / ﬁ?flk (2_29)

Most of strategies to redud.; deal with “non-reactive” stragges by combining materials,
morphologies etc. On the opposite, emerging tedyies inspired by ¢alysis or by biology
propose to use technological sadns involving chemical reactis. No strict classifications

of strategies have been published and we suggest one in Figure 2-23 to organize the
corresponding literature. The dixction between passive arattive barriers is somewhat
artificial and should be thought as “inert gst” and “systems involving specific chemical
interactions”. Reactive systems are similarly split into systems with catalytic activity, where
the involved reactant can be regenerated apstems where reactants are irreversibly
consumed. The monographies (Crank, 1936lovyov and Goldman, 2008) inspired the
subsequent discussions. We stress in paatictiat there is no scientific argument for
separating transport properties in nanocontposnaterials from mechanisms in other
composite materials. Section 2.1 shows tthet same “universal” diffusion mechanisms
occurred in all thermoplastics and the typisahle starting from where diffusion is pure
random walk process (i.e. Brownian displacements) is usually much lower than most of
“nano-systems” reported in the literature. Otilg interactions bew®en material components

or phases (e.g. crystalline lamella) need additional details.

Figure 2-23 The main categories of barrier materials
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2.2.2 Non-reactive barrier systems

2.2.2.1 Overview

Figure 2-24 summarizes the differesttategies described to ingwe the barrier properties of
thermoplastics and elastomers. Most of the systems rely on an assembling of different
materials with different complexities according to the dimension of the arrangement, the
orientation effect sought, thezes of the objects he distinction betweepassive and active

is artificial but

- some barrier materials have an inert r@dtays, crystallites...) and the barrier
effect is associated to tortuosity effect;

- some others have an active effect amtease the dwelling time of the diffusant
nearby: adsorbent surfaamnfined layer where diffusion might be slowed down,
molecular imprint, solute trapping in specific morphology;

- Some strategies belong to both categpir(e.g. specific crystalline morphology
with constrained amorphous phase (Hinsieh et al., 1981)) or to any of them

such as parallel association of different materials.

Since last decade, research endeavor stetiod focus more on nanocomposites, mainly
inorganic-organic systems. They are difficultdefine but it is usually accepted that they
correspond to materials with at least one disien in the sub-micro scale (Manias, 2009). A
huge number of monographies (Galimberti, ZOMai and Yu, 2006; Vilgis and Heinrich,
2009), papers and reviews (Alexandre antb@is, 2000; Avérous and Pollet, 2011; Lagaron
and Lopez-Rubio, 2011; Raquez et al.; Sinha Ray and Okamoto, 2003; Yu et al., 2006) have
been published usually with an intent of medbalreinforcement and less frequently with

an intent of improving barrier propertiéMessersmith and Giannelis, 1995; Mittal, 2009;
Sinha Ray et al., 2003a; Sinha Ray et al., 200Bl)m a macroscopic point of view, the
contribution of the nano-scale on mass transport Ineayncertain. At first sight, solubility is

not affected by length scales for a same volume fraction of inert fillers. Diffusion coefficients
are more sensitive to the shapetbr of fillers than to theiminimum length. Finally, small
objects are more likely to beiented randomly so tortuositgffects are expected to be
alleviated. However, incorporaty nano-fillers instead of largéitlers has been motivated by
other considerations. It has been thought filats creating strong interactions with polymer
chains can affect in return the propert@sthe amorphous phase pblymer and decrease

accordingly diffusion coefficients. Sought effects include:
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- a preferable alignment of chains (dueatdistance between fillers shorter than the
gyration radius of polymer chainshé consequently homogenously distributed
crystallites (Manias, 2009);

- constraining chaimelaxation to shiffTg to higher temperatures and consequently
reducing accessible free voles(Olson et al., 1997);

In practice, the consequences bulk polymer propertiesnd effective permeability are
mitigated. The contribution of chain alignment diffusion anisotropy of penetrants is weak
(Chassapis et al., 1996).g shifts and variations in free wohe of thermoplastics are usually
not significant even ithe vicinity of the filers (Muralidharan et al2008; Olson et al., 1997)
or lead to an increase of permeability (keret al., 2002a, b)in thermoplastics, only
crystallite alignment and chamnge crystal morphologies habeen shown to lessen robustly
permeability (Kofinas et al., 1994). This stgagteds commonly employed in strain-hardened

semi-crystalline polymers for baeri applications (Manias, 2009).
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Figure 2-24 Overview of existg passive and active systems
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In the thesis, it has been chosen to disalifferent classes of strategies regardless the
difficulty of processing or assembling ofede composite materials and to focus on their
theoretical performances instead. Indeedjsitthought that going to first principles on
nanocomposite barrier materials may help to revise current practices and to gain new
innovation directions. One example is givéy the nanocomposite invented by mere
happenstance by the group of Nair et @012) where some outstanding results are
reproduced in Figure 2-25. The material in@rgtes nano-channels made in graphene oxide
which offers a tunnel transport to large polar molecuéeg. (vater, acetone) while being

barrier to helium. Potentialitgf graphene oxide has been ewed in Potts et al. (2011).

a) b)
Figure 2-25 Example of outstanding active material: barrier to small molecules such as

helium and permeable to larger ones suchlwater. a) The transport mechanism of water
molecular due to “tunneling effect”; b) the pezability of different solute molecules (after
Nair et al (2012)).

Concepts associated to active systems are Hpteflmborated and renraprospective but are
central in the perspective of this thesis. Intipafar, they highlight a particular role of chaos
or disorder on diffusion (Karayiannis etl., 2001; Klages, 2007). Besides foreseen
compensation betwedd reduction (.e. controlled by aspect ratio of fillers) agk decrease
(i.e. controlled by fillers loading), Manias (2008ports for example not so-obvious effects:
“Ultimate barrier performance is gulicted for those cases where thkers are arranged in
networks. For example, “house-of-cards” type Hier networks would result in a [...]
permeability [reduction] by 2 to 4 orders of magnitude compared to thkedmatrix”. Such
effects are beyond “simple” tortuosity effects dadractal character anstrong correlations
in the diffusion path of substances. In additiomny results of literature remain not fully

interpretable as they do not separate the effestsolubility (at high loading) from those on
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diffusion Choudalakis and Gotsis (2009). leeample, the reduction of permeability of B
vapor or CQ in nanocomposites of the type PE/HDPE-g-MA20/MMT and p@ly(
caprolactone)/mica cannot be predicted by any of the models”.

2.2.2.2 Common transfer models for passive/active systems

Two complementary approaches have been pemptis express effective transport properties
in connection with the material structure ath@ properties of its components or at their
interfaces:
- out of equilibrium approaches assumingoaistant and unidéctional flux (mainly
used for 1D description);
- approaches at equilibrium with no extal flux (for sysems with arbitrary
complexities).
In both strategies, the system is consideresteddy state: all progees and concentration

profiles are constant with time.

2.2.2.2.1 Out-of-equilibrium approaches

The system to be investigatésl subjected to mass fluy, imposed by a driving force or

potential differencelp, wherep is usually a partial presmi(Solovyov and Goldman, 2008):

TR P (2-30)

whereTReq is an effective transmission rate (oreetive mass transfer coefficient) at steady
state.

Composition laws for a composite system described fognsmission rated R}i=1., depend

on the organization of phases/components. Fonnates, the serial association of mass
transfer resistances yields (Eq 3.8 (Solovyov and Goldman, 2008)):

TR, : TR!
i1 (2-31)
For more general distributions of phases/comptsjet has been proposaalvolume average
transmission rates (Mphy et al., 2011):

n n

TR, | TR* witi{n_/i 1 : /
i1 i1 (2_32)

Additional sophistications have been proposednclude shape and orientation effects as
listed in Table 2-13. Most of the formulaecaphenomenological and cader that inserted
particles/components aneert obstacles (i.eLR=0). The concepts are useful to describe mass

transfer at steady state (i.permeation) but not to descridag times in strong barrier
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applications. The relationship between transmoissates and diffusion coefficients is defined

only in simple cases, where:

- mass transfer in component,L.n, occurs along a main direction

- alinear concentration profilean be assumed along the direction of mass transfer,

- sorption isotherm is lineavithin each component obeyg to Henry law (idem for

the effective medium),

- the diffusive and thermodynamic propertas uniformly disttbuted (idem for the

effective medium).

These assumptions lead to:

D.,S )
TR, —oe TR 23
i (2-33)
wherel is the characteristic length scafds the solubility.
Table 2-13 Effectivd R from out-of-equilibrium approaches
Barrier type TRs« Corresponding B d Ref
I (Solovyov
Multilayer Eq. (2-33) D T 1D and
y 4 S | e Goldman,
D 2008)
Df-f Dbulk
T 1/ ¢ 1
TR, R"kf 150 oo | (Nielsen,
1 2 o with assumption : 1967)
Sef‘f %ulk 17/
D
D bulk
eff 1 /
TR, 1
T&ﬁ ulk : u .
] (Cussler et
G & /8 2D | 31, 1988)
8 Ina In2 g 8 Ina In2 g’ "1
with assumption :
Composite S 1/
with plate-like b S
obstacles D, %
TR TRu 1 (Fredrickson
u 1 ~|u 2D _ and
V2 ax 12 axd’| ¥2ax 1R aVx g Biceranp/V
with assumption : 1999)
Seff S)ulk 17/
/=
x§'3
o5 Douk €XP g@ - o
8§82 | p © (Gusev'and
TR TRa®P | 1 2D | usti, 2001)
with assumption :
Seff S)ulk 17/
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D " Dbulk
TR 1 / € 2 18 .
TRy o 1 Zal's 7 (Bharadwaj,
1 2 /'S 13 - 3 20 |20 l2001)
ga §© with;assumption :
Seff %ulk 1 /
D . Dbulk
- TR, 1 / ¢ /
Composite TR, TR 1 7 1 - (Maxwell,
with spherical / 2 2D
1 = , o 1873)
obstacles 2 with assumption :
Seff %ulk 1 /
C 't . Dbulk
omposite TR, 1 / <1 (Raylei
: ; yleigh,
with cylinder TRy 1 / with assumption : 2D 1892)
obstacles S S, 1 /
eff ulk
Damorphous
Bulk polymer TR, 1 Des T
with TR, morphous . o 2D | (Vieth, 1991)
, 1% with assumption :
crystallites 0 S S, 1 /
eff ulk

TRyuik and TRamorphous the transmission rate of host nmatand that of polymer amorphous
respectively.., E S the aspect ratio, the volume fractiordasrientation factor of inclusions

respectively.x: the product of .E a, 2 /2 /4, a 2 2 /4, N/InaSin2 ,

=0.71,%=3.47. 2is a factor introduced to account the reduction of the area available for
diffusion. B is a factor which accounts forethreduction in the diffusion of the solute

molecules as a result of the decreased chainlitgalwing to the presence of the crystallites.

2.2.2.2.2 Approaches at equilibrium

Out-of-equilibrium approaches are insuffidig¢n integrate phenomena occurring on several
length scales (fractal media...) thme scales (temporal corrétans, first passage times...) or
even simple physical phenomena such asddeolumes, non-linear agherms. Effective
diffusion coefficients a obtained by solving:

y ~
Dx,y,z

C 0 D, C 230

Equalities (2-34) are contact conditions between

components/phases/domains via numerical tecles (finite element, finite volume, high

usually solvedalong with
order spectral techniques) or by simulatirsmmdom walks. Both methods, once correctly

implemented, are expected togisimilar results. Few analytical results have been published

(i.e. spherical symmetry) and are reported in Table 2-14.
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Table 2-14 Effectiv®¢s; from equilibrium approaches

Barrier type Y Ref
D, D ab D, / 3 (Garnett, 1904)
D, 5 arnett,
Composite with b, d 1D, D D /o
inclusions d Dk D, / § (Kalnin et al.,
Der Dok )
kb, d 1D, kD D, /g 2002)
(Leypoldt and
. . Gough, 1980)
D
Composite with D, 2 (Yang and

active adsorbents 1 k Cussler. 2001:

Yang et al., 2001
D, andD; are the diffusion coefficients of in@ions and host matrix respectivetly.space

dimension, E the volume fraction of obstacldsandk; are related through the equilibrium

concentrations in inclusions=(L) and the matrixi€2) and volume fractionE

2.2.2.3 Reported experimental performances of passive barrier systems

The typical performances of passive barneaterials are reporteith Table 2-15 for both
multilayer and inclusion systems. The performances of multilayer materials are well described
with drops of permeability up to 3-4 decad@hey found applications from electronic
(Murrae, 1988) to foodLange and Wyser, 2003). Multi-riidlayer systemgyave significant
permeability reductions to gas up down t@teecades. Although their good performance can
be compared to multilayer ones, the intrinsauses are different. As the confinement of
polymer chains in layers thicknesses dowmamoscale, the crydlite morphology changes
from three-dimensional spherulites to twaordinsional discoids antb “in-plane” lamellar
stacks. Down to a certain layer thickness, the polymer layer will form a single crystallite
lamellae with large aspect ratio. Consequenily dramatic decrease in gas permeability
arises from a reduction of diffusi coefficients due to increased tortuosity of the diffusion
pathway of gases (Wang et al., 2009).

The barrier performances of materials may on inclusions remain by contrast more
hypothetical and with less pracdl applications. Iclusion strategiegave the pooresb

reduction with maximum decrease up to a facta. thhe reduction is usually used to justify

the concept of tortuosity, as /* D..«/D.: (Shen and Chen, 2007). As confirmed by recent

coarse grained simulations (Pryigsyn et al., 2Q1), obstructioni(e. filler) effects dominate
over the role of polymer intea€ial layers. Tortuosity is acaingly seen as increasing with
the volume fraction of inclusiof@bstacles. In thermoplastics, obstacles can be extraneous
particles €.g. nanofillers) or the polymer itself asystallites are usually inaccessible to
penetrants (Jacquelot et al., 2006ang et al., 2005). It has betdtus shown tat 25 nm size
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scale discoid crystallites obtained by confiregstallization of pol(ethylene oxide) could

lead to tortuosity valuegp to 100 (Wang et al., 2009).

Table 2-15 Reported reduction of permeability 8noh some typical nanocomposite passive

systems
D../D.| TR./TR;
Host matrix Principle Diffusants - /Do | TR/ TR Ref
L (Sinha Ray
e | s o | wos| 2 | 2| e
y y 2003a)
O» (Koh et al.,
Poly(lactic acid) Inclusions: N2 <0.004 "2 "2 2008)
layered clay cO, (Chang et
al., 2003)
Inclusions: ” ” (Osman et
Poly(propylene) layered clay (03 <0.04 1.5 1.5 al., 2007)
Inclusions: ” ” (Osman et
Polyurethane layered clay (03 <0.05 1.7 1.7 al., 2003)
. Inclusions: " (Abacha et
Polyamide 6 (PA layered clay H.O <0.04 1.5 N/A al., 2009)
Inclusions:
Polycaprolactong ” ” (Khan et
(PCL) carbon O <0.005 1.5 1.5 al., 2013)
nanotube
Inclusions: (Khan et
Chitosan nanocrystalling H,0 <0.1 "1.5 "1.5
al., 2012)
cellulose
Polysulfone Nano- (Murphy et
(PSF) multilayer O NIA-| - NIA - >120 1 7 o011

2.2.2.4 New concepts of active systems

The concepts of effective mieim theory for non-inert pactes and biphasic have been
reviewed in (Sax and Ottin@983). They show a strong influsmof the percolation threshold
and of the coordination numbas morphology parameter. The results assume however a
similar chemical affinity for both phases. When chemical affinities between both phases are
different, the random walk process is modifisdadditional waiting times due to a significant
waiting time between the region with the highelsemical affinity and the region with the
lowest chemical affinity. The mean escatime depends both of diffusion coefficients
between both phases and on #reergetic barrier height (&ges et al., 2008). Combined
effects of tortuosityi(e. obstruction effects)ral preferred sorption.é. attraction effects) are
discussed in general terms in (Klages, 200 principles of accumulation of waiting times

to reduce long-tern values is illustrated in themsplest case involving one-dimensional

random walk across two periodic wells: onellwepresenting for example the polymer,
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denotedP and the second denoted A representing aording phase as depicted in Figure
2-26.

Figure 2-26 One-dimensional nadic free energy profile tluding two states: A and P

separated by a transition state denoted %.

In the framework of the transition state the@ych a toy model has amalytical solution at

thermodynamic equilibrium Whepe’*qkA b p'qugp ~ o
2D 1K, » &
2 2
k| k| exp G. §
K 1 1 Kcontrast RT© !
op 5 op & E ,
RT© RT1 © > 1
contrast © (2-35)

Eq. (2-35) shows thdd values decreases theoretically when the partition coefficient between
the “MMT” and “polymer”, Keonrrass iNCreases. In more general cases, reductidd wehries

with the arrangement and the dispersionfree energies. Theoretically, by studying the
random walk of diffusion one 2D hexagonialtices, Vitrac andHayert (2007) found
reduction inD from several decades when the dispersion of free energies was increased
beyond some threshold while keeping the sawerage value (seedtire 2-27). Similar

results were obtained by Kayiannis et al. (2001).
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Figure 2-27The reduction ratio oD by non-reversible and reversible random walks on
hexagonal lattices with Poissalistributed dwelling times in tav situations: with or without

preferential routes. (aftéfitrac and Hayert (2007))

Very recent results obtained by (Janes andhdg, 2013) provide unexpected proofs of the
concepts followed in the thesis. The authors studied the sorption propéediesiytual
diffusion coefficientD1, and polymer-gas partition coefficiemf) of a homologous series of
n-alkyl acetates in poly(methgcrylate) (PMA) far above it$g as a function of loading of
spherical silica nanoparticles of average di@msel4 and 50 nm. The important decread® in
values results are not fully understood but tfieynd an elegant interpretation within the
presented framework of active systems. Theltegxpressed as deviations to bulk properties
and averaged over the rangestfidied concentrations arepreduced in Figure 2-28. They
show that the composite system present anssxoé affinity comparatively to expectations
from Eq. (2-29) and highdd reductions than those expecfed inert spherical diameters of

similar diameters.
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Figure 2-28 a) Excess polymer-air partition coeffici&tor “sorption excess” (positive
value= chemical affinity for the polymer abotree one expected from Eq. (2-29)) versus the
volume fraction in particlesk. b) Reduction of mutual flusion coefficients with .
Subscripts Eand B denote effective and bulk properties respectively. Filled and empty
symbols represent data obtained with a diameter of 14 nm and 50 nm respectively. The
theoreticalD reduction with impermeable particlesaf®ani and Yao, 1988) are plotted with

(x) for particles of diameter 14 nm.

The authors concluded that “To our knowledge, no theory that assumes the properties of the
matrix polymer correspond to that of the uefill material can adequately describe the
suppression of diffusivity observed here for the PNIGs polymer nanocomposites] made
with smaller nanoparticles over the whole range kpftested”. The authors proposed an
interpretation based on the model (Samd Ottino, 1983). The authors suggest two
interpretations:

) “Effective “densification” of the PMA dudo confinement and strong favorable

interactions of polymer segmts with the silica surface”;
1) “transport is delayed by strong interactiasfsthe diffusant with the silica surface

sites, which effectively act as “traps”.”

As acknowledged by the authors themselves, the first interpretation is opposite to the local
rarefactions of polymer segments suggedigdMerkel et al. (2002b; 2003). This second
interpretation could be interpreted througk following reversible “reaction” scheme:

ksorption i kdesorption
i A iAo @Ao (2-36)
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wherei is the solute and A the adsorbent partiklgpiionandKgesorption@re two reaction rates
and related tdcontrastvia:

ksorption

contrast k

‘desorption (2_37)

K

From similar modeling in catalysis involviqnysisorption (Leypoldt and Gough, 1980; Yang
and Cussler, 2001; Yang et al.,, 2001), the @ffectransport equation close to particles
become:

E . Dbulk C 1 §
W

C" ’
1 Kcontrast © (2_23,8)

Eq. (2-38) yields an effective diffusion coefficient similar to the one obtained with Eq. (2-35).
Since the sorption properties in the polymers, plhoposed description could be validated or
invalidated simply by measuring the adsorptmwoperties of the nanoparticles with the same

experimental device.
2.2.3 Reactive barriers

2.2.3.1 The concept of sacrificial reaget to increase barrier properties

According to Yang et al. (2001), a third reuto develop barrier films would exist by
incorporating chemically reacgvgroups. The concept has beeabetated further in the third
edition of the reference textbook Glissler (2009), called barriertivisacrificial ragent. It is

used in many patents in partiaulfor developing barrier matats to oxygen buthe literature
remains scarce outside the work of the grafpCussler itself. We present here the
interpretation detailed ipages 560-561 of Cussler (2009).

A simple example of coupling between mass transfer and an irreversible reaction is presented
in Figure 2-29. Its interest mainly pedagogical: it demonates the reduction of apparent
permeability and the increase in lag times based on a simple analytical solution.
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Figure 2-29 The concentration profiles of dgants and reagent in reactive film with
thickness]. The reaction front separated film into diffusion zdhgand reaction zonél' .

Ci0 and Cy are the constant diffusants concentmatin contact with film and the reagent
concentration in reactive film.

When the reaction front moves slowly, an unsteady-state mass balance can be written
assuming reagent is immobile:

d Al'c, @SA_
dt A (2-39)

whereA is the cross-sectional areajs stoichiometric coeffician the number of moles of

reagents consumed by a mole dfudiants. This is subjected to:

t 0O 'O (2-40)
By integrating Eq. (2-40) into Eq. (2-39):
| 2DSg, 1;§}/2
€0 © h (2-41)

When the reagent is completely exhausted within the reactive [T, the reactive film
starts to leak. The lag time is expressed as follows:
" 2@se,

DSG, (2-42)

For more general conditions, we have to reéfereviews (Yang and Cussler, 2001; Yang et
al., 2001). Table 2-16 presents theoretical rédncin effective diffision coefficients and

permeability. Most of the results require serial expansions for their demonstration.
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Table 2-16 EffectivelRsr andDet in reactive barrier systemg&fter Table 1 in Yang et al.
(2001))

Barrier type TR« Corresponding B d
TR, |
Nonreactive TRy TRy Dt % 1D
eff
Reversible reaction yielding TR, TR, 1 K D TRy 1D
a model product f ulk s,
Reversible reaction yielding T T Doui
an immobile product R TR Det 1 K 1D
Irreversible reaction yielding T T @ KG
an immobile product R TR Der Do 3c,, 1o

K: the apparent equilibrium constant equats/k', k andk’ are the forward and reverse

reaction rate constants.

2.2.3.2 Performances of reactive barriers

Reactive food packaging matedahave been considered for both “barrier packaging” and
“intelligent packaging” appliations (Brody et al., 2010; Lég-Rubio et al., 2004). Current
applications target mainly an increase fobd product shelf life by scavenging oxygen
(irreversible reaction), adsoriy carbon dioxide or ethylenetc. (Brody et al., 2008). The
engineering principlesf oxygen scavenger has been egxed by (Yang and Cussler, 2001).
The idea consists in adding immobile chemicadigctive groups within gfilm to react with
diffusant molecules, by which the lag timeutd increase about threeders of magnitude.
The estimated performances of some spedfystems are reported in Table 2-17 with
reduction in effective diffusion coefficientsr(equivalently increasen lag times) ranging
from 300 to 72000.

Table 2-17 Estimated reduction of permeability &nth reactive barrier systems containing
reactive flakes (after Tabl2 in Yang et al. (2001))

Host matrix Principle Diffusants E Douk/Deri TRui/TRy
_ Hydrochloric
Polyvinyl alcohol Reagent: ZnO " .05 300 8.4
aci

Low density _ o .05

Reagent: linolenic acid  Oxygen 72000 10
polyehtylene
Polyacrylonitrile Reagent: linolenic acid Oxygen .05 - 10
Polyvinylidene chloride  Reagent: linolenic acid Oxygen  $.05 - 10
Low density .05

Reagent: CaO Watert 27000 10
polyethylene

111



Polyacrylonitrile Reagent: CaO Watert .05 - 10

Polyvinylidene chloride  Reagent: CaO Watert .05 1680 10

T saturated vapor at 25°C.
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2.3 Conclusions

The literature review showed that diffusion in solid polymers is mainly affected by free-
volume effects for both gases and organic tesluRubber polymers and elastomers offer
consequently the poorest barrier propertisgrove their barrier properties by adding nano-
fillers has been investigated by many aushdut up to now still led to poor barrier
improvements. Proven strategies include ciminly materials in layered structure at
microscopic scale (conventional multilayer ter@als) or at nanoscale (multi-multi layer
materials) and materials incorporating scavengers. The first strategy is limited by the
compatibility of the layers to be combinedo{ any material can be used) rather than the
second is limited by the availability of reactive systems (they are limited to oxygen and in a
less extent to water). The thesis will follow different directions based on the concepts of
active or chaotic barriers. The initial ideatl®t macroscopic diffusion coefficients can be
lowered by the coupling of random walk and sionp properties at microscopic scale (note
that the coupling is not true at macroscopialeg In simple words, increasing the dwelling
time at molecular scale causes a decrease &s mansport properties. This effect is not new
at all since it is known in chromatography astieh time (normal or reverse one). Increasing
the chemical affinity for the support/matrixcieases the lag time and therefore the apparent
diffusion coefficient (note that the correct tsport coefficients involve a combination of
diffusion and convection). The thetical reduction of effectiv® values in condensed media
has been proposed in Leypoldt and Gough (1,988ihg et al. (2001) and Vitrac and Hayert
(2007) in two different contexts for catalytieactions with an excess of binding sites and for
random walks in polymers, respi@ely. The authors show th#te effect does not depend on
the average value of solubility (or egalently of the free energy) but on the
contrast/fluctuations of the free energy. Two syt can be thought to test the proofs of these
concepts:

- A system where the second-moment offtiee energy of the tfusant-host is high

as studied theoretically by Karayiannis et al. (2001);
- A system with at least two states sepedlaby a large partition coefficient (i.e.
involving for example an endothermic and an exothermic sorption).

The second solution will be preferred as iuldobe envisioned thahe contrast could be
controlled by temperature. For example, the material is barrier or selective at low temperature

and permeable at much higher temperature.
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Chapter 3. Objectives and approaches






3.1 General objectives

The general objectives of the thesis are twigle experimental proofs and engineering rules

for polymer materials barrier to organic solutes and integrating nano-adsorbents. The concepts
are tested in the most favorable case, whkeeeoriginal polymer is an aliphatic polymer
above itsTg and the nano-adsorbents are organo-medliflays. The reader must be aware

that the intent is rtoto develop a real new barriermposite system but to understand the
conditions for which such concept can beeefive and could be controlled by changing

temperature.

Respectively to the choice of the considered hybriel. prganic-inorganic) system, the
subject may look not original as many compositstems have been already described in the
literature. In our perspective, the originalitytbe work is in two aspects: i) we address first
the barrier properties to organic solutes in theseef an increase of the lag time to diffusion,
whereas most of previous works focus on duotion of the permeability to gases. ii) the
studied system offers the simplest systenerghsorption is endothermic (polymer) in one
phase and exothermic (adsorbent) in the otb®ithat a strong moduian is expected with
temperature. Finally, alumino-silicate clays offéte outstanding properties to be wettable to
both polar and apolar compoun@@tantawy and Arnold, 1972).

3.2 Particular objectives

The new concepts must be separated fratimer known effects. For example as
discussed in section 2.2, incorporating pariégeeknown to create otagles to diffusion and
to modify polymer properties (e.g. cryfitaity, morphology and sie of crystallitesTg shift,
free-volumes etc.). It could be thought that Hought effects could be detected easily By a
reduction larger than the ones already reportedeitigrature, which is close to a factor 2. In
practice, it is not obvious asstrong effect is expexd only if the parameté€;ontrastiS much
greater than one. As a result, the main issues are:

o To develop an enough solid theory of diffusion in order to enable to
distinguish the effects of tortuosity andemtation from others. At this stage, it
is important to note that conventiondileets are not affected by a temperature
variation wherea&onrast Will be. An activation of diffusion with temperature

for rubber polymers requires to separate free-volume effects claggftom
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those far fromTg regardless the considered size of the solutes. In materials
incorporating nano-adsorbents, a sig@iht excess of activation energy®is

in particular expected. If the measurementsDofire enough accurate and
sensitive, it can be thought that thiend could be detted even if the
decrease oD is low. For more reliability, an additional and complementary
proof will be used. Tortuosity and np#rological effects are not expected to
affect the scaling ob for different solutes at the same temperatuee they

are subjected to same topological constsd. The concept considered here
relies on the scaling exponer(fl) discussed in section 5.1.3.

To get a predictive model &f.onirasi Which enables to identify which polymer
and surface modifications of clays are optimal fob aeduction. In clear
words, do we need to incorporate organo-modified clays in apolar polymers or
pristine clays in polar polymers? Do we need to change the conclusions if the
solute is polar instead of apolar?ofwatic instead of aliphatic? Behind all
these issues, there is a transversal queskmm the point of7iew of organic
solutes, is the sorption on montmorillonites a surface phenomenon (adsorption)
or a volume phenomenon? In other wgrdhcreasing the interlayer distance
between clays or covering the surfacé&hwsurfactants is it an effective
direction to increasEcontrast ?

To test the concepts on real systemiere no specific attention was drawn to
orientation and exfoliation of the clayas it is thermodynamically controlled,

it should work only by mixing ingredients, kast if the intinsic properties of

the polymer are not significantly altered.

3.3 Approaches followed in this thesis

To meet the different goals andgrterements, several approacheg.(methodological or

cognitive) have been developed and tested. Ereysummarized in Table 3-1. The table is

not exhaustive but provides guidaraze clue to read the manuscript.
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Table 3-1 The objectives and correspondiregghodologies included in the thesis.

nano-adsorbent:

pristine montmorillonites (MMT)
three organo-modified ones equipped
with different functional group

Variable temperature conditions to

separatd -Tgeffect

- Substitued and hindered phenols
- Diphenylalkanes series
- Oligophenyls series

Nanocomposite systems to assess nano-adsorbent effect o
Polymer + nano-adsorbents + solute:

- polycaprolactone + organo-modified clay + biphenyl

- polyvinyl alcohol + pristine clay + biphenyl

o Question
Objectives type Approach Expected results
(section)
The representative set of conditions for
setting and evaluating the barrier
concepts for two test systems: reference
systems, nanocomposite systems Reference systems including polymers and solutes to assess
their independent effect dm
- Tested  virgin  films: polylactide, polypropyleng,
polymer: polycaprolactone, polyvinyl alcohol
it bleTq (-120°C T ac85°C - Source films: formulated polypropylene, polycaprolactgne,
with variableTg (-120° ° '
g( g= ) ) gglﬁlj\,:énsyl alcohol - Establishment of solution castir
. ' . method for different polymer an
Linear solutes (literature data) nanocomposite processing
homologous solute: - n-alkanesi(=12..60) - Procedure to formulate sour
: - n-alcohols (=12..18 , . ) )
Linear (aliphatic or aromatic) solutes Choices ) n-aIkyIpher?oIs =6 )18) fllms_ with uniform concentratior
apter : profiles.
(Chapter 4) - fil
branched (aromatic) solutes Branched solutes (literature data/measured ones) - Eormation of stable
- nralkylbenzener(*4) systems/model  for  furthe

characterization with repeatal
results

ce
N

le
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(Tg+10K<T<Tg+110K)

Reference methods to assess

Concentration profile methods
- Low diffusion coefficienti(e. <10*m? g%

- The tested solutes which &

UV and could be detected K

. . . - Methodology| : fluorescence microspectroscopy method with synchrotron :
experimentally diffusion coefficients | (sections.1.3| source fluorescence  microspectrosco
and UV spectrophotometer.
ranging from 13°n? st to 10" m? s & 4.2.3) . e L 142 1 - Development of two nove
- High diffusion coefficient(e. >10""m* s~) :
. film stacking method with solvent extraction methodologies to assess correg
' D values for teste® range
- Scaling low ofD for homologous linear solutes - Establishment of scaling law of
- Relationship between scaling law and conventional freediffusion for linear solutes i
Extended free volume theory for Cognitive volume theory aliphatic polymer abovég
flexibl d bulk sol (section - Integration of short and long-lived contacts - Separation independent
exible and bulk solutes 5.1.3) - Integration of effect of oddity of solute jumping units polymer effect ice. T-Tg effect)
- Integration of activation energy and entropy compensatioand solute effecti.e. concerted
effects motions)
- Characterization of tested clay: XRD, TGA, BEl¢
Calculation ofK¢onrrastand its variation RE_zferirt'?sfiiﬁngﬁgtgﬁpemes' IGA, 1GC
with: - At high concentration
) Methoo!qlogy - Molecular%imulation Distinction between adsorption and
Temperaturegd-spacing, surface C(gggt'it(')\f - Building an atomistic model sorption in the excess of surfacta
- Insertion method or in the clay gallery
coverage, surfactant type 5.2.2) - Grand canonical simulation method
- Discussion for homogenousalkanes and aromatic solutes
(toluene, anisole), and comparison with their sorption
properties on surfactants
_ Many combinations:
Proof of the same concepts on typical Cognitive | - Apolar clay in apolar polymer Correlation of values WithKeona
(section - Polar clay in polar polymer )
cases 5.2.3) - Solutes values with effect of temperature

- ReferenceéKconmast Values
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The remaining part of the manuscript is organiasdollows. The next chapter (Chapter 4)
details the main materials (polymer, substanaed clays) used in this study as well as
specific methodologies to easure a broad range Df values for homologous solutes in
various polymers. Methodologies pmocess all tested materiglsomposite or not) are also
fully detailed. Details of methodologies, whiahe more generic arevgin along the “results
and discussion” chapter. Results are preskras independent works on the three main
questions:

o Can we get a general theory of diffusiom fexible and rubber solutes in aliphatic
polymers? (section 5.1)

o Which physical parameters.§. basal-spacing, surfaceowerage, surfactants) are
controlling the chemical affinity of pristine and organo-modified montmorillonites
(section 5.2)?

o What are the performances m@noadsorbents on reducibgin typical polymer and
contact conditior® (section 5.3)

The directions of optimization @fll aforementioned effects aresdiussed in a specific section
(section 5.3.3 and section 5.4). Finally cos@das and recommendations for future works are
addressed in Chapter 6.
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Chapter 4. Materials and methods






This section provides an exhé#éus list of the solutes, polyers and adsorbents used at
one stage of this thesis for experiments, sitiaria or as standardfezences. The aim is to
promote a broad view of tested or examined d¢@nt. In shorts, alipliec polymers polar or
not are well represented aboveithglass transition temperatur€gf where they are more
permeable to organic solutes.€erbollection of solutes is significant with one of the largest
list of solutes with homologous chemical struesirThe reader must not be mistaken, only a
fraction of associated diffusion coefficients smmeasured in the thesis and many data were
extracted from an attentive study of literaturéadstarting from years of 60s. Anyway, they
were used to build a more general theorgiffusion for bulky and fxible diffusants. The
set of tested adsorbents is much smadied focused on commeatly available organo-
modified montmorillonites. Onlpne surfactant cluding one aromaticing is less common
and was selected to compare the strengti@Edinteractions and polasnes between tested
solutes and surfactant.

The methodologies were diverdrom experimental deternations of raw materials to
simulations and mathematical identification of diffusion coefficients. The details of well-
known methods are detailed in the sections weeecorresponding results are presented. The
methods which were significantigeveloped or modified in th study are presented here.
They include mainly practical information:

x to formulate materials with almost incompatible solutes ljow to formulate
materials with a full list of homologowsolutes which start to become less and
less soluble?);

X to process hanocomposite materials according to the concepts followed in the
thesis;

X to measure reliable diffusion coeffigits spread over several decades'{10
10*" m? %) and activation energies ranging from 40 to 15fnkd™.

From our experience, it has been shown theat information was found critical by other
research groups to reproduce indepetigene results presented in this study.
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4.1 Materials

4.1.1 Solutes

Tested solutes are splittedo three categories accang to the studying property:

- Category 1 to assess the diffusion coefficient$ homologous solutes, including
mainly a linearly repeated pattern to get referddalues in bulk and corresponding
polymers.

- Category 2 to assess the sorption properties of solutes onto adsorbents and in
polymers to get an estimation Kfontrast

- Category 3 to assess thd reduction and its likely mechanism on polymer
nanocomposite systems.

According to above categosigall tested solutesalisted in Table 4-1.

Table 4-1 List of solutes applied in the thesis

Application Series Solutes
, n-alkanes n=12..60 (M = 170-843 gol™})
_L'r(':eaif SO'UtFﬁ n-alcohols n=12..18 (M = 186-270 ghol’!)
in Categor
gory n-alkylphenols n=6..18 (M = 290-543 giol")
n-alkylbenzene Benzene Toluene Propylbenzene Butylbenzene
Aromatic
solutes in Structure
Category 11
M (g mol™) 78.1 92.1 120.2 134.2
SUbStlt#ifge?gg Phenol 4- . 2,4,6- Durenol
. Methylphenol trimethylphenol
Aromatic phenols
solutes in
Category 17 Structure
M (g mol™) 94.1 108.1 136.2 150.2
Substituted and :
. . 2,6-di-tert- Butylated
hindered | 2,4-Di-t-butylphenol !
phenols butylphenol hydroxytoluene
Aromatic
solutes in
Category 17 Structure
M (g mol) 206.3 206.3 220.4
. . 2,4-Di-tert- 2-(5-Chloro-2H- .
Aromatl_c Substltu_ted and butylphenyl 3,5-di- benzotriazol-2-yl)-4- 4,.4 4 -Butane-1,1,3-
solutes in hindered butvl hvI-6-(2 hvl triyltris(2-tert-butyl-
Category 1t phenols tert-butyl-4- methyl-6-(2-methyl- 5-methylphenol)
hydroxybenzoate  2-propanyl)phenol
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Structure

M (g mol™) 438.6 315.8 544.8
Diphenyl . : .
alkanes|  Biphenyf Diphenylmetharfe BibenzyP
Aromatic
solutes in Structure
Category 1%
M (g mol™) 154.2 168.2 182.3
Ne= 0 1 2
Oligophenyls Biphenyf p-terphenyt p-quaterphenyl
Aromatic fruct
solutes in structure
Category 1% M (g mor™) 154.2 230.3 306.4
Npi= 2 3 4
Branching . : .
phenyl methane Biphenyf Diphenylmetharne Triphenylmetharie
Aromatic
solutes in structure
Category 1%
M (g mol™) 154.2 168.2 244.3
Alkyéltﬁgresnyl Anisolée Ethyl phenyl ethér Butyl phenyl ethér
Aromatic
solutes in
Category 1% structure
M (g mol™) 108.1 122.1 150.2
. 4-methyl 4,4’-dimethyl .
Substituted Benzoghenon benzophenone benzophenone 3,4-dimethyl
benzophenone € a a benzophenorie
Aromatic
solutes in
Category 1% structure
M (g mol™) 182.1 196.2 210.3 210.3
Stilbene Trans- Trans,trans-1,4-diphenyl- 1,6-diphenyl-
stilbené 1,3-butadien® 1,3,5-hexatrierfe
Aromatic
solutes in
Category 1% structure
M (g mol™) 180.1 206.1 232.1
Various Dibenzo[b,d]furaf Xanthené
Aromatic
solutes in structure
Category 1%
M (g mol™) 168.2 182.1
Linear solutes n-alkanes _ — 7. -1
in Category 2% n=5..9 (M = 72-128 gnol™)
Aromatlp Aromatic Toluene Anisolg
solutes in solutes
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Category 2%
structure
M (g mol™) 92.1 108.1
Aromatic :
Aromatic solutes Biphenyf p-terphenyt
solutes in structure
Category 3% .
M (g mol™) 154.2 230.3
t: collected diffusion coefficient of solutes reported in literature, ¥ data measured in the
thesis.
4.1.2 Polymer

Polymer materials are applied in two systems:

)] Reference polymers including polyami@®A), polyethylene (PE), polyvinyl
acetate (PVAc), polylactide (PLA), pgiropylene (PP), polycaprolactone
(PCL) and polyvinyl alcohol (PVA) werapplied to investigate diffusion
coefficients of organic solutes abovg.

i) In nanocomposite systems, polymecluding polycaprolactone (PCL) and
polyvinyl alcohol (PVA) were used as hasatrix to extracsolely effect of
nano-adsorbents on diffusion coefficient abdge

The detailed information and characterizatiorapplied polymers are listed in Table 4-2. To
avoid degradation of PVA which are obliged totbsted at higher temperature due to its high
Tg, Tg of PVA was modulated by usingboth at dry state and edjbrated at an intermediate
relative humidity of 21-28% with 2.4 wt% of water content.
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Table 4-2 Information and chatadzation of applied polymers

Thickness (mm) _.
x  width  or Film
diameter (mm)

Polyamide (PA) 25 Amorphous - - - Reference polymer
Polyethylene (PE) with

Tg Crystallinity
°C) %

Supplier/product

Polymer .
processing reference

Application purpose

low density (LDPE) or ;1102% Semicrystalline - - - Refereng@mlymer
high density (HDPE)
Polyvinyl acetate (PVAc) 32 - - - - Reference polymer
Polylactide (PLAJt 60 23.6 0.02x600 Extrusion Iéi?:ﬁgny) / Biophah! Reference polymer
Extrusion Borealis (Austria)/
Polypropylene (PP} 0 55.5 0.2x800 blowing HD621CE Reference polymer
] ] . . Creagif Biopolyméres Reference polymer

Polycaprolactone (PCP)  -60 50.3 0.01-0.04%200 Solution casting (France)/ CAPA 6800 /nanocomposite

: 55 ) . . Sigma-Aldrich Reference polymer
Polyvinyl alcohol (PVASt 82 50.0 0.01-0.03x200 Solution casting (USA)/ Mowiol® 20-98 /nanocomposite

*Films were processed at induatrscale and used as receivV&CL films with molecular weight of 80* g mol™* were processed at laboratory scale as
described in (Marras et al., 2008The PVA films with moécular weight of 125000 jpol* (98.0-98.8 % of hydrolysis degree) were processed at
laboratory scale as described in (Otsuka and Suzuki, Z0g9f. PVA were of 82°C and of B&, at dry state and when tfiens were equilibrated at a

relative humidity of 21-28% respectively. 1: collected diffusioafiaient reported in literature; data measured in the e
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4.1.3 Nano-adsorbents

Pristine montmorillonite and three surface modified ones with different functional cationic
surfactants are selected as nano-adsorbents.

Montmorillonite (MMT), is a hybrated aluminalisate layered clay consisting of an edge-
shared octahedral sheet of aluminum hydiexsandwiched betwedwo silica tetrahedral
layers (Olphen, 1964), as depicted in Fegud-1. The layered crystals, which are
approximately 1nm thick with lateral dimensions from 30nm to several microns, are piled
parallel to each other and are bonded by localder Walls and electrostatic forces (Tan et
al., 2008). Due to delodahtion by negative charges, such as [pi@placed by [AIQ]
causing defects in the tetrahedral layer (Heinz and Suter, 2004)] [#&i@aced by [Mg@
causing defects in the octahedral layer, ittn@alance of the surface negative charges is
compensated by exchangeable cations (typically, M4 and C&") which are situated in
between the charged layers. The charge of the layer is not locally constant as it varies from

layer to layer (Alexadre and Dubois, 2000).

Figure 4-1 The scheme of the structure of pristine montmorillonites.

To render layered hydrophilic MMT miscible with hydrophobic polymer matrices, one must
convert the hydrophilic surface to an organophiiee. Generally, this can be done by ion-
exchange reactions with caic surfactants including priany, secondary, tertiary and
quaternary alkylammonium or alkylphosphoniuntimas with or without functional groups.

In this study, three cationic surfactants witimctional groups (e.g. phenyl ring, OH group)
were applied to modify the sade of MMT that are commerciaVailable and listed in Table
4-3. Before usage, all surface modified MM/&re dried in a vacuum oven at 80°C for 12 h.
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Table 4-3 The information and chemical stuue of four commercial available clays

Supplier
Abbreviation Chemical composition /Product
reference
MMT Montmorillonite
Aldrich
Surfactant: n/a (France)
Chemical . /682659
ST [Naossood[Sia slo oOlAl 1.4Mos60x(OH)] TH,O0
C6HSMMT Organo-modified montmorillonite
Dimethyl, benzyl (hydrogenated tallow) alkyl ammonium#
Rockwood
Surfactant: (Germany)
/Nanofil®9
Chemical .
formula: [Nap.11K0.03[Siz.92A1 0.0608][Al 1330 2802(OH)2]-C 13 4H12.7N0.47
C180HMMT Organo-modified montmorillonite
Methyl dihydroxyethyl hydrogenated tallow ammoniumz
. Aldrich
Surfactant: (France)
1682640
Chemical [Na.01K0.004[Si3.927A 0.0408][Al 1 52M 7 240,(OH),]
formula: "Ce.oH127dOH)2 8No a1t
C18MMT Organo-modified montmorillonite
Octadecylamine
. Aldrich
Surfactant: (France)
1682616
Chemical ,
formula: [NaO.OlKO.OZ] [S|3.926\| 0.09()8][A| l.SQ\AgO.SZ()Z(OH)Z]'C9.6d_|20.01N0.53T

t: The chemical formula of each clay wadetimined by the element content measured by
combustion for organic compounds and irtduedy coupled plasma atomic emission
spectroscopy (ICP-AES) fonorganic compounds. fTallow is a blend of unsaturatakkyl
groups with an approximate composition: 65wWwt#0C18, 30wt% of C16, 5wt% of C14 as
stated by supplier.

131



4.1.4 Polymer/nanocomposite film piocessing and formulation

4.1.4.1 Virgin films

PLA and PP were supplied as films aneédiss received. PCL and PVA films were
processed by solution casting, accordindMarras et al., 2008; Otsuka and Suzuki, 2009)
respectively. The PCL solution formed by dissrg 0.28g of PCL powder in 11.5 mL of
dichloromethane with final concentration ofi 2vt% was poured into a glass or a Teflon petri
dish with diameter of 10 cni.o control the fast evaporation speed of dichloromethane, the
petri dishes were covered by either filteppaor aluminum foil wh homogenous pinholes
and allowed solvent evaporation at room tempeeator at least 12 h. Afterwards PCL films
were peeled off from the dish and were driedin oven at 30 °C for three days to remove
residue dichloromethane. The PVA solution was obtained by dissolving 1.67g of PVA
powder in 200mL of deionized water. The mixture was heated in an oil bath at 95°C for at
least 5h to reach fully dissolution. After coaidown at room temperature, the solution was
degassed in a sonicator bath i® min. As soon as no bulelsl were observed, the solution
was poured on a flat glass or plastic surfa@e [D: 20cm x 20cm) to allow solvent (water)
evaporation for at least 3 days. Then the PWAg were peeled off from the surface with the
thicknesses ranging from 5 to 36. Before use, the films we conditionedunder controlled

relative humidity for 2 days to reach equilibrium water content.

4.1.4.2 Source films

Films acting as sources of solutes were formulated with each solute either by soaking
films in a 0.05 gnl™ solute-ethanol solution during amial duration of one week at 60°C
(e.g. cases of PP, PVA) or by adding thesibl solute to the casting solution at a
concentration of 0.2 wt% (e.g. case of PCDue to the difficulty of absorbing bulky
aromatic solutes in PLA films below or close toTig (to avoid recrystallization), PP films
were used as sources instead in PLA contact experiments. All processed films were stored in
stack to prevent solute losses and to facilitate internal homogenization of concentration
profiles. The uniformity of concentration profil@s sources was tested over the cross section

of microtomed films by fluorescence imaging.

4.1.4.3 Nanocomposite film processing

10 to 50 um thick of PVA nanocompositesorporated by pristine MMT, and PCL
nanocomposites incorporated by one typeofano-modified MMT (see Table 4-3) were
processed by solution casting method describelllarras et al. (2008) and (Gaume et al.,
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2012) respectively. For each nanocompositicdiay dispersion (0.1wt%) was obtained by
suspension of well-dried clay powder in aresponding solvent. Both polymer solution and
clay suspension were sonicated separately3®omin at room temperature and subsequently
mixed. The mix ratios were calculated basadfinal concentration of nanoclay in polymer:
0.5 wt% and 5 wt% of organo modified clay PCL polymer matrix, 0.5 wt% of pristine
MMT in PVA polymer matrix. The final mixture was further sonicated for 30 min more and

then cast as the same way for virgin films.
4.2 Methods

The methodologies applied in the=lis are detailed in both thisction and also in each paper
located in Chapter 5. In order to avoid repeated text and also to help the reader, we provided

Table 4-4 to index each method.
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Table 4-4 Index of methodolagg applied in the thesis
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Classification of , " . Location  of
Samples . Physical quantities Methodologies method
properties description
Polymer/nanocomposite Characterization Crystallinity degree Differential soaing calorimetry (DSC) Section 4.2.1
Polymer/nanocomposite properties Crystallneorphology Pdarized optical microscopy Section 4.2.2
Element content Chemical agsis (ICP-AES) Section 5.2.2
Nano-adsorbents Charac_terization d-spacing X-ray diffraction amlysis (XRD) Section 5.2.2
properties Organic content Thermogravimetric analysis (TGA) Section 5.2.2
Specific surface area Specifiaface area (BET) Section 5.2.2
Sorption enthal Grand Mont-Carlo molecular simulation ,
Polymer /isosteric heatQiFg ® Intelligent gravimetric analyzer (IGA) Section 5.2.2
Surfactants Th , S_orptlo_n enthalpy (H) Grand Mont-Carlo molecular simulation Section 5.2.2
ermodynamic| /isosteric heatQ)
properties agm?/ocno;ﬁ‘)itckilgrr\rtg@) Gran.d Mont—Cngo molecular simulation .
Nano-adsorbents . Intelligent gravimetric analyzer (IGA) Section 5.2.2
- Sorption  enthalpy  {H) Inverse gas chromatography (IGC)
/isosteric heatQs)
Solid contact/concenttian profile methods
| Mechanical o N - single film imaging by DUV/quorescenceSection 513
Polymer/nanocomposite properties Diffusion coefficients D) microspectroscopy ection 5.3.2
-14 films contact method with solven? o
extraction




4.2.1 Differential scanning calorimetry (DSC)

Tg and crystallinity degree of each polymer reported in Table 4-2 were measured by
differential scanning calorimetry (model Q100, T#struments, USA) a heating rate of 10
°C/min within temperature limits adapted éach polymer. The crystallinity degre8) (was

calculated from the melting endotherm in the first heating scan

Fop Hi H.

1 H :{,100%

(4-1)
where (H, and (H. are the experimental melting enthal@yd cold crystallization enthalpy

of polymer crystals, respectively' H™ is the theoretical melting enthalpy of the 100 %

crystalline polymer: 93 g* for PLA (Fischer et al., 1973), 165g3 for PP (Wunderlich,
1980), 139 * for PCL (Crescenzi et al., 1972), 138.§Jfor PVA (Peppas and Merrill,
1976):

Glass transition temperatures of all polymers except PVA were measured in the
second heating scan and takerhat mid-point of the heat capacity step. In the case of both
dry and plasticized PVA,Tg values were determined from the first heating scan.

Determinations were triplicated.

4.2.2 Polarized optical microscopy

The optical microscopy was performed an optical microscope (BX51 frame,
Olympus, Japan) in which one polarizer and analyzer are aligned. The images were taken

at a magnification of x 20 for each sample.

4.2.3 Measurement of diffusion coefficients

The experimental proceduregicluding sample preparation®f two solid contact/
concentration profile methods operated at tuwftecent length scales ardescribed in Section

5.2.2. Since the data management of two methods was developed in the thesis and also it took
a significant amount of time of author to valieland optimize, in thisection we provide
additional information of data analysisilmagement and corresponding troubleshooting

solutions.

135



4.2.3.1 Single film imaging by DUV/fluorescence microspectroscopy

4.2.3.1.1 Sample preparation

The scheme of sample preparation is drawRigure 4-2. The source film is sandwiched by
two virgin films. They are held in a metallic tube. Wood is used at both ends as plugs and the
films are maintained in close contact usiagscrew. All contact layers have the same

geometry to guarantee thyeality of contact.

Figure 4-2 Scheme of sample preparation (A, C=virgin films, B=source film)

4.2.3.1.2 Theoretical concentration profiles

Since the diffusion coefficient could be assdsBem concentration profiles of both virgin
and source film, before the experiments pegformed, a series of simulated continuous
concentration profiles are prepared by conmsmegeometry, contact time and partitioning of
the contact system. According to the expeditihg positions, two series of concentration
profiles are prepared either normalized at the interfaeeposition at 200m and 400m)
(see Figure 4-3a) for fitting pritds of layer A and C or normiaed at the center of source
layer (i.e. position at 300n) (see Figure 4-3b) for fitting profiles of layer B.

a) b)

Figure 4-3 Simulated concentration profiles aissrsection of three contact films assembled
as in Figure 4-2 with thickness 20@ each normalized at a) the interface and b) the center of

source layer
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Above theoretical concentrationgfites could be usetb fit with experimental ones for thick
film (i.e. PP film with thickness of 200n). In the case of thifilm (e.g. PLA film with
thickness of 20m), the interface diffraction pattern cduhot be ignored. Mathematically, a
diffraction kernel (i.e. Lanczos-windowed sjneas added into each simulated concentration

profile (see Figure 4-4).

a) b)
Figure 4-4 Comparison of theoretlcconcentration profiles witliffraction patterns (colored

curves) and without (blackurves) for a) the layer A or C and b) the layer B.

4.2.3.1.3 Data analyzing

For each sample, the spectra in the range of wavelergfonm-550nm are collected along
the detected position. Due to the effect dfrdction and sample defect, the baselines are not
flat, which could affect the final concenti@ti profiles in a large extent when the emission

intensity is low. Therefore, the bdises must be refined (see Figure 4-5)

Figure 4-5 Example of the collected spectra at each measured position with baseline. Two

peaks are related to excitatiare( =275nm) and emissiomé. =280-380nm) respectively
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By taking an example of assessing diffusioeflioients of biphenyl in PP films and PLA
films at 343 K,D values are extracted by fitting the experimental concentration profiles with
the theoretical ones. The raw data and its fitting for PP film at position C and B and for PLA
film at position C are plotted in Figure 4-GdaFigure 4-7 respectively. It is worth to notice
that the starting fitting point.g. interface location) is very critical on the fitting quality and

on the extracted Fourier number. For PP laygroaition A or C, the siting fitting point is

the maximum at the peak of the concentrapoofiles. For layer B, the starting fitting point

could be obscured as soon as the maximum intensity is not a plateau.

a) b)
Figure 4-6 The experimental concentration pesfof biphenyl at 343K (red filled dot) in PP

film at a) position C and b) position B fittedttv theoretical concentration profiles (colored

curves).
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Figure 4-7 The experimental concentration peofif biphenyl at 343K (red filled dot) in PLA
film at position C fitted wititheoretical concentration profiles (colored curves).

4.2.3.2 14 films contact method

4.2.3.2.1 Sample preparation

The scheme of sample prep#oa is provided in Figure 4-8.

Figure 4-8 Scheme of sample preggaom in 14 films contact experiment

4.2.3.2.2 Theoretical concentration profiles

14 films contact method is derived from Rost$ein which the high dilution induced by the
dispersion of small amount of substance in a large volume of polymer. The dilution problem
can be circumvented by inserting two sourcegead of a single one. Optimal assembling
involves two sources and a tbtd 14 films (see Figure 4-9).
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Figure 4-9 14 films method involving 2 sees sandwiched among 12 virgin films.
Concentration profiles are plotted for different Fourier number. Bars represent the
concentration as measurack (averaged over thdéh thickness) whereas the continuous line
represents the continuopsofile. All concentration profileare normalized to yield an overall

stack concentration of 2.

4.2.3.2.3 Data analyzing
An example of the 14 film method (sourcé&s positions 5 and 10) applied to the
determination of the diffusion efficient of biphenyl in polgaprolactone at 296 K is shown

in Figure 4-10.

Figure 4-10 a) Measured piles after 1 hour of contact (bars), predicted profiles and
corresponding 95% confidence intervals gsotted in continuous and dotted lines
respectively. All concentrations profiles are matized to yield an overall stack concentration

of 2. b) Least-square fitting criterion betwemeasured and predictedncentration profiles.
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95% confidence interval around the minimumpistted as a red line. c) Details of the

minimum region (linear scalof Fourier numbers).
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Chapter 5. Results and discussion






5.1 Diffusion in bulk polymers

As first description, nanocomposite effects in polymers are very often described from
collisional theory and tortuositconcepts used iporous or mesoporous media (see section
2.2). It is usually thought that inserting obstaclegy.(particles, crystallites) decreases the
mean free path as considered in Knudsen diffusion theory (Shen and Chen, 2007). This
concept does not hold for diffusion in polymmdrecause the average ballistic length of the
center-of-mass (CM) before a collision occurs is much smaller than the gyration radius of any
organic solute which is larger than 5¢ngl™. Indeed, viscous/friction forces are dominating
over inertia and external forces.q. pressure gradient). In this perspective, tortuosity effects
must be thought as a consequence of the jpalgmer structure andenewal rates of free
volumes, and assessed from the decreaskeo$econd moment of the position of CMe(
variance or mean square displacement) instead of its first momenayerage distance
crossed after a given amount of time). In otherdspthe trajectory ofrganic substances in
solid polymers appears skewed due to the random displacements regardless the “real”
obstacles met. In addition, as random walksraxeoriented, the concept of orientations of
obstacles holds only through the notions of ifbn anisotropy. Thidirst part introduces
theoretical results, which will be used to analyze in time and in space the effects of “normal
diffusion” (in this section) from those relateto interactions with obstacles/adsorbents
(section 5.3). For concision, only diffusion afimite dilution, also known as trace or tracer

diffusion, is addressed.

5.1.1 Beyond tortuosity: how negative correlations decreasP values with considered

time-scale

On long time scales, the mean distance covered by a tracer is always zero even if
tracer CM drifts slowly away from the origin according to the generalized Einstein relation
(5-1). The displacement of CM is said to $econd order stationary and its mean square
displacement (msd) increases linearly with timetiag

d

.
E<rCM gy Uit >”U D tu
: (5-1)

where' stands for transpose,, t, Uis the displacement vector Ky 1 matrix in an arbitrary

Cartesian system) relative to its average vaI(ngM W ) 0, and relative to the

allt
displacement of the CM of the whole polynterst+diffusant system, denoted O. By noting
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Xo and x4, the position vectors of O and CM respreely, the displacement between timés
and 2t, r,, t, U is defined as:

r ,t X

cMm cMm t Xem U % Ut X, (5-2)
Because the probability of reaching any tatgr point is lower than 1 according to

Pélya’s random walk constant, the operatob in Eq. (5-1) averages the mean square

all U

displacement over all possible starting tim2and it assumes th#te transition probability

associated to each displacementranslationally invariantD t is a symmetric positive-

semidefinite diffusion matrix. $t eigenstructure codes for theain directions of molecular

diffusion at time scale2 When all diagonal terms are stlycpositive, theunique Cholesky

decomposition oD t is:

.
Dt Bt t¥Bt t 12
(5-3)

where t is a diagonal matrix of eigenkees and where the columns &f Uare the
corresponding unit eigenvectors. Kendisplacements at the scéare expected to fluctuate

at a random rateir t, U/dt equal toBt t sz, where X is a random vector, whose

components are standard normal variates. Wilisplacements are isotropic, all diagonal

terms of t are equal to a same scalar value, dendted. The value ofd t is given by

the derivative of the total mean squdrsplacement operator of CM, denoted ggt), with

t. The latter is conveniently defd as the expectation a quadrétien (or equivalently as the

squared Frobenius norm éfG trg Ut ' > ) U
all U

.
msd.,, t <rCM bt ey Ut >aIIU U
. (5-4)
7 T - T
tr irCM Jtrgy Ut > <rCMU 't >a”U fow ot )y U

As the distance mggi(t) and the trace operator do not depend on the orientation of the

-

all Y- ® u

reference frame, Eg. (5-1) becomes inditbonormal basis defined by the columnsof :

>~ A -

9 nsd, t tr ;%<rCM Ty, Ut T> I 20Dt 2r t 6Dt

The well-known result in Eq. (5-5) will be generalized to thid 8/ 3N atomic
displacement correlatiomatrix associated thN heavy atoms belonging to a same diffusant in
section 5.2. At the long term timkmit corresponding to the frequendyg14=0, the
macroscopic translational diffusionefticient is accordingly defined as:
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Dt 0 LimLmsd, t

6tl1d dt (5-6)

The scaling relationship ofnsd,,, t with t is of significant concern because it

determines the convergenceteratowards the asymptoticegime of diffusion, where
corresponding to a diffusion efiicient independent of the time scale considered. It is

obtained when the spectrum oktHuctuationsof the operatodmsd,,, t /dt is completely

sampled (continuous spectrum corresponding tiewtoise). The conveegce is only rapid

if translational events are independentl dtomogeneously disbuted over time. When
displacements are controlled by energetic barrites frequencies of ossing the barrier in
both directions are asymmetrand strong variations in ¢hautocorrelation functions are
expected witht along with complex frequency pendence. The corresponding colored-
random walk is better descritheés a Poisson process, whardisplacements associated to
time lagt are expected to occur duringunder stationary condition. The corresponding msd

is given by the composition law afpossible dependent displacements:

msdy, Nt e trirc,vl t WUy & T> Ty u
Oipn b all V¥
msdy,, t %1 2 gen k<cos@Mt> 0
1k nb1 all by (5-7)
> T ._
tr ircrw torey U, kt > zu u
where (cos &, R ) 1 is the correlation coefficient of order

tr irCM Urey Ut T>a||u?i u

k between displacements occurring durirapd separated by a time kg By settingn to a

low value,e.g.n=2, the expected damping (xfos By t >a” y with k can be neglected and all

correlation coefficients can kmssumed homogeneous and equalctsR,, t ) so that Eq.

all

(5-7) becomes:

nil2 —
msdy, Nt N msg,, t i 2 1 cosBy t ), : 5.8)

Without making any assumption ofethspectrum of fluctuations ofnsd., t or
dmsd.,, t /dt, Eq. (5-8) is particularly useful tealculate the cumulated growth of

Inmsdg,, t with Int for anyt=nty:

nl2

k1
) .
Inmsdg,, n*t, Inmsd, t, Innk, Int, i?n % ) 1)<cos Ry Nty >a” y

15-9)
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Forn=2 and by assuming th&tmsd,,, t is continuously differentiable witin U the

cumulated correlated displacements betwie@andt are found proportiondb the deviation to

the unitary scaling slope as:

for sufficiently

K 1 . 2, Inmsd t . larget t, D—t 5
1 oan 1 <cosl3M 2t > o gj—c“" 1dt X In—e—
kin2,~, T dint ¥ D & ®
fo (5-10)

When displacements are independent at sdglesdt (i.e. Dt xmsd,, t /6),

approximation setup in EQq(5-10) generalizes to several time scales the expression

Dt /D to ¥ used to define tortuosity. In the bulk polymer or in contact with nano-

particles, strong interactionsith polymer host segments (long-lived contacts) may lead to
negatively-correlated displacementse.( which tend to be balanced each other out).

Cumulated correlation coefficient between displacements on long terms is expected to cause a

major deviation to fluctuations ofimsd.,, t /dt to white noise (with constant spectra).

According to Langevin theory of diffusion, itpeesents the spectrum thie mean force acting

on CM and in this case it is not random.

5.1.2 Non-obstacle related effects oD

Both obstacles and combinations of spatial and tempemlt{apping, confinement)
effects may cause aggiificant reduction oD with time scale. By considering thatis also a
function of T, Tg, M (see section 2.1) and by notib)T,Tg,M) its corresponding value in a
material incorporating obstacles, Table 5-1 describes expected scaling or equalities due to
“pure” inert obstacle effects. The only assumpi®that obstacles aféelt” by all diffusants

whatever their structure, the considered terajure and polymer glass transition temperature.

Table 5-1 Variations oD, which are not affected by the presence of obstaBless the

corresponding diffusion coefficient in a nanogposite material incorporating obstacles.

Possible interpretation when a

Non obstacle effects Expected equalities significant deviation to equality is
detected
Effect of a shift of the InD t s InD"'t s
glass transition o X . Nano-fillers modify locally polymer
temperature g MT 9 MT | relaxation and in return diffusion
(see section 5.1.3)
InD t s InD't A specific integaction with nano-
Effect of temperature W X T fillers is detected and it is activated
MT, T, | by temperature

for linear solutes X——— .
) sinM sinM .
(see section 5.1.3) ; ‘T translation of solutes

Effect of molecular size|  nD t L s InD"t Nanofillers mbdify the mechanism of
.
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In the thesis, it has beehaught that getting a general free-volume theory (FVT) for
solutes including repeated patterns could be tselétect and probe - through its deviations -
the nature of interactions with nano-filleys nano-adsorbents. The conventional Vrentas and
Duda FVT theory has been tested to assesssthling proposed ifiable 5-1 on aliphatic
polymers above theilg. The approach used both carefully sectioned literature daga (
homologous substances, same method, and diffegmperatures) ardkdicated experiments
summarized in Figure 5-1. The main originalkitynsisted in studyingriear diffusants based
on a same rigid patternd. aromatic ring) or blob. As deted in section 4.1.1 many variants
have been studied with different numbers afbls| distances betweéiobs, rigidity of bonds
between bonds, hybrid molecules including altghaegments. This section focuses on the
most extensively studied seri@s 4 polymers and at 3 td temperatures each: diphenyl
alkanes and oligophenyls. The first series is paditylinteresting as it offers almost similar
van-der-Waals volumes (only the exclusion volume changed), it was used to probe robustly
polymer effects with the same number ajli8. The second one, sharing biphenyl as common
diffusant, is used to test existing diffusion scaling theories with molecular mgsfdguse
theory and related ones). The rangelg covered 10K to 110K, which is almost
commensurable to the application range of malsber polymers. Finally, it is very important
to stress that all reported diffosi coefficients were measurediafinite dilution without any
risk of plasticization ormodification of free volumes. Iparticular, this work contrasts
significantly with experimetal determinations dD carried out mainly during the last three
decades from mass uptake or spin-echo NMR raxjg@its at high concentration. Indeed, the
extrapolation down to infinite dilution requsaising existing FVT to correct the shift D
due to plasticization. The methodology ubetde does not require these corrections.

a) b)

149



Figure 5-1 a) Main homologous sesiused in this section pyobe both free-volume effects
and the scaling dd with M. b) Bivariate domaifxTg examined in this section
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5.1.3 Study and model development

Publication 1l
Title: Diffusion of Aromatic Solutes in Aliphatic Polymers above Glass Transjtion

Temperature. Macromolecules
Authors: X. Fang, S. Domenek, V. Ducruet, M. Réfrégiers, and O. Vitrac

Published in: Macromolecules. 46: 874-888 (2013)
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Diffusion of aromatic solutes in aliphatic polymers above glass

transition temperature
Xiaoyi Fang, Sandra DomenékViolette Ducruet, Matthieu Refregiers Olivier Vitrac™*

YINRA, UMR 1145 Ingénierie Procéd Aliments, F-91300 Massy, France
’AgroParisTech, UMR 1145 Ingénierie Béulés Aliments, B1300 Massy, France
3Synchrotron SOLEIL, 'Orme des Msiers, F-91192 Gif-gYvette, France

5.1.3.1 Abstract

The paper presents a harmonizeééscription of the diffusiorof solutes with repeated
aromatic jumping units (JU) in emgled aliphatic polymers above thdig. It is shown that

the trace diffusion coefficientd), are scaled with the number & or equivalently with

solute molecular mass), as M ‘M KT KE, whereK  andK are temperature-equivalent
parameters related to Williams-Landel-Ferry (WLF) ones. The scaling of diffusion behaviors
of linear aliphatic and aromatic solutes appear separated by a temperatuke ,shifta. 91

K. The effects of the number dJ and the distance betweerotdJ were specifically probed
in several aliphatic polymergd@lypropylene, polylactide and paiaprolactone) at different
temperatures abovEg with two homologous solute serieshort oligophenyls and diphenyl
alkanes. An extended free-volume theoryrf@any JU was accordingly inferred to account for
the observed statisticaldependence between the fluctuati®f the free volumes probed by
each JU and the probability tife collective displacement ofdltenter-of-mass of the solute.
Outstanding properties of short oligophenylseseprovided further sight on the underlying
molecular mechanism of transtan. Their activation energiegrow differently according to
the number of phenyl ringd\pp, being odd or even. Camgined molecular dynamics
demonstrated that such a paeffect could be remarkablypeduced when the translation of
each JUi(e. phenyl ring) was randomly controlled Bycombination of short and long-lived
contacts.

Keywords: diffusion, aromatic molecules, aligi@ polymers, scaling exponents, free

volume, activation energy, molecular dynamics

5.1.3.2 Introduction

No general diffusion model iswvailable to predict the bad range of trace diffusion
coefficients D) of organic solutes suchs oligomers, additives, residues, contaminants or
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degradation products in polymer materials atdssiate, which corresponds to their conditions
of service. By analyzin@® values in polyolefins, a strong dependenc® ofalues has been
highlighted for several categes of organic solutes: resembling the polyneeg.(inear or
branched solutes) or na.(. aromatic moleculesjindered antioxidants) The exponents,,
scalingD with molecular mas3a|{) asD /M, were found strictly grear than 1 and typically
above 2, which reficts variations oD over several decades with only small chang#pf
between 10 and 16 gmol™ for most of the molecules déchnological interest such as
antioxidants, UV stabilizers, plasticizers,... Taogariations were related mainly to three
geometric factors: molecular volum&hape factor and gyration radils values reported by
Beren$ suggest that mass/volume dependenceds gveater when below the polymer glass
transition temperatureT¢). On the opposite, in meltscaling exponents for homologous
alkane series in polyethylene mgeexperimentally assessed @ds 1 in agreement with the
Rouse theory Molecular dynamics simulations generic polydisperse systems abdig
found also exponents of 1 for a wide range of thermodynamical condititms absence of
temperature effect on was, however, not verifieéxperimentally. Thus, Kwart al’
reported a strong effedf temperature on values — with. falling from 4.7 to 2.1 between
23°C and 85°C — fon-alkanes dispersed in a lightross-linked amorphous polyamide,
suggesting a continuous bsiharp evolution fronTg to higher temperatures and without a
significant contribution of the possible crystalline phase.

Such a high mass dependence, witlvalues varying between® 2and 3 have also been
reported for the self-diffusion of entangled pobmthains subjected to reptation and strong
reptation translation mechanisms respectiveligh intermediate values close to 2.4 when
reptation is combined with @onstraint release mechanfsniThe formal analogy is,
nevertheless, of a limited use for solutes with molecular masses ranging bet&esemd 10
10%g mol™, as their gyration radii are much smaltean the typical entanglement length of
polymer segments. For organic solutes larthem voids between polymer segments and
smaller than entanglement length, only a partial and local coupling between the reorientation
and local relaxation modes thife polymer can be expecfett was thus shown that aromatic
molecules remain non-oriented in the amorphphase of polyethylene when the material
was stretched uniaxiafly '} whereas anisotropic diffusioaf toluene was observed in
compressed natural rubber

The main goal of this study is to providecansistent descriptionf molecular diffusion
mechanisms of aromatic solutes mimicking ewolles of technologicahterest in linear
polymers and to provide a polymer-independaescription of the strong dependenceDof

with M at any temperature greater th@ég. In a first approximation, such solutes can be
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described as the repetition of rigid jumpingtarsubjected to indepdent displacements on
short time scales. An extended version of frekime theory is accordingly introduced to
account for the weak coupling between polymé&xation, controlling the fast displacements
of each jumping unit, and the llEctive reorientation and tramglon of the whole solute. It
was validated on two independdrdmologous series of solutéihe first series of diphenyl
alkanes with close size was used to probe polymer effeetsindependent motions of
jumping units) at a similar reference tesngture. The second series, short linear
oligophenyls, probed specificalgolute-related effects.€. the collective motions of repeated
jumping units) and their activation by temperatuks both series started with a common first
molecule, biphenyl, entropic effects cobld reliably scaled for both series.

This paper is organized as folle. Scaling laws for linear aliphatic and aromatic solutes in
aliphatic polymers are discussiedsection two in the framewof a coarse-grained theory of
diffusion of solutes consisting in a linearly raped jumping units or blobs. The existence of
at least two correlation time scales between the displacements of jumping units and
surrounding host particles isadsto justify themajor deviation to the Rouse thebhand to
conventional free-volume theories dense entangled aliphatic polymeise.(far below their
melting points). An extended free-volume themryproposed based on a formal separation of
thermal expansion effects acting on the disptem@s of each jumping unit, so called “host
effect”, and barrier effects, so called “guefeets”. A simple theory of activation barriers for
the diffusion of oligophenyls is accordigglproposed. Section three reports the
methodologies used to determine trdifusion coefficients, ranged betweenon’ s* and
102 m? s, in three different polymers: polyprogyle (PP), polycaprolactone (PCL) and
polylactide (PLA) for both homologous soluteriss. A fourth polymer, plasticized and
unplasticized polyvinyl alcohol (PVA), was usasl external validation for arbitrary polymers
aboveTg. The proposed free-volume theory is testgdinst experimentat section four. The
scaling of activation energies and entropiesl@ophenyls is discussed according to results
obtained in constrained molecular dynamicawsation. The likely mechanism of translation
of aromatic molecules in linear polymers aboMg and its consequence on solute mass

dependence is finally proped in the last section.

5.1.3.3 Theory

This section discusses the possible causes rebpwif@i the deviation of solutes larger than
voids to existing diffusion theories in line@olymers at solid state. By relying on the

diffusion properties of solutes inading linearly repeated jumpy units (or also called blobs),
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two major arguments are proposed: i) the increase in polymer density with decreasing
temperature down tdg affects the individual displacemerdgeach jumping unit, ii) and the
resulting displacement of the center-of-mass (@vBtrongly affected by the heterogeneous

dynamics of individual jumping unit.

5.1.3.3.1 Scaling of D with the number of jumpingnits and temperature for linear solutes

The strong slowdown dd values withM (respectively the number pfmping units in solutes
with linearly repeated patterns) is major chanagtie of organic solute in polymers at solid
state €.g. semi-crystalline polymers or polymerside their flow thresholds). Published
values are scarce, mainly duethe necessity to work with hamlogous struct@ series and a
wide range oD values. Scaling dD in polyethylene far above i®jis reported in Figure 5-1
for two solute series artificially split into twcategories : i) linear aliphatic solutes (Figure
5-2a), including linean-alkanes 1=12..60% ** n-alcohols (=12..18}° and esterified phenols
containing a 3(3,5-diert-butyl-4-hydroxypheyl) head and a long-alky! tail (n=6..18)®, and

i) aromatic solutes (gure 5-2b), includingr-alkylbenzene containing shamtalkyl chains
(n=0..4)"", substituted and hindered phendd=(94-545 gnol™)'®, respectively. For each
seriesD values are scaled as a power lavvbfranging between 70 and®§mol™), whose
exponents are much greater than unity and temtcrease when temperature is increasing.
values assessed up to 4 ordnstitute a major deviation toghRouse theory that predicts
values close to unity instead. According to Bause theory, unitary values are related to a
purely single chain relaxation thi a uniform friction factorand without any chain end
effects®. Trace diffusion coefficients ofi-alkanes in polyethylene meltsuggest that.
values close to unity shtslbe recovered far froffig. In agreement with experimental results
and free-volume theories, we propose aisgaexponent deviation to the Rouse theory,
denoted(., which depends mainly on the temperature differdnde

DT Tg
DMT M§ g or '
D M,,T M,@ 1 (5-11)

where My is the molecular weight of a referenosolecule in the considered series of
molecules with linearly repeated patterns.
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Figure 5-2 Log-log plots of traadiffusion coefficients in polyetiene (PE) either with low
density (LDPE) or high densi§dHDPE) of a) linear aliphatiand b) aromatic soluteld,e; was

chosen as the diffusion coefficient of thetfgslute in the considered solute series.

For solutes consisting in a small numbeliogarly repeated jumping units or blolds, the
deviation to the Rouse theory closeTg can be thought as themrsequence of irregular
jumping unit displacements with time. To jugtihis argument, we adopt the coarse-grained
model of Herman e&l.*®*#! initially proposed todescribe the dynamicsf flexible linear
chains in the melt. Similarly, by neglectingdeeffects, we assume that the mean-square-

displacement of a single jumping unit increases with time as:

g t 6Dblob tt (5_12)

where Dyioi(t) is the time-dependent diffusion d¢beient of a blob/jumping unit. For any
solute with identical jumping units indexédl..N, Dy iS assumed to decrease with the
amount of cumulated pair correlationgvween the displacements of jumping unitienoted
ri(t), and the displacements of all particles within the systemir{cluding host and solute),
denoted(r;(t), as:

D, D, D,
(o oo t) I c, t Ct

q i
all jincludingi

Do 1
|

. 2
aIIjinc!udingi < rt >

(5-13)

whereDy is a scaling constant. In this simplifiel@scription, jumping units have a similar

spherical shape and volume regardless the deteliledhical structure of the solute and host

polymer chains. An increasin@(t) with time leads to a sultifusive regime. The mean-
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square-displacement of the center-of-mass (8Mgcordingly given by the covariance of the
averaged displacements of all jumping units:

1 N N
Ocum ¢ W gt 4 Ci,j tgt-

501 2 " 8 .
i1 i ©

S |
ERR © (5-14)

For a linear and flexible &tte and by neglecting towial constraints, only th&-1
correlations between the displaaams of connected jumping undse significant. Eq. (5-14)

becomes accordingly:

gt N 1
gCM t - ZWCt

t
N g

connect:

(5-15)

wherein chnnect is the normalized correlation betwetre displacementsf two connected
jumping units. Incorporating Egs.-(2) and (5-13) yields finally:

t
1 1 21 _1§ Cconnect:: Dt co oo o o) _1 6DOt

N Ct NO Ct g >t Gomw €t~ NCt

Oem t
(5-16)

t
connect

By assuming tha is small comparatively to correlans with the displacements of host

polymer segments in a dense system, the ragaare-displacement @M and consequently
the tracer diffusion coefficientD) lim, , gq, t/6t, is scaled as I, in agreement with

the Rouse theoly,

In presence of strong couplingtveen the lateral displacememtissolute jumping units and
host particles €.9. large jumping units), the translati of each connected jumping unit is
expected to be highly heteragmus and controlled by a comaiion of short and long-lived
dynamic contacts as discussed in general terfisimf”. In the followings, we will assume
the simplest case where two relaxation modesilting of many body interactions can be

independently applied to each jumping ugift) and C,.

rappeds With respective probabilities 1-

p andp. Ctrtapped ( C(t) is the total correlation when a jumping unit is almost “blocked” or

significantly hindered by host segmerftsom this simplified descriptiomcm is governed by
the superposition of all possibfeartitions between “trappedi.€. long-lived contacts with
host) and “untrapped’.g. short-lived contacts with hospymping units. By assuming that
g(t) still obey to Egs. (5-12) and (5-13), Eq. (5-16) is replaced by:
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N j jumping units translate according to C t

all jumping units j jumping units translate according to,|

translate according to C t ped

L L | NS N ] j 8
gCM t NC t jll J© NLZC t NZCt:apped@
6D, v N N§
Lo P
j1 J©
o0 000 N 2N l l 1 a) 1 1
pol N 2 g N
2 el 201 NC 22N 1 11N Ct
N (5-17)

N :
wherein j 3 is the number of combations to choose exactlyumping units amongl with
© 1

long-lived contacts (governed t@;apped) andp is the related probability by assuming that

jumping units are blocked independently.

Eq. (5-17) stresses thathigher dependence ko (.>1), and therefore t¥, is expected for
small N (typically lower than 5) as soon @s 1 and while several populations of contacts
between jumping units and surrounding coexi€onsidering only two populations provides
a rough scaling ob with the number of jumping units, biis main interest is to highlight
that the scaling witiN or M would be the result of thheterogeneous dynamics of the
coupling between the flucations of free volumei.g€. associated to the displacements of a
single jJumping unit) and collectivesfilacements of many jumping units.

As the valuep is related to the probdity to find a free volumeclose to each jumping unit,
we propose to test against expeental values a phenomenologi temperature superposition
model where the temperature shift factor is a function of the reciprocal fractional free
volume in the polymer, written as for amyTg-K :

KD

T Tg 1 D T Tg 1 ———
J J T Tg K.

(5-18)
whereK  andK are parameters that can be fitted from experimentalues or derived from
existing free-volume theorK  acts as a scaling constant dadis a constant related to the
size of the solute jumping unit. It is importantrtote that Eq. (5-18) is a special form of the
Williams-Landel-Ferry (WLF) equatiéh applied to the scaling relationship in Eq. (5-11).
Indeed, by chosefig as reference temperatuas suggested by Ehlich @t?® and Deppe et
al.?® Egs. (5-11) and (5-18) yield :
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DMT  DM,T

In M, T In M,,T In n
& & M D M,Tg D M,,Tg

M T Tg M
Tg D In In
g (M M, KT Tg K M

0 (5-19)

which can be identified as a sum of twangeerature shifts obeying to standard WLF

CMTT K M
: g,withC1 M C M, —£In— andC, ‘KE\

equation: In M, T
g o C, T Tg K: M,

It should be noticed thdhe absolute value ¢ keeps the consisten®(T)>D(Tg) for any

T>Tg-K . More rigorously, a temperature greater thigrK should be chosen insteadTaj

When applied to a broad range of temperafuges (5-19) implies aignificant deviation of
activation of diffusion from Arrhenius’ lawna a log-dependence ofetlapparent activation
energy, denotela, with M:

wnD M,T 2
RIME ML Ea g, Tk T in-M

Ea M, T
/T T Tg K.~ M,

(5-20)

Similar deviations to Arrhenius behar was already proposed by Deppeak{(see Eq. (7)
in%%) for aromatic solutes in rubbepoly(isobutyl methacrylate) near i&y. An Arrhenius
behavior is expected to occur only wheiTg-K . A similar log-type scaling dta with M is
consistently inferred fom-alkanes in low-density polyeglene from activation energies
reported if°, with values of 57, 66 and 107 kbl* for dodecane, octadecane and
dotriacontane respectively. Frob values collected i, the same trend is also drawn for
n-alkylbenzene in polyaylene. As discussed’ the dependence of WLF paramefarto
InM could be related either to a stronger cauphvith matrix mobility orto an increase in
the volume of the solute jumping unit.

5.1.3.3.2 Conventional free-volume theories

Free-volume theories argue that the translatibthe center-of-mass (CM) of the solute is
controlled in time by the redisknition of voids around the solutieie to thermal fluctuations.
However, early models degd from viscosity theorié§ such as the one proposed by Cohen
and Turbulf®, tend to underestimate the mass depeteléy assuming that the whole solute
translates as a singjamping unit, which yelds a scaling exponentclose to 1. Theories
modified by the Vretas and Duda mod@l ** for polymer-solvent mitures incorporate two

additional features: i) an internal energy chaisgequired to initiate a translation of CM and
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i) an increase in free volume due to pobmthermal expansion. The corresponding self-
diffusion coefficient of the solute indexedwiithin the polymer indexed 2 is given by Eqs
(11)-(13):

_ E § V, -Z , V, §
Dl Doexp ﬁ exp \}—/J
© P © (5-21)

s (5-22)

<>

FH

Ku Ky T Tg, Z KoKy, T Tg,

Z
! J, 2 ,  J

(5-23)
where 4 and £ are the mass fractions in species 1uyoWith glass transition temperature

Tg,) and 2 (polymer with glass transition temperatligy ) respectively. D, is a scaling

constant.E" is the effective energy barrier per mtdeovercome attractive forces and defined

as a balance between theri® in dilute state ¢ 0 0), Ep, and in pure solventZ 0 1), Es

V, andV, are the specific hole free volume afolute and polymer required for a jump
respectively.\7FH / . is the effective (including overlaps) average hole free volume per unit of

mass of mixture./ VS/Mn lumps all solute geometric effects at infinite dilution. It is
conventionally interpreted ake ratio of the dtical molar volumes of the solut®s, and

polymer segment jumping unit¥m. Vs has a simple geometriaterpretation for rigid

solutes as extensively discussetf.in J'i o K 'i 1 'K ,» are parameters that

iz 1,2 1,
account for overlapping factorse&-volume parameters and ogithinteractions respectively.

At diluted state (£ 00), which is of technological interest for most of the additives and
polymer residues, Egs. (11)-(13) can be recast simpler model relatively to a reference

solute with a ratio of critical molar volume§ Vs, /Vm:

D, T E E V g .
1 exp [ 0 §exp o ‘[% [V2 = [
D, /T RT © K, K,, T Tg

20 *15.24)

As Eq. (5-18), Eq. (5-24) is also relatedhie WLF equation, with an additional temperature-

related translation term induced by the energy baErier
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/ ZZ\_/Z T Tg,
° K12|<22K22 T TgZ

(5-25)
. . . V, M
When E =0, Egs. (5-25) and (89) are equivalent with [/, KDInM— and
12 0
K,, ‘KE\ The difference in activation energies beén a solute and a reference one in the

same series is consequentlpportional to the difference of- o:

\ / 2
Ea ,T Ea/,, T E E /, o ﬁvz [ RT > [
2 K, T ng
3V, RT?
| [0 K 2
12 K22 T T
% (5-26)

According to Vrentas etl.®’, E'( ) is related to the variation of internal energy when a solute
is introduced at infinite dilution in the fyoner and its contributio is assumed to be
negligible in the vicinity oflfg for any solute with good &dbility in the polymer.

All solute-related effects are gathered insE@5-24)-(5-26) intoa single dimensionless
parameter, (seé” for detailed discussion). For a given polymer, they lead to express the
decrease of ID for a homologous series of solutesg( with increasing length) as a similar
increase ofEa. The solute effect o is therefore purely enth@t and vanishes at high
temperature. A crude comparison betwapparent activation energiesfassociated to Eq.

(5-20) and Eq. (5-26) lead to/, InMyM,. As the free-volume theory was initially

designed for polymer-solvent mixtures, onlyalues for short homogous solutes have been

reported in the literature. Figure 5-3 correlat@&perimental and thedreal estimations of

from Vrentaset al® with In M/M0 for linear and aromatic solutes in polyvinyl acetate

(Tg=305 K). Experimental values weobtained by Arould and Laurenééfor T-Tgvalues

ranging between 28 K and 78 K aktvalues ranging from 74 jgol™ to 130 gmol™. The

comparisons verify a same linear model for short linear and aromatic solutes:
M [, M, 0.24/n M/M, | where o is a constant which depends on the considered

reference solute and series. Such a correlation combined with Egs. (5-11) and (5-24) yield the
following approximation of.(T) based on free-volume theory:

DT |0.24 4 Ve
K12 K22 T TgZ (5_27)
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Close toTg, this description is particularly atttace for linearly repeated solutes becauge
could be estimated from simple molecular descriptor§ and extrapolated to larger
molecules. For temperatures not too far ffbgnthe correlation would elucidate the paradox
discussed if': would vary withM for short alkanes and not for large ones. According to
correlations depicted in Figure&-the logarithm dependence wikhwill lower the effect of

M for large solutes: the variation ofis twice more larger from C6 to C10 (+4 carbons) than
from C14 to C18 (+4 carbons). At high temparat conventional free-volume theory suffers
however a lack of generality a¢T): 0. Scaling exponents close tmity in agreement with
Rouse theory have been indeed reported-alkanes including from8 to 60 carbons in many
systems, comprising polyethylene mékad elastomef$®

In the remainder of the paper, we drop the indices 1 and Z,canslreplaced by g.

Figure 5-3 Correlations betweervalues as reported in Tables 2 and ¥ ahd In M/M, .

Experimentally determined values are plotted as solid syaks and theoretically calculated
ones (see Eq. (22)%) as empty symbols. The referersmutes are: hexane, methyl acetate

and benzene with molecular mas) of 86 gmol™?, 74 gmol™ and 78 gnol™ respectively.

5.1.3.3.3 Extended free-volume models for ar@tic solutes in aliphatic polymers

For larger solutes, the necdgsof extending conventional de-volume theoeis has been
discussed by many authors: either in general terfiirspecifically for plasticizers in PVC
4044 or for flexible and semi-flexible solutesathare expected to move in a segmentwise
mannef> % Indeed, translation of additive-typels®s invoke apparent activation energies

much greater than values reported for solventsibber polymers, ramg typically from 50
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to 150 kJ-mof * *> As such values are close to the activation energies of polymer
relaxations, it is thought that large or bulky ¢etuinvolve the same cooperative motions of
polymer segments as observed in viscous floff* *’ In addition, hough the activation
volumes of translational diffush of additive-type moleculeseasignificant, raging from 80

to 250 &, they remain significantly smaller than the solute it8effs a result, a piece-wise
translation based on the translation of elenidritdbs (see section 2.1) appears more likely.
In this work, we advance another argumenjustify a proper extension for solutes with
intermediate molecular mass. For a same polyaner a series of solutes based on repeated
patterns, free-volume theories assume that the decreasP ofitin M is due to a similar
increase irka (see Egs. (5-24) or (5-26)). In our experiments, it was found thakE éhaid

not vary monotonously witM, whereas the decreaselmd did. Our interpretion is that the
conventional free-volume theory designed fordigolutes assumes the translation of the
solute center-of-mass (CM) and polymedaration are simultaneous and interrelated
phenomena at rubbery state: one translatibpolymer segments causing necessarily the
translation of solute CM regardless the sizeh#f solute. For large solutes either bulky or
flexible, the possible absence of exact mditetween the shape of free volumes freed by the
polymer and the shape of elementahping units should promote a delaye(long-lived
contacts) between thdfective translation of the jumpg unit and unconcerted motions of
polymer segments. This last assumption is pagrtulery likely in tke light of experimental
results showing that aromatic solutes remad non-oriented withaliphatic polymer

segment? !

In this work, we extend free-volumeettry to aromatic solutes includid.,, phenyl rings by

assuming that the translation edich phenyl ring, controlled bbj,,,, T,Tg , obeys to free-

volume theory on short-time scales whereastthnslation of manyjumping units on long-

time scales follows relationships similar Eg. (5-16) or (5-17), controlled by a total

correlation termC solute T. As the toxicity of benzene hinders a direct measurement of

effective free-volume parametersk{® 1 .V,/K,.K, Ky} with this probe

molecular, diffusion coefficients were rescaleidh respect to an arpary reference solute

instead:
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D solute ’T’Tg

solute T (5-28)

For a reference solute, chosas the closest to benzereeq. biphenyl) in the studied series,

D o 5T.Tg can be related toD,,, T,Tg via Eq. (5-24). By noticing that

solute !

E benzene|O (it is zero for toluene according® Eq. (5-28) is faally recast as the

product of two independent coitiutions: one due the solud®d one due to the polymer:

D solute T, T R, Solute T Dymer 1 T

C e T E [oerenees L 8 k2 S
eX .eX solute a . . :
C solute T P RT © P b © K 1, 12@ blob s g
§ K ' . /r-eference blob
Dsolute SOIUte T exp ﬁ:: with Ka —[S‘J'“te Ka ,
© ™o g ! benzene s (5_29)

Although initial conilerations are different, Eq. -@P) resembles Eq. (9) usedinto
describe the diffusion af-alkylbenzene in polyethylene viahgbrid model. The solute series
chosen in this study enabled to test two effettte contribution of the distance between two
jumping units (diphenyl alkaseseries) and the contributiasf the number of repeated
jumping units (oligophenyls series).

By assuming that the probability of concértmotions between two jumping units decreases
exponentially with the distme between two jumping unit&g. (5-29) was written for

diphenyl alkanes according to the numbércarbons between two phenyl ring&, (from O

to 2), as:
D N.,T,T §
< J exp In10-Ne > exp Ko 3 .
Dowe Nc O,T Ncm© K T Toge -1 (5-30)

where N is the number of carbons required to decréasy 10. The first exponential in

Eq. (5-30) emphasizes that increasing dtance between twphenyl rings (higheiNc)
strengthens consideralb(t) (and possibyCiapped- IN particular, thgolymer host is thought
to fill the space between two phenyl rings as tionsequence of a reduction of the solute
excluded volume. As the number of phenyl ringstae same in diphenyl alkanes, Eq. (5-30)

offered an opportunity to assess with a gaaduracy of polymer host effects by fittikg
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and Ky on D values obtained in different polymernse( with different Tg) and at a similar

reference temperature.

Polymer coupling effectC solute T, was related to a solute free energy barrier varying

with Neni Age Npn'  E8gue Npn TSyue Npp WhereEasoue andSiue are the solute

translation activation engy and entropy respectively. In the canonical ensembfg, . is

the Helmholtz free energy associated to the gitibato find a significant translation of CM
when all phenyl rings are subjected to cotezladisplacements with the surroundings. As in
Eq. (5-30), Eq. (5-29) was writieelatively to biphenyl as:

D T Tg NP I'A§c>lute |\lPh 2 § K §
I ] H |\|'|1 2 § eXp EXCGSQT . exp K Ta T .
Do eXp A%oluteRT Ph = © b ’ g@
© ! (5-31)
Wlth &olute N PhI Asolute N Ph 2 Asolute N Ph 2 Ifor NPh *2 and |&0|Ute NPh 2 :0
excess excess

for Npn=2.

5.1.3.3.4 Modeling of activation terrs for oligophenyl solutes

The assumption of'A,,. Ny, controlled by a pditioning of the correlation with the

displacements of surrodimg jumping units a€(t) andCiappedt), With probabilities 1p andp
respectively, was tested by constrained eoolar dynamics for the simplest scenario:
Curappedt) :*  andC(t)>0. The advantage of this scenaridhat it can be simulated directly
molecular dynamics simulation on isolatedl@tnles by assuming that one or several rings
have their positions fixed.

Easoiute aNdSsoiute VErsusNpn were calculated respectively inder to enable a comparison with

experimental valuesEas,ue Was defined according to thgpical temperature-dependent
translational time of CM, iy Ny, vexp Ea,,. Ng, / RT , to cross a distance equal to
the diameter of a phenyl ringing Wwhen O toNpn rings are blocked. As in Eq. (5-17),

W, N is obtained by averaging avall possible condurations to ck phenyl rings:
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where 2j,k) is set the minimum time to induce a displacement of CM equalipwith

N :
exactlyj rings blocked within th&™ configuration chosen among the jph-§ possibilities:
© 1

2 §

Wik min e T foridj Nod 1 ’

A 2
Joa t?) :
i (5-33)

The special cases, where no ringpiscked and where all ringseablocked, were associated

to 3and 2Npp,1) respectively.ZNph, 1) was expected to be large liaite, so that it can be set
to a constantappeds Beyond gj,k), CM is likely to displace to distance larger than one ring
so that a different combitian of trapped and untrappeags is expected to occur.

According to Egs. (5-32) and (5-33), translat of CM occurs mainly as a sequence of
macrostates where Wri-1 rings are randomly blocked. Thansition from one macrostate to
the next one occurs at the festtrate enabled by the dynamicgted CM when the solute is

subjected to topologal constraints.

The translational entropysoue Which measures the number of microstates associated to a
macrostate was calculated analytically aceuydio the same framework but at atomistic
scale. All possible displacements of atowsre described as the superposition bfi-8
quantum harmonic oscillators, witky the number of heavy atomse( carbons for tested
molecules) in the considered solute. Abselentropies were calculated according to EQ.
(5-34), as justified if?:

3N, 6
i =Z/ksT _
Sconformatiotal KS : _ In 1 eXp _Z/ %T
oexp =Z/k,T 1 (5-34)
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where the quasiharmonic frequencigg /k;T/ Owere calculated from the eigenvalues,

of the covariance matrix of thkictuations of atom positions:
() )
142 < 1 < l> 2 < 2> (5_35)

wherei; andi, are carbon coordinatedices chosen among 1.N3.
The translational entropy was calculated by ¢émtropy difference when the position of CM

was fixed or not, as described‘n

S j’ k %onformational J k .ﬁidfo(r:r’:]/lational 7] k (5_36)

Finally, Sioiuie Was obtained by averaging over all podgibs to block any combination of
phenyl rings in the solute:

Npn§
Npn je '

1 p™S N, g sk
' K
Ssolute NPh NphJ 1N § -
1 p Nen | .Ph.. i
ill ] © 1 (5-37)

whereS(N-h,1)=0 due to the absence of available degree of freed®y) is the entropy

when no phenyl ring is blocked.

5.1.3.4 Experimental section

5.1.3.4.1 Materials

Table 5-2 and Table 5-3 list the studied aromsblutes and polymergspectively. The two
tested series included phenyhgs as elemental jumping @®iand shared biphenyl as
common molecule. In details,dldiphenyl alkanes series enabte assess the effect of the
distance between two elemental jumping units for diffefeng values while keeping close

to a same reference temperature. By contthstpligophenyls series was used to assess the
effect of the number of jumping unitedthe effect of collective barrierE&oue Solutd DY
shifting bothT andTg values.

Table 5-2 List of studied aromatic solutes

Series Solutes
Diphenyl alkanes biphenyf Diphenylmetharte Bibenzyf
Structure
M (g mol™) 154.2 168.2 182.3
Nc= 0 1 2
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Oligophenyls biphenyf p-terphenyt p-quaterphenyl

structure
M (g mol™) 154.2 230.3 306.4
Npi= 2 3 4

%upplied by Sigma-Aldrich Chemist(ermany) with purity of 99.5 %supplied by Acros
Organics (France) with purity of 99 %.

Effects of T-Tgranging from 10 K to 110 K on soluteffdision coefficients were investigated
in four different polymerhosts above their respectivig, including: polyactide (PLA),
polypropylene (PP), polycaprolactofeCL) and polyvinyl alcohol (PVA)Tg of PVA was
modulated by using it both at dry state and equildatatt an intermediatelative humidity of
21% with 2.4 wt% ofwater contentK, andKy values used in Eq$5-30) and (5-31) were
exclusively fitted onD values of diphenyl alkanes obtad in PLA, PP and PCL at 343 K,
333 K and 323 K respectively. PVA data warsed exclusively for external validation

purposes.

Table 5-3 Information and chatadzation of processed films

Thickness
p Tg Crytallinity | (mm) x width | Film Supplier/product
olymer o : .
°C) | % or diameter processing | reference
(mm)
. .| Treofan
Polylactide (PLA} | 60 23.6 0.02x600 Extrusion (Germany)/ BiophalY
Extrusion | Borealis (Austria)/
Polypropylene (PP)| 0 55.5 0.2x800 blowing HD621CF
Polycaprolactone | i Solution Creagif Biopolyméres
(PCLY 60 | 503 0.01-0.04x200 casting (France)/ CAPA 6800
Polyvinyl alcohol 55 i Solution Sigma-Aldrich
(PVA)° g2 |00 0.01-0.03x200 casting (USA)/ Mowiol® 20-98

®Films were processed at industrizale and used as receivéBCL films with molecular
weight of 810" gmol* were processed at laboratory scale as describéd iolecular
weight of PVA is 125000 gnol™* with 98.0-98.8 % of hydrolysis degreBg of PVA films
were of 82°C and of 55°C, at dry state and when the films were equilibrated at a relative

humidity of 21% respectively. All films wegrocessed at laboratory scale as describ&d in

5.1.3.4.2 Film processing and formulation

PLA and PP were supplied as films and userkesived. PCL and PVA films were processed

by solution casting, according{o? respectively. PCL dissolved in dichloromethane with
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concentration of 2.4 wt% was pouriedo a glass petri dish. Aft&4 h of evaporation at room
temperature, PCL films were peeled off from theh and dried in an oven at 30 °C for three
days. PVA films were formed by applying thendar process by usgndeionized water as
solvent with PVA concemation of 2 wt%. The evaporatiaf water took at least three days.
Then, the films were conditioned under controlled relative humidity.

Tg and crystallinity degree of each polymerere measured by differential scanning
calorimetry (model Q100, TA Instruments, USA) a heating ratef 10 °C/min within
temperature limits adapted to each polymeee €tystallinity degree was calculated from the
melting endotherm in the first heating scan with the help of the theoretical melting enthalpy of
the 100 % crystalline polymer: 93g3 for PLA> 165 Jg* for PP* 139 Jy* for PCL>,
138.6 Jg* for PVA®. Glass transition temperatures of all polymers except PVA were
measured in the second heating scan and takére ahid-point of the heat capacity step. In
the case of both dry and plasticized PVIA, values were determined from the first heating

scan. Determinations were triplicated.

5.1.3.4.3 Methods

Diffusion coefficient determination

According to expected values of diffosi coefficients, rouglyl below and above 1§ m* 57,
two complementary solid-contact methods opegatt two different lengt scales were used
to reach contact times shorteathtwo weeks. It was checkedatlboth methods gave similar
diffusion coefficients for the solute commonkoth series: biphenyl. Ifis acting as sources
of solutes were formulated with eacHute either by soaking films in a 0.05ng™* solute-
ethanol solution during a minimauration of one week at 60°@ases of PP, PVA) or by
adding the desired solute to the casting solwiioa concentration @.2 wt% (case of PCL).
Due to the difficulty of absorbing bulky aromasolutes in PLA filmsbelow or close to its
Tg (to avoid recrystallization), PP films were used as sources instead in PLA experiments. All
processed films were stored #tad to prevent solute lossesdato facilitate the internal
homogenization of concentration profiles. Thefarmity of concentration profiles in sources

was tested over the cross sectiomafrotomed films by fluorescence imaging.

A modified method orimally proposed Y/ was used for high diffusion coefficients (above
10 n? s?, i.e. mainly in a temperature range §+90 K andTg+110 K). It consisted in
stacking twelve virgin films with two sourcéms formulated with the considered solute.

Theoretically, by positioning sources in positidhand 10 in a stackonsisting of 14 films
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with approximately the same thickness, the tsoloncentration profilevolve with diffusion
time from a bimodal one to a monomodal dmnéth one single maxnum located between
films 7 and 8). The variations shape of the profile combined with the variations in
concentration improved dramatically thengmarison with the awesponding theoretical
profiles expressed in function of the dimensionless posiibrand dimensionless time
Fo=Dt/I?>, wherex is the position andl the average film thickness. In our experiment, films
cut as disks were folded in aluminum foil and inserted in a copper cylinder of a same
diameter. The cylinder was ckx$ by two Teflon disks and tivehole stack was packed with
pressure by a screw system. Such conditemsured good contact teeen films without
mass transfer resistance and imp@us conditions at both ends$ the stack and on its lateral
surface. After contact time at a constant terapee, solute conceation in each film was
measured after solvent extraction in deulbeam UV/VIS spectrophotometer (model
UVIKON 933, KONTRON Instrments, France). Extractionlgents were dichloromethane
for PP and PCL, and deionized water for P\DAvalues were retrieved by fitting numerically
dimensionless theoretical concentration prof{lesluding the real geometry of each film) to
measured concentration profiles. When seveoatact times or stack geometries were used

for the same solut® was defined as the regression slopEmfrersus«/I°.

For low diffusion coefficients, siilar principles but at microspic scale were used to reach
similar contact times. A source film wasnsaviched between two virgin films during a
prescribed time. Diffusion was stopped by mgling films in liquid nitrogen, The
concentration profile along thsection of each film was sudxguently determined, after
microtoming (model LKB 2218 HistoRange, BKProdukter AB, Sweden) with cutting
thickness of 15 um, by deep-UV fluorescencenmspectroscopy on an inverted microscope
(model 1X71, Olympus, Japan) in epi-configtion mode. A syncbtron source with a
specific excitation wavelength ranging from52i@m to 295 nm was used according to the
tested solute (DISCO beandinsynchrotron Soleil, France). Bi-dimensional fluorescence
emission spectra were acquired with a speossolution of 0.5 nm between 280 nm and 480
nm (LSM 710, Zeiss, Germany), and a spatiabhation of 0.5 or 1 um. Concentrations were
inferred from the surface area betwettre spectrum and the baselif®. values were
identified similarly by a fitting procedure with numerical model incorporating partitioning
effects when required. Three to five concatitn profiles along the sge section were used

in the fitting procedure.
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All experiments were triplicated or duplicatell numerical models relied on finite volume
difference scheme taking into account the tkakness of each film and a solver optimized

for diffusion problems and dishiited as an open-source projéct

Constrained molecular dynamics simulation

Displacements of solute atoms availableconstrained oligophenyls solutes were studied
regardless the polymer host by constrainedemdar dynamics. Starting from a random
configuration, explicit constrats were applied byxing the positions oéll atoms of one or
several phenyl rings. Long-termmolecular dynamics simulatis of isolated molecules
subjected to such constranivere performed in the NVT ensemble at 298 K under vacuum
boundary conditions using a Nosé-Hoover thermostat. For covalent and non-covalent
interactions, COMPASS forcefield was employed without any cutoff and dynamic
simulations were conducted with Discoverogram (Accelrys, USA). Mean-square
displacements of the center-of-mass and coveemof atom displacements were averaged

over several initial configurations.
5.1.3.5 Results and discussion

5.1.3.5.1 Comparison of the scaling of D betwedmear aliphatic solutes and aromatic

solutes

The assumption of the scaling exponeritllowing the temperature dependence as proposed
in Eq. (5-18) is tested in Figure 5-4 fowvalues inferred from diffsion coefficients collected

at different temperatures on a semi-crystalline polyethylene®(PEY ENREF_17 and
amorphous polyamide, based upon poBg#gprolactam) lightly craslinked with diglycidyl
ether of bisphenol A It is important to notice that reported values are associated to
diffusion coefficients measured only withinetlsame study (with the same polymer and the
same measurement protocol) dadsolutes larger than 70ggol™. Tgvalues involved in Eq.
(5-18) were either the repodenes or derived from the hgsbtlymer mass. As applied in
Figure 5-2, solute series were categorized a&atialiphatic and aromatic solutes. The “linear
aliphatic” seriesnerged linean-alkanesn-alcohols and esterifieghenols with long-alkyl
chains (=6..18) whereas the “aromatic” series combined shatkylbenzenesn&0..4),
substituted and hindered phend#=(94-545 gnol™). Values of. generated by this study for
oligophenyls and reported for short lineaiplahtic solutes in ggvinyl acetate (PVACY
were excluded from the fitting procedure and included only a posteriori as external validation
of Eq. (5-18).
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Figure 5-4 Scaling exponents ofate diffusion coefficients versuB-Tg Symbols plot
determinations of. inferred from experimentaD values reported in references enclosed
within brackets.. values for oligophenyls measured by this study and those calculated from
values of short linear aliphatic solutes in PVAevere not used tdit Eq. (5-18). The
classification of solutes as linear aliphatic amdmatic is based on the same one as used in

Figure 5-2.

Eq. (5-18) fitted well. values of both linear aliphatic Istes and aromatic solutes and also
offers a continuous reconciliati between the diffusion behavior solids and melts. Master
curves looked homothetic with a positivanigerature shift of 91 K from linear aliphatic

solutes to aromatic solutes, corresponding Ko &alue of 40 K and -51 K respectively. The

aromatic solutes
KE T K22| C21

K aliphatic solutes |

approximation derived fronkgs. (5-19) and (5-25)

was well verified. For comparison, a value of 50 K is reporte&fein®’, when polystyrene

is probed with toluene and ethylbenzene naslecular probe. Based on the viscoelastic
response of polymer systems, the WLF constantis quoted for linear homopolymers
between 30 K and 70% ® Predictions of Eq. (5-18) werdso in good agrement with the
values of the two independenttseof data. Scaling exponentsinferred from diffusion
coefficients in PVAZ* of short linear aliphatic solutes, includingalkyl acetatesr1..5) and
n-alkanes 1=6..9), were shown to be broadly spasrieom 1.6 to 4.5 as foreseen by Eg.
(5-18) applied to lineaaliphatic solutes. Free-volume parameters propos&dointhis series

of molecules and by using Eq. (5-27) lead tikir conclusions. The predictions for aromatic
solutes were even more remarkable, as Eq.8)5was able to préct the scaling exponents

for oligophenyls close td'g, asreported in this study in PBnd PCL (see section 4.2),
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whereas no value has been alreadylipnbd. Eq. (5-18) predicts thatdecreases rapidly to
finally converge to 1 far froriig. At high temperature, a unitary coefficientas predicted by
the Rouse theoly, has been found in different polym&ts for linear aliphatic solutes, but
it has not still been described for aromatic solutes. The generalization to aromatic solutes is
however very likely in the light of the commson of the ratios of diffusion coefficient of
radio-labeled 1,1-diphenyl ethab® the one of radio-labeleddodecane on-hexadecane as
reported ifi* and® in various rubber polymers for largeTg values, plasticized or not. The
ratios found slightly above 1 wenaterpreted as highdriction factors. Asdepicted in Figure
5-4, they prove in pécular that exponents of aromatic solutes el to be above those of
alkanes solutes while nwerging to the same universal uniglue in aliphatic polymers and
by extension in elastomers and thermosets far aboveTiheht intermediate temperatures
(in semi-crystalline or below the flow threshold of the polymer),values increase
dramatically when the temperature is decreasiit)) literature values reported up to 4.7
The very large. values obtained in ih study for oligophengl would demonstrate the
existence of friction factors even largthan previously reported ones.

As no existing theory holds for exponentsarger than 1 and solutes that are non-entangled
with polymer segments, some analogies with $igaling of self-diffusion in monodisperse
systems are first discussed. In radisperse mixturesf non-entanglear-alkanes =114-

844 gmol™), scaling exponents were described to eé@se almost linearly from 2.72 to 1.85
when temperature was increasing from 303 K to 443 % Tg of corresponding liquidh-
alkanes are expected to be lovlean polyethylene (theoreticalB00 K for an infinitely long
polyethylen&), with values ranged between 51akid 186 K (according to the equation of
Fox and LoshaéR and parameters fitted % 9. According to Figure5-4, self-diffusion
could be envisioned equivally as trace diffusion in a host with a very I@g. In a small
range of temperatures centesdund a reference temperatuy¢he linear decrease ofT) is

particularly granted by the asyotic behavior of Eq. (5-1&pwards the melt region. When
T !'I'max 0,Tg K., Eq. (5-18) is indeed approximated by

T 1K/T TolD KT /T Tg". The absence /@f,effect df far frof Tg

suggests that only thermakpansion effects of the polyn host dominate. They are
controlled by the value ok, which was found very similafior both linear and aromatic
solutes, 144 K and 156 K respectively. Simdaguments were used to explain the thermal
dependence on in non-entanglednonodisperse systeffis®*They may be nevertheless
approximate because not only the static propertesdéensity, free volumes distribution... of
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the polymer) are affected by the hostlesnlar mass but also the dynamic ones. Tg is
increasing wittM)® “.

Near Tg, the variation of static ppmher effects cannot be invoked alone to justify the large
values of .. We related phenomenologically this adufi@l effect in Eq. (5-18) to a guest
parameter, formallyk , which can be envisioned as #&ical temperature deviation fbg to
translate an elemental jumping unit. For solutes consisting in the repetition of a similar
jumping unit, K was thought to be constant: positive when the jumping unit resembles
polymer segments and can easily accommoda&édltictuations of the contour of polymer
segments; and negative otherwise. Thecepts of accommodation between a bulky guest
molecule €.g.aromatic fluorescent dye) and host alifgh&hains have been studied in low
molecular weight alkan& Coarse grained simulation afolecular dynamics of spherical
solutes larger than the polymer béddonfirmed further the pposed description involving
both polymer static and dynamic effect: tractudion coefficients were found scaled as a
power law of the volume of thbead with a scaling exponeimicreasing from 0.8 to 1.43

when the stiffness of the polymer host increased.

5.1.3.5.2 Scaling diffusion coefficients accoidg to Egs. (5-11), (5-30)-(5-31)

Phenomenological scaling @ with M at different temperatures for both tested aromatic
solute series is depicted in Figure 5-5 alonti whe predictions according to Egs. (5-30) and
(5-31). One important goal is ttemonstrate that the temperatshift factor associated @
depends on some solute contributions aret firoposed equationzrolong naturally the
conventional Williams-Landel-Ferry model (see E&s19) and (5-25)). To test the proposed
free-volume theory, the following fitting procedure was applied. Polymer related parameters,
Ka andKy, were exclusively fitted from thB values of diphenyl alkees series at constant
temperature ife. from D values obtained in differé polymers with differentTg). The
determined values df, andKy values were directly applied to each oligophenyl solute to
extractEasoudNpn) andSsoud Npr). External validation wasrfally achieved by predictinD
values of biphenyl in pléigized and unplastized PVA, where the experimentlvalues of
PVA were evidently not included in the fitting procedure.

Figure 5-5 shows the vestrong mass dependence®walues for both gihenyl alkanes and
oligophenyls, with. decreasing with increasing temperat from 24 to 20 (95% confidence
interval @4.5), and from 5.3 to 4.3 (95% confidence inter@ll.6), respectively. Such
values were far from valugzreviously reported foaromatic solutes (see Figure 5-4) and

varied in a small extent with tested temperas and considered polens. As depicted in
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Figure 5-6, Egs. (5-30) and (5-3itjed well the broad distribution d over five decades for
all tested polymers, with a fitting error distried normally and in the range of experimental
errors. Predictions dD values of biphenyl in an external polymer (PVA) by Eg. (5-30) were
also in good agreement with experimendaita for both dry and plasticized PVA. The
predictions for dry and plésized PVA confirmed the taperature-humidity induced
plasticization superposition assessed Wiiorescent diffusiorprobes in polyamid8 Such
preliminary comparisons between experimentlies and model ones justify globally the
separation of the polymer and delicontributions for aromatic solutes in aliphatic polymers.

Both effects are analyzed separately hereafter.

Figure 5-5 a) Log-Log plot otrace diffusion coefficientof diphenyl alkanes and b)

oligophenyls in various polymerSymbols are experimental vakl Continuous straight lines
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are scaling relationships fitted according to Et11). Dashed lines are values fitted from
Egs. (5-30) and (5-31) for diphemglkanes and oligophelsyrespectively.

Figure 5-6 Comparison betweenlculated (with Egs. (5-3@nd (5-31) resgctively) and
measured diffusion coefficientsf a) diphenyl alkanes seriesd b) oligophenyls series in
PLA, PP, PCL(x) and PVA{).The continuous lines plot ¢hstraight line y=x. The
corresponding distribution of relative fittingrers values and fitted Gaussian distribution
(continuous curve) are plottedithin insets. Values inPVA are external validation

predictions not used in the fitting procedure

5.1.3.5.3 Polymer effects as probeaith diphenyl alkanes

Diphenyl alkanes series presahtseveral remarkable features to probe polymer effects.
Firstly, solutes correspding to a small range ®c values (here 0, 1, 2) are of similar size so
that they are probing almoste same size of free volume gets. Secondly, increasing the
distance between phenyl rings eleabto assess the effect ekpected higher correlations
with the surroundingsC(t). Finally, the large spread of diffusion coefficients witla
improved the accuracy on polymer parameter estimiteandKy, used in Eqgs. (5-30) and
(5-31).
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T,Tg exp Lg, Figure 5-7 plots batthe scaling oD and the
1

By notingD
polymer
K, T Tde :

solute contribution, defined &3/Dyoymes Versus the number of carbon atorh, at a
constant temperature. The inferred scalirgribt depend on the consréd polymer and was

associated to . value of 1.3 in Eq. (5-30), which implies tHatdecreases 10-folds when

1.3 carbons is added between the two phenyl rings.

Figure 5-7 Scaling diffusion céfecients of diphenyl alkanewith the number of carbonhi,
between phenyl rings: a) rawffdision coefficients measured 343 K for PLA, 333 K for PP,

and 323 K for PCL b) diffusion cffecients relative to biphenylD N. O,T,Tg. Eq. (5-30)

predictions are plotteas continuous lines.

The corresponding polymer coiution was assessed asD/Dgoue  With

N. 0,T exp |n10N_C;§. D and D/Dsoie in polymers used for

D N )
NC10© 1

T D

solute C solute

fitting (PLA, PP, PCL) and validation (PVA) are plotted ver3u$gin Figure 5-8a) and b)
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respectively. Results showed accordingly an evolutidd/Bf e that was independent of the
considered solute and where polymer effects waedly reduced to anféect of the distance

to Tg. Values ofK, andK;, were found equal to 600 K aim@ K respectively, and predicted
independently with aracceptable accuracy of th2 values of biphenyl in both dry and
plasticized PVA. The estimated valuekyfis of the same magnitude order as the value of 50
K for the polymer-related parametés, reported if°. As quoted iff, such ranges df;, were
assumed to be generic for linear homopolysmand therefore also valid for oligophenyls
series too. According to Egs. (5-18)d (5-25), it cow be thought thatK,, Ky} (i.e. fitted on

our diphenyl alkanes data) and { ‘K E‘} (i.e. fitted exclusively from literature data on

different aromatic solutespight be also related together. Hoxge, it is expected to be true

only if no additional energy baer exists. In our study, it is very likely for a solute

comprising only one single jumping uniih other words, only the value ¢ [bLze”eKa
bipheryl

(associated to benzene, see. K§-29)) can be compared t&,InM,,,... By using

“universal” values for WLF constarifs one derivesan estimate of LiphenyOf 0.65 via
C Ka/ LipnenyK»  116; and from Figure 5-3, we fier an approximate value 0f,..as
fipheny 0-24In2'| 0.48 Finally, we get K §0.48/0.65)60@45 K, which must be

compared toK ,INnM,,,...850In78%54 K. The magnitude ordeese comparable and the

observed discrepancy is a resaflitombined uncertainties ¢, (. values from literature are
scares and noisy) andvalues. In addition, by taking an upper value of*¥8r C; would

have lead toK.® 01 K. The agreement betwet and [K | is even more convincing

with values of 58 K and 51 K, respectively.
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Figure 5-8 Experimentaliffusion coefficients of diphenylkanes in PLA, PP, PCL (empty
symbols) and PVA (filled symbols) verstisTg a) raw diffusion coefficients, B)/Dsoue EQ.
(5-30) fitted on empty symbols lotted as continuous lineBilled symbols are used for

external validdon purposes.

5.1.3.5.4 Solute activation parameters of oligophenyls

Diffusion coefficients of odjophenyls exhibited much a lowdependence with molecular
mass, which was associated in Eq. (5-31) i@ energy barrier, which is also a function of
the number of phenyl rings. Figub-9 plots thelependence dd (Figure 5-9a) and b)) and of

D scaled by the polymer exponential factesp Lg, (Figure 5-9¢) and d))

K, T Tge
versus the number of phenyl ringsp,. Whatever the consideregeémperature and tested
polymer, the exponential decrease f with Npp, was non-regular, suggesting a non-
monotonous variation of the enerbgrrier to translation withNpn. The trend is confirmed by

plotting bothD andD scaled by polymer effects on a vaH®ff plot in Figure 5-10. While a
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significant deviation to an Arrhenius behavigas observed on raw di§ion coefficients in
polymers close to theifg as shown in Figure 5-10a) and B)pure Arrhenius behavior was
recovered by contrast once the effects of dem&ie corrected. It was particularly interesting
to notice that the slope of the van’'t Hpibt was systematically much higher feterphenyl
than those of the former and following solutes in the series.

Figure 5-9 Scaling of diffusion efficients of oligophenyls witlthe number of phenyl rings,
Nph, @,¢) in PCL and b,d) in P& different temperatures: af@w diffusion coefficients, c,d)
scaled diffusion coefficientsvith polymer effects removed. Predictions according to Eg.

(5-31) are plotted as continuous lines.
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Figure 5-10 Normalized van’t Hioplots of oligophenyls a,bjaw diffusion coefficients and
c,d) scaled diffusion coefficients with polymeifect removed a,c) in PCL and b,d) in PP.

Predictions according to Eq. (5-3de plotted as continuous lines.

The non-monotonous variationssalute activation energieBasoue and entropiesioiute are
specifically captured in Figure-11b) and d). Raw activation values, as estimated from
Figure 5-10a) and b), are algiven in Figure 5-11a3nd c). Regardless pwoher effects were
included or not, activation paratees exhibited systematically hat shape with a maximum
for Np=3. Such non-monotonous variations appe#&oedboth tested pgimers (PP and PCL)
with apparent activation energies and epies of PP shifted from PCL ones by
approximately 35 kghol* and 95 Jnol* K, respectively. PP and PCL activation values
were exactly reconciled once polymer effeatsre removed by Eqg. (5-31). It is worth to
notice that the reconciliation was obtainedrbgnoving the polymerantribution, whereas it
was inferred independently from tievalues of diphenyl alkase Since both enthalpy and
entropy exhibited similar shapan apparent position corraet@ between both quantities was
found as plotted in Figure 5-11&nthalpy-entropy congmsation is often considered to be a
statistical artifact due to ocelations between errors on baestimate and because entropy
must be extrapolated to infinite temperatuke.polymer effects were removed in our case, it
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could however be thought thatktlextrapolation of solute eftts regardless the true physical
state of the polymer at an infie temperature can have easonable meaning. Such kind of
discussions can be found’in The corresponding internale energy barriers at 298 K
required to induce a translation of oligophenyks i@presented in Figukel11f). As activation
energy and entropy contribute with opposite signthéofree energy barrier, free energy was

found monotonous witNpp.

Figure 5-11 a,c) Raw and b,d) solutetiation energies ah diffusion entropy of
oligophenyls in PP and PCL versus the number of phenyl iiigsge) correlation between

solute activation parameters; f) related free barrier energy to diffusion at 298 K.

5.1.3.5.5 Mechanisms of translation of ajophenyls in aliphatic polymers

Diffusion of large organic solutes in polymieosts cannot be directstudied by molecular

dynamics close to theifg at atomistic scale. Our experimal results highlighted however
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two noticeable properties to derive tractable simulations and to gain further insights on the
translation mechanisms of linear a@i molecules in rubber polymers:

- The displacements of each jumping uné.(‘polymer effects” in the text) and “solute
effects” {.e. collective displacements of jumping units) Drare separable;

- Activation energies associated to the displaent of several junmpy units vary with
the parity of the number of jumping units.cBua feature can be directly tested by
simulation.

The main idea was to test whether two elation modes between the displacements of
phenyl rings and surrounding atoms coul@lai the effect of the parity ddp;,on activation
terms. Since neither the partitions betw&eth modes nor the correlation times are known,
our strategy consisted in studygi the translation of CM inonistrained long-term molecular
dynamics (10 ns or more), where the poes of one or seeral phenyl ringsife. jumping
units) are kept fixed, undevacuum boundary conditionsd. without polymer host). The
minimum times to enable a translation@¥1 longer than a pimyl ring diameteri(e. length

of one jumping unit) and the related transliaal entropy were analyzed according to Egs.
(5-32) and (5-37) respectivelya finally compared to theirxperimentally inferred counter-
parts:Easoue aNdSsoite  BY fixing a priori different values t, it was in particular possible
to assess which value could reproduce a monetonous variation M the number of
jumping units.

The results obtained by averaging over a widgyeaof initial configurations are plotted in
Figure 5-12 and compared to erpgental values repted in Figure 5-11. The typical “hat
shape” of activation energies was particylareproduced withoutsignificant bias with
RTIN(2ng- Zapped Calculated from Egs. (5-32) and (5-33) when 1 (Figure 5-12a))Ssoute
values derived from Egs. (5-34)-(5-37) ledabpproximately to the similar trend when 1
(Figure 5-12b)). The theoreticnslational entropy underestited however systematically
the real one due to the lossfhfctuations information causday the fixed positions of some
phenyl rings. It is worth to nate that the reported “hat-shedpof activation terms could not
be predicted with the simple ase-grained theory supported eithn Eq. (5-15) or in Eq.
(5-17) because they assume that the displaoés of all phenyl rings are equivalent. In
reality, the gyration radius and mean-squaspldcement of oligophenyls are dramatically
affected by the combination of phenyl rinthgat are fixed. Amongll tested oligophenyls
(Np=2, 3, 4),p-terphenyl is the one that offers theylmest ratio of possibilities to reduce
dramatically the fluctuations &M and other atoms. Particukaefficient configurations i.e.
five over the 2 possibilities): blocking the centralng alone or blocking randomly two or
three rings. Such effects coutwt be captured by a generi@xible model that assume a
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uniform relaxation model along the chain (see §&313)) or uniformcovariances between
connected jumping units (see Eg. (5-14)d amere consequently better reproduced by
atomistic simulations. It is particularly noticeable that increaging simulations induced
enthalpy-entropy compensation as experimentally assessed so that the partitioning between
short and long-lived contacts could be prambss the main cause of the phenomenon.
Corollary, the suggested high valuepadfi.e. at least one jumping urtiias long-lived contacts

with surrounding host) does ndépend on the length of studisdlutes and could be general

for all linear aromatic solutes within aliphatic polymers.

Figure 5-12 a) Comparison of rélee solute activation energy (continuous lines, left scale),
calculated as G, Np, W, Np, o for diffédéntp values accordingit6 Egs. (5-32)

and (5-33), with experimental values (dottetk§, right scale) repad in Figure 5-11b). The
horizontal dashed line represents the average valugagf. for studied oligophenyls. b)

Comparison of solute entropy (continuous $inkeft scale), caldated for differentp values
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according to Egs. (5-34)-(5-37), with experimemalues (dotted line, ght scale) reported in
Figure 5-11d).

5.1.3.6 Conclusions

The presented work introduces several invargaling relationships for the trace diffusion
coefficients D) of homologous bulky solutes indglmoplastic polymers above thdig and
presents a first molecular interpretatiof corresponding translation mechanisibsvalues
over five decades were measured for two Hogumus series of short aromatic solutes,
diphenyl alkanes and oligophenyin different polymersral at various temperatureg, The
collected values completed the available picture from literature by integiatrajues for
low T-Tgvalues. The analysis of the scaling with molecular masd, &8 ("™, shows that
aromatic solutes have a parallel behawwlinear aliphatic solutes but shifted bg. +91 K.
The proposed scaling is rtly able to reconcile values experimentally assessed in melts
and in solids. It could be thought that thenperature shift would olude the behavior all
organic solutes larger than voids, with lefihd right bounds set bynear aliphatic and
aromatic solutes respectively. Howeveryalues derived for diphenyl alkanes showed that
aromatic solutes including a flexible segmbatween two phenyl ringsere associated to a
much larger temperature shift. Such dramafiiect of the solute chemical structure was
found independent of the considered aliphatitymer and associated only to the size and
type of the solute jumping unit. It woulexplain both the logéhm dependence of the
apparent activation energy with molecular masd the additional devian to the Arrhenius
behavior close td@g, as specifically discussed'iBecause the specific volume of polymers is
also a function off-Tg, a modification of the distributioaof free volume in the polymer must
be also invoked, as already sugges$tedhe self-diffusion of non-entangleealkane&®. Near

Tg, the proposed scaling exhibits a close praimwith the last version of the free-volume
theory of Vrentas and Dudfaby noting that the variation ofis proportional to the logarithm
of M for an homologous series lnfiear solutes. As a result,ettoncept of temperature shift
in WLF equationi(e. T-Tgshift) can be generalized alsdthvsolute geometry considerations:
a large solute can have the samealue as a smaller one but at a much higher temperature.
Changing the jumping unit would add an additional temperature shift as observedhfoes
between aromatic and aliphatic solutes.

Conventional free-volume theories assume golute effects are purely enthalpie.(they
tend to vanish at high tempaues). For flexible solutes inatling bulky jumping units, it is

proposed that the free volume fluctuationgpofymer host segments control the short-range
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translation of each individual jurmg unit but with a broad disbution of related time scales.
Consequently, the displacements of many jmgpunits appear to be controlled by the
possibility to get concerted gplacements between jumping units. Polymer and solute related
effects have been separated by rescalirg diffusion coefficientswith the diffusion
coefficient of a reference solute at a refeeetemperature. The variation of this referebBce
value in different polymers was associated #tistpolymer effects and expressed as a single

exponential termexp Ka/ T Tg K, . Itwas verified thus that the values of 600 K and

58 K, proposed foK, and K, respectively, enabled the teapolation of known diffusion
coefficients from one alipli@ polymer to another onee.q. unplasticized to plasticized,
apolar to polar). The extrapolation Bf to a different number of jumping units or to a
different temperature than tiheference one required to accotomta specific free energy, so-
called solute free energy barrier. Solute effegere found to follow an Arrhenius’ law for
oligophenyls including from ter to four phenyl rings. Rdled activation energies and
entropies were, however, highligiat to vary non-monotonously wil.

This outstanding effect of the parity of the nianbf ring was used to assess, via constrained
molecular dynamics simulations, the probabitifyphenyl rings (jumping units) to behave as
anchors in the translation mechanisms of atmnsolutes. It isargued that, though the
polymer at rubbery state does not control th@iemtation frequency ahe entire molecule
(i.e. each phenyl ring is ditacing independently while being limited by the connectivity of
rings), it tends to hinder theagentation of individual phenyiings. Our simulations show
that constraining randomly oner several phenyl ringslows down the mean-square-
displacement of the center-ofass (CM) of solutes in aftBrent way according to the
number of ringsNpy,, being odd or even. For example, wip=3, it is twice more likely to
block a ring at one end than in the middie;that the slowdown is stronger thanXpr=2 or

4. As our interpretation matched remarkably tblative energies experimentally determined
on oligophenyls series, it is thdugthat the proposed ancheffect of phenyl rings is
universal in aliphatic ggmers at least betweehgt51 K and Tg+150 K, where . was
estimated to be much larger than unity (@svwn in Figure 5-4). In atition, enthalpy-entropy
compensation is shown to occur so that tHetseelated free enerdyarrier is a monotonous
function of the number of jumping units, aideas related entropyné related activation
energy are not.

Presented results should find applicationsmiany domains where diffusion coefficients of
aromatic molecules and polymer residue® goarticularly critical: contamination by
substances leeched from polymer materitdss of additives during physical ageing of
polymers, reactivities in polymers in procesgsiand use conditions. In particular, reported
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results open the way to design siibstances with low diffusin coefficients with an odd
number of rings and/or witllexible segments close to CM. The behavior of branched

aromatic molecules will be presented in a companion paper.
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5.1.4 Possible application for the studyof polymer nanocomposites

Without being exhaustive, the presented stoffigrs a broad view of the behaviors of
linear or low-branched organic solutesg. aliphatic, aromatic or a combination) in arbitrary
polymers aboveTg. Within the general goal of deloping new concepts for polymer
nanocomposite systems, the proposed FVT pes/ia new tool to detect and analyze
deviation to bulk polymer behaviors as showiT @ble 5-1. In particular, the possible increase
in dwelling times (attraction aund particles) should be quantifiable as an additional
activation term:

vinD

RW EaFV E@olute Higxpolyrner

whereEary and Easoute are activation terms related to polymee.(free-volume) and solute

H

i adsorbent

(5-38)

(,e. due to long-lived polymer-solute contacts). The Ilast term represents,

H _ex H _ex

i polymer i adsorbent

the difference in excess mixing enthalpies between adsorbed and

absorbed states and it is an estimate of the activati®o.ff.s: by temperature (see section
5.3).
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5.2 Characterization and thermodynamc properties of nano-clays

5.2.1 Introduction

Free-volume theories (FVT) of rulibpolymers show that increasimyvalues can be
easily realized by loweringg, for example by adding plasticizers. However, no clear strategy
is proposed for the reverse process. Increakhgould be envisioned but its degree of
freedom for diffusing guest and not for the polyrhest. We adopt here a different point of
view. There is a well-known application, whehe effective transport property is essentially
controlled by thermodynamic considerationstha thesis, inverse gahromatography (IGC)
using filled columns with adsorbents allowed dstimate interaction energies at infinite
dilution between solutes and nano-adsorbel®C offers also an intuitive approach of
chaotic materials with low effective diffusion dbeients or more consistently with increased
lag time. The analogy between lag time.(waiting time) and transpbproperties has been
presented in Figure 2-4. In the special case of chromatography, the lag time is called elution
time or retention time. FVT cannot explain tbbserved behaviors, the column is usually
filled with a partly porous/mesoporous media (in our case montmorillonites), the free volume
is therefore large but retention times are dré&naly activated by temperature. According to
FVT, temperature is sensitive, on the contrary, significantly only clo$g emd almost zero
far fromTg, which is in disagreement with IGC type results.

The phenomena occurring during a typical IGC experiment are sketched in Figure
5-13. As in nanocomposite material, the featof interest is that the excess of lag time
comparatively to a reference solute which hasinteracting with sttion phase giving the
reference lag time when the underlying transgotontrolled only by advection (i.e. mass
flow rate). The Gaussian shape possiblycosvolved with a decaying exponential of the
measured response, which is a consequencelateral dispersion of the transport or/and a
consequence of fluctuations in the strength &érarctions. It is quite obvious that replacing

the gas carrier by a continuous cohesive phasgfdolymer) should not change the ratios of

elution times i(e. comparatively to the nonteracting reference) whil iexpo,ymer H 7 ssorbent

ex
adsorbent*

remains close to the result with a perfect §as
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Figure 5-13 Interpretation of inverse gasarhatography (IGC) as 1D random walk along a
surface energy. The unique assumption & the number/amount of sorption sitése.(the
probability of accessibility) is the same fdt substances (including for the reference low

interacting one) so that the ratio of elutibmes is a measure of the energy difference

H lex

i adsorbent

RT. a) Equivalent energy surface. b) Reten times at high and low flow rate

(FR). c) Possible interpretation of the righlitg of retention distbutions due to a mixed

interactions with external/internal accddsisurfaces, surfactants or in gas phase.

It would have been desirable to assesptgm properties with the same homologous
solutes as those reported in Figure 5-1a). Adngrtb Clausius-Clapeyron relationship, vapor
pressures/retention times decrease/increase expalhe with isosteric heat of sorption and
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therefore with probe size, aromaticityida hydrogen bonding. Since results were highly
reproducible and interptable for sufficiently long IGC ¢omns with low flow rates of
nitrogen, only short diffusants were accessible to measurements in the temperature range
compatible with material usagee; from 40°C to 140°C). They included: linear alkanes
shorter than C9 and aromatic moleculesudirig one single ring: toluene and anisole. For
longer retention times, IGC experiments revecompleted with gravimetric sorption
experiments but provided ressitit higher concentrations.

It is worth to notice that our intentftérs significantly from published thermodynamic
studies aiming mainly at optimizing the disgien properties of montorillonites (MMT) in
polymers. Previous studies focused theretmrehe surface energies of MMT in processing
conditions using organic solutes to mimmolymer segments in order to improve
compatibility and dispersion of Ho (Picard et al., 2007). In ith study, the intent is to
estimate excess “condensatioremgyies” of organic soluteento pristine and commercial
organo-modified MMT, envisione@és model adsorbents. A practical consequence is that
potentials were expressed with respect ® dmorphous condensed state of the considered
solute (.e. liquid or molten state). Sorption will binerefore exothermic, if the heat of
sorption is greater than the vaporization heat. Regarding to the assumption that
nanocomposite materials are barrier to apalr low polar substances, good adsorption
properties were expected mainly close rtmom temperature and when van-der-Waals
interactions were exacerbated by hybrid gaomic-organic interactions (pristine MMT) ¢EE

X
adsorbent

interactions i(e. with aromatic surfactants). In ideal cabg should be significantly

negative i e. exothermic mixture respectively to ligustate) due to enougtitractive forces.
The special contribution of hydgen-bonding was studied on a seagblute, anisole, on the
different tested montmorilloniteincluding one modified witla polar surfactant. Molecular
modeling and experiments proposed extrapolatidesied conditions to arbitrary substances,
basal spacing and to assess whethemical modifications inducedd. more polar, aromatic
groups) on commercial MMT€ould be also available for sdign of organic solutes. Indeed,
they are mainly used for a different purpasereinforce the suaictant intercalation.
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5.2.2 Simulation and experimental study

Publication I
Title: Sorption properties of solutes onto firie and organo-modified montmorillonites

Authors: X. Fang, V. Ducruet, and O. Vitrac

Submitted to: Langmuir
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Sorption properties of solutes ato pristine and organo-modified

montmorillonites

Xiaoyi Fand* Violette Ducruet®, Olivier Vitrac™™
'AgroParisTech, UMR 1145 Ingénierie Procédés Aliments, F-91300 Massy, France
2INRA, UMR 1145 Ingénierie Procéd Aliments, F-91300 Massy, France

5.2.2.1 Abstract

Sorption of organic solutes onto montmorillk@s (MMT) is usually described as a surface
phenomenon. This work studied by molecutamulation and experimental approach the
sorption of typical aliphatic and aromaticliges on different commercially available MMT:
pristine and organo-modifiethy apolar, polar and aromatic quaternary alkylammonium
surfactants. Respectively to the liquid refeeestate of tested saks, only pristine MMT
presented significantly exotheiensorption and consequentktrong capacities to absorb
organic at low temperatureThe sorption process is described in three stages with
concentration: preferable adsorption onto thay cdurface, slightly intercalation and clay
swelling. For organo-modified MMT, only the éwlast stages have been experimentally
identified with a preferred sorption in theoess of surfactants. Thesidual specificity of
organo-modified MMTs is controlled by tHateral groups of surfactants: van-der-Waals
interactions, &interactions, hydrogen bomdj. For applications ipolymer nanocomposites,
current practices seeking surfactant inteteataand clay exfoliation by polymer segments
are not favorable to increagheir barrier propertie® q. packaging/reservoir applications),
their selectivity €.g. membrane used in separation agmgilan) or their controlled-release
capacity. This study reports the effects of mairapeeters such as basal spacing, temperature,
solute probe and surfactant type to optinithe sorption properties of MMT to organic

solutes €.g.active substances, pollata/contaminants,...).

5.2.2.2 Introduction

Montmorillonites (MMT) are aluminosilicate materials organized as clays. Adsorption of
organic solutes onto MMT finds different apgations in pesticide adsorption, wastewater
purification, therapeutic and costit applications (Khan, 197®ark et al., 2013; Rodriguez,
2003; Wypych and Satyanarayana, 2004), ehitre adsorption properties of MMT are
mainly studied in aqueous solutions. The propsrére particularly no#able as they present
favorable interactions with both water.e( hydrophilic behwior) and apar organic
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compounds i(e. organophilic behavior). In particulatheir wettability can be inverted
according to the sought final go&ne typical example is the texction and recovery of oil
by injecting water at high-pressu(Eltantawy and Arnold, 1972for polymer applications, it

is common to do the reverse process by replamitsgprbed water in pristine MMT, a naturally
hydrated aluminosilicate layered clay, by argacationic surfactants. This outstanding
feature arises from defects in the edgeresthaoctahedral sheet @fluminum hydroxide
sandwiched between two silica tetratedlayers (Olphen, 1964). few [SiDsites are
replaced by [AIQ]" in the tetrahedral layer, [AKPreplaced by [Mg@) in the octahedral
layer, which creates a local accumulation n&fgative charges naturally compensated by
exchangeable cations such as,N& and C&" (Heinz and Suter, 2004 Once the cations
are replaced by ion-exchange reactions witigdacationic surfactants, including primary,
secondary, tertiary and quaternary alkylamimam or alkylphosphonium cations with or
without functional groups,organo-modified MMT becomelispersible in hydrophobic
polymer melts (Dennis et al., 2001). When theg oriented in parallel to lamination or
drawing direction, exfoliatedstructures find applicationgn nanocomposite systems to
improve the diffusion barrier tgases of thermoplastics (Chagtgal., 2003; Khan et al., 2013;
Koh et al., 2008; Osman et al., 2003; Osmamlgt2007; Sinha Ray et al., 2003). In this
application, the barrier performance is the smasequence of the fawae shape factor of
the structure: 1nm thick with lateral dimensidnsm 30nm to severahicrons (Tan et al.,
2008). The possible interactionsthlviorganic solutes of theseaterials have been far less
studied. They are particulardgentives for two maimechnological applidéons: i) describing
the interactions of nanocomposite packagindgeni@s with their organic packaged content
and ii) developing selective barrier materigorganic compounds, whose selectivity can be
modulated by changing temperature. The first canterassociated to the risk assessment of
these materials (Luetzow, 2012) for food contactosmetic applications in EU (EC, 2011;
EFSA, 2011) and in US (FDA2012a, b) . The secondmcern is motivated by the
substitution of the “passive” barrier pargeh by the “active barrier” one where MMT are
considered as nano-adsorbent instead of pasebstacles. Such concepts have been explored
in purification applications by pposing MMT as a substitute attivated carbofPark et al.,
2011). For material applications, the use ajamo-clays instead of neat MMT solves the
issue of their miscibility with the polymer butigt expected to lower the sorption potential of
MMT. Indeed, the excess of surfactant is expegdb reduce the suria@rea accessible to
small solutes and to increase the basal sgaof MMT and therefar the possibilities of

strong retention (Koh and Dixon, 2001).
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The present paper aims at developing an atamisterpretation of ta sorption of short
organic solutes (aliphatic or aromatic) innumercially available MMT organo-modified or
not. In particular, the effectsf adsorption and trapping arepseated and analyzed according
to temperature, basal spacing and surfactaating. Two behaviar are reported and

compared with experiments: sagm properties at infiniteitition and concentrated state.

5.2.2.3 Material and method

5.2.2.3.1 Materials

5.2.2.3.1.1Nanoclay

In this study, four commercially availalbdtays including pristine MMTand organo-modified
ones containing different cationicrfactants are tested as listedTable 5-4. The elemental
content of each clay was determined bynbastion for organic compounds and inductively
coupled plasma atomic emission spestapy (ICP-AES) fomorganic compounds.

Table 5-4 The detailed inforrian of four tested clays

Supplier
Abbreviation Chemical composition /Product
reference
hMMT | Montmorillonite Aldrich
formula: [N 33K 0.01][Siz.02Al 0.0708][Al 1.49g0.5802(OH),]- 7H0 /682659
Surfactant: N/A
C6H5MMT Organo-modified montmorillonite
Chemical .
forenr?ulfaa [Nag.11K0.09[Siz.92Al 0.0608][Al 13900 2202(OH)2]-C13.4H12.7MN0.47
. I
Dimethyl, benzyl (hydrogenated tallow) alkyl ammonium Rockwood
(Germany)
/Nanofil®9
Surfactant:
Mw: 376.8
C180HMMT Organo-modified montmorillonite
Chemical [Nap 01K 0.004[Siz.92A1 0.0408][Al 1.5IM 70 280,(OH),]
formula: ‘Ce.9H127dOH)2.8No 31
Methy! dihydroxyethyl hydrogenated tallow ammonium* .
Aldrich
(France)
1682640
Surfactant:

Mw: 360.5
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C18MMT Organo-modified montmorillonite
Chemical  [Nag oK od[Si oAl 0.0dO8][Al 159Mgo 3202(OH)2]-Co 920 0iNos3

formula:
Octadecylamine
Aldrich
(France)
1682616
Surfactant:

Mw: 270.5

*Tallow is a blend of usaturatedalkyl groups with an approxiate compositions: 65wt% of
C18, 30wt% of C16, 5wt% df 14 as stated by supplier.

5.2.2.3.1.2Probe solutes

Similar solute probes were cleysfor experiments and molecutzlculations. They include a
homologous series of volatifealkanes from C5 to C9 and two aromatic compounds: toluene
and anisole ife. methoxybenzene). All substancesere supplied by Sigma-Aldrich
(Germany) with HPLC grade.

5.2.2.3.2 Material characterization

5.2.2.3.2.1 X-ray diffraction analysis (XRD)
The structure of nanoclays was investigagdX-ray diffraction (XRD) analysis using a
X'Pert diffractometer (PANanlytical, Netherlands) with Ni-filtered Cu kdiation (=0.154
nm) and operated at 40 kV/40 mA. The diftran intensity was scared with scattering
angle2 varying at 0.01min™ in the range of 1-11°. The basal spadir(go calledd-spacing
in the rest of paper) of thenoclay crystal lattice is calculated from Bragg's law:

2dsin7 nO (5-39)

wheren is an integer determined by the order given.

5.2.2.3.2.2Thermogravimetric analysis (TGA)
The compositions of nanoclay samples were determined by thermogravimetric analyzer
(TGA) (model Q500, TA Instruments, USA) with ramp at 1gni6™ from 30 to 900°C under

nitrogen at a flow rate of 50mphin™.

5.2.2.3.2.3Specific surface area
The specific surface area of nanoclayswdetermined by nitrogen adsorptiorme.( BET
approach at 77K (Brunauer et al., 1938)ingssurface area measurement analyzer (model
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ASAP 2000, Micromeritics, Francelhe specific surface area wastermined by fitting with
BET equation in the range of activities frond®1to 0.35 while assumg cross section area of
one nitrogen molecule is equal to 16.2(Aylmore et al., 1970).

5.2.2.3.3 Sorption properties at infinite dilution

Inverse gas chromatography measurements wamged out at infirte dilution by using a
Carlo Erba 6000 Vega Il gasrdmatograph equipped with afhe ionization detection (FID)
system. The clay samples were packed giass columns (120 mmxmm ID), which were
deactivated with dimethyldichlorosilane bedause (Boutboul et al., 2002). The mass of the
stationary phase was ranged from 0.6 g to 220aprding to the density of the clay (see Table
5-5). For each MMT, three columns were prepanel@pendently and all measurements were
triplicated on each column. Elution of each solute was operated in isothermal conditions at
temperature ranging from 40°C 1d0°C with 20°C intervals witdry nitrogen as gas carrier.
The injector and detector temperatures weeentained at 220 and 250°C, respectively. A
flow rate of dry nitroge as gas carrier at 5 gnlin was applied for tested organo-modified
MMT but a higher flow rate of 20mL/min wassed for pristine MMT to compensate much
longer retention times. The possible effetflow rate was tested between 5 gmin™ and 20

mL min™. To meet adsorption at infinite dilution) arobe solutes were jected in splitless
mode with a Hamilton syringe (Supelco, Betlefe, PA, USA). The injection volume was of
0.05 pl. Data were detected and collected tbg Borwin 1.2 dateacquisition software
(version 1.2, Thermo Fisher Scientific Inc, USA). All injections were triplicated. For a same

column, retention time variations were lower than 1% between repetitions.

Table 5-5 Information of column dimensiondasample filling condition for IGC experiments

Length Internal diameter Net weight  Density in column
MMT type (mm) (mm) () (gem?)
MMT 118 4 1.94 1.31
CEH5MMT 118 4 0.65 0.44
C180HMMT 118 4 0.97 0.65
C18MMT 117 4 0.90 0.62

Raw elution profiles were fitted by exponefitiamodified Gaussian (EMG) distributions
which describe the elution prosess a convolution of a Gaussida(t) and exponential
random processeE(t) (Dyson, 1998). By noting and 1the average and standard-deviation

of G(t) and Z2he exponential decay &{t), one gets:
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(5-40)
where erfc() is the complementary error function Parametefisand 2were fitted using the

optimized method described by Kalambet et al. (2011).

Figure 5-14 a) Detailed description of mass transfer at one adsorption site within the IGC
column. The longitudinal direction represermsmacroscopic transport along the column,
while the transverse direction details the maalance at molecular scale. b) Corresponding
free energy distribution associated to the sorptiesorption jumping processes. According to
the transition state theory, I is the transitstaite whose probability does not depend on the

origin of the solute (in gas phase or in adsorbed phase).

The thermodynamic interpretation as partitaefficient between #hgas carrier and MMT,

K T , requires a microscopic model of the sorption process. The successive

g/ MMT J
sorption/desorption of solutes was assumebéea Poisson process, where each individual
sorption event is described as ajing process goveed by frequencieky, ka andky and
corresponding mass fluxefg, fa andfy in gas, adsorbed and desorbed phases as detailed in
Figure 5-14. By noticing that the micro-reversibilitye( condition of local thermodynamic
equilibrium) enforce$.=fq, the effective retention timg®™ is averaged inferred by averaging
dwelling times over adsorbed andn-adsorbed populations:

1oGk 1 18 ok 1,k ok 8
ok ko Kk koG k ko knk T ok ko0

site
tR
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Finally, by noticing that inequalitidg ('ka andkg (‘ka hold between a §d and gas carrier,
the total retention time for a column includiNgsorption sites becomes:

G'§ GopS:§8
N . exg( — i el
g, dge Ny ka3 e 1 LS e 1 3 RT_ e 1 exp —
L K, K,© °1 exf G, G )::’ 1 RT::
RT "1 @

(5-42)

whereT is temperature in KR is the gas constarty™ is the retention time for a solute non-
interacting with the surface but possibly subjedtetbrtuosity effects in the column. In this

study, methane was chosen as reference solute.
From the different definitions oK, T , Eq. (5-42) yields to jactical definitions of the

Henry coefficientKy= p/Cs, wherep as the solute partial pressu@g,is solute mass uptake

per volume of pristine MMT:

C ] ref

K MMT f *
! C, RT Rlo t(J-+f (7 1 T (5-43)

with IG=H4-Hs — T(S-S), where {H} =g s and{S}i=¢ s are the enthalpynal entropy associated
to the gas phase “g” and adsorbed state “s”e iShsteric heat of sorption at diluted state is
given accordingly by:

vint;

Q H, H, R—= RT
C /T (5-44)

In details, Eq. (5-44) assumes that adsorbeldites are in equilibrium with a large gas
reservoir and that adsorption remains exclusively a surface phenomenon. This assumption
may be too restrictive as MMT can be stacked trap air volume where solutes remain in
interactions with the surfac&he transition from a surface wlume sorption in cavities is
expected to cause an additional variatiordgfbroadening and tailing of elution times. These
factors could not be assessed experimentally due to additional artifacts common in
chromatography: restricted/Knudsen diffusiodgy effects, dead volume... In practice, the
parameter was chosen to assegsand the same number of sites was assumed to be

accessible to the test and reference solutes.

5.2.2.3.4 Sorption isotherms of anisole

Adsorption isotherms of anisole onto MMT wetetermined using a vacuum balance method
with increasing activitiesp{p,) from 0.05 to 0.90. Adsorbed amounts on ca. 60 mg of MMT
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were weighed using an mafralance (Intelligent Gravimetric Analyzer, model IGA-100,
Hiden Isochema, UK) with a resolution of 0.8. Buoyancy corrections were applied when
required (mainly at Igher pressure) from calibration darblank experiments with inert
materials (for components of the mea&suent chamber and counterweight area). To
maximize solute adsorption capacity, akys were degassed umdgrong vacuum (IO Pa)

at the test temperature for laast 2 days until to reach anstant weight. The sample was
maintained at the set temperature + 0.2°@ &i PID-controlled circulating water bath.
Regardless a possible different behavicamitole inside thelay interlayer i¢e. confinement)
and at the external surface, all measured isotherms were fitted with the BET equation:

mC PR
lppm 1l G 1 PR (5-45)

rr]oading

wheremg is the monolayer capacity per gramper volume of pristine MMT anBTInCg is
the theoretical excess of sorption energyhef multilayer comparatively to the bulk.is the
total pressure in the chamber gmds the saturation pressure.
Whenp : O (i.e. at zero surface coverage), emtimation of the Henry coefficient can be
derived from Eq.(5-45):

pO
Cemy (5-46)

B

Corresponding isosteric heats of sorptiQg, were calculated fronthe Clausius-Clapeyron

relationship and a polynomial approximanipeffi(m):

Qst m RM

T, (5-47)

5.2.2.3.5 Molecular modeling strategies

5.2.2.3.5.1Preparation of neat clay crystal structure

We employed Materials Studimodeling environment (MS, version 6.x) to build crystal
structure of clay and sample interaction energies. Additional codes and scripting features (e.g.
topology modifications, space filling methods,defield assignment...) were obtained using

the in-house library Molecular Studio bridgidMs and Matlab (Mathworks, USA). The clay
atomistic model (ca. 24x¥tatoms for two periodic claysyas referred to experimental
results of XRD for interlayer spacing-§pacing) and ICP-AES for ¢ir relative composition.

The cell unit of a periodic &/ was assembled with the MS crystal builder module using the

atomic coordinates proposed by (Tsipurskyd &Drits, 1984) and thdattice parameters:
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a=5.20 A, b=9.20 A, c=14.0 A;=90°, =99°, =90° (Mering and Oberlin, 1967). Atomic
charges were assigned based on the measurenfeftiginz et al., 205; Heinz and Suter,
2004a) with an accuracy of roughly £0.1le. mmimize cutoff effects in the translational
direction, a typichlarge cell possssing totally: 1248 ohydrogen atoms, 7488 of oxygen
atoms, 250 of magnesium atoms, 998 of ahwm atoms and 2496 of silica atoms was built
with P1 symmetry (i.e. only trandi@nal periodic) based on a 24x13x1 arrangement of cell
units and finally gave an overall system sit@=124.8 A, b=119.6 A, c=14.0 A. Differedt
spacing could be achieved by changing the value of paramieteur simulations. A realistic
density and distribution of chge defects in crystavas achieved by replacing randomly some
internal aluminum atoms by magnesium totchathe chemical formula of a real MMT
[Nag 38K 0.01][Siz.00Al 0.0708][Al 1.49Mgo 5:0-(OH);] -7H,O with cation exchange capacity (CEC) of
110. The final structure reaeth the following formula 0fSi,Og] [Al 1.eMgo.40-(OH);] with an
average CEC of 108. In details, 20 % of [Al@vere replaced by [Mgé) with the following
neighbor table of Al atomgtl % had three Al atoms asigiebors; 44% hadwo Al atoms
and one Mg atom; 13% had one Al atom awd Mg atoms; and 2% of Al atoms were
surrounded by three Mg atoms (d&gure 5-18). The final net aenge of the Al octahedral

layer reached -249.2e and was assumed tefresentative of the &re clay crystal.

5.2.2.3.5.2Preparation of surface modified clays

Organo-modified clay structuregere prepared with sorption program by loading a maximum
number of surfactants sgled from a set of 2xf@onformers generated during a long-term
molecular dynamics (>10 ns). The maximmuoading value was estimated from TGA
experiments. In agreement with XRD rksuon commercial organo-modified MMT, an
interlayer spacing of 2.2 mm was assigned dth organo-modifiedVIMTs. A satisfactory
saturation of the interlayer spacing wasiaetd using a space-filling method based on the
metropolis Monte Carlo samplj (Metropolis et al., 1953)nd COMPASS forcefield. Each
insertion was followed by a short moleauldynamics under constant volume/constant

temperature (NVT) while ke@pg the MMT cystal rigid.

5.2.2.3.5.3Sorption calculationsit diluted state

Henry coefficients and isosteric heats werewaked using the Widortest particle method
(Widom, 1963) at fixed loading: one singldige (with random confaner) was inserted at
random position in the adsorbent frameworke THenry coefficient was sampled by brute
force Monte Carlo sampling as (Bezet al., 1978; June et al., 1990):
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where inga IS intramolecular chemical potertsampled as(Frenkel and Smit, 2001):

eX ﬁtra |ntra a °
p ((RT e . ((_I )i/65-49)

which was estimated as the exponential avecdgetramolecular energy over the trajectory
of conformationsun, is the molar total energy of the configurationlt is worth to notice that
the algorithm sampled all possible positionsamtact with the clay surface or nae(in the
gap).

The isosteric heat of sorption was derivedvio different ways according to sorption was

considered a cavity filling or a surface interantiprocess. In the firsase, it was defined

from the difference in internal ergies between the gas reservbig |<ui>gand in the
adsorbed phadd, | (U yyr) (U},
Qst Hg Hs PV Ug Us 'iQa Y MMT MMT

0 (5-50)
In Eqg. (5-50), the solute in the reservoiassumed to behave as an ideal gas, sc”¥aRT
and(u,), 0.In addition, the internatlegrees of freedom of the solute are assumed to be
unaffected by the sorption process so that the solute intramolecular energies remains equal,
(U yr) and (U, ) are the averaged energy of thaysl with and whout gas. Sincelg>Hs,

this energy difference is mainly negative. Byticing that the insertion method sampled both

“adsorbed” and “confined/intercalated” stategth a partitioning which was independent of

the temperature, a more reliable estimat®gfvas achieved with@St R In K{y/ wl/T .

5.2.2.3.5.4Sorption calculations atoncentrated state

Adsorption at higher concentian was investigated via ¢hGrand Canonical Monte Carlo
(GCMC) simulation method (Bezus et al., 1978ne et al., 1990). Bgontrast with real
adsorption experiments, the reservoir and adsuriwvere not in diregbhysical contact; but
the Monte Carlo procedure guateed that the adsorbatesvbaan equal temperature and
chemical potential in both the reservoir andhe adsorbent framework. As for the Widom

insertion method, the solute conformers weomsidered to be gid and onlyrigid body
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translations and reorientations n@euthorized. All calculations were carried out with a cutoff
radius of 1.25 nm. The swelling of the claysswat considered (their atom positions were
fixed) and the calculated gmion isotherm was compar&dth Langmuir equation:
KP
M1 ke (5-51)
wherem_ is the maximum loading per gram or uwie of adsorbent framework at saturation
and K is the Langmuir equilibrium constant. Their combination provides an additional
estimate of the Henry constant at infinite dilution:
K. ﬁ K,
(5-52)

5.2.2.3.5.5Sorption properties of organisolutes in surfactants

On commercial organo-modified MMTested solutes were alsxpected to absorb in the
excess of surfactants. This effect was inves#id by calculating excess chemical potentials
and mixing energies using the methodology dbed in (Gillet et al., 2009, 2010; Vitrac,
2010).

5.2.2.4 Results and Discussion

5.2.2.4.1 Experimental characterization of clays

The chemical composition and basal spacirg the main inputs for the development of
atomistic models, which match the compasitiand structure of ocomercially available
pristine MMT and chemically modified ones.

5.2.2.4.1.10rganic composition

The organic compositions of clays were determined by thermal decomposit@icGA)
under nitrogen atmosphere. The results expdeaserate of weight loss are summarized in
Figure 5-15. The correspondingaks were deconvolved as a soh@aussian curves using a
separable nonlinear least-squarethod. The detailed interprétan of main peaks is reported
in Table 5-6. The first peak below 150°C was presn in all samples and very significant in
pristine MMT. It was associated to thesidual free water adsorbed on MMT. The organic
content of organo-modified clay sampleartstd to decompose from 170°C and desorbed
from surface in two major orgamifractions as discussed by r@s et al. (2013). The first
fraction appears for temperatures below 350°C (jeads (ii)+(iii) in Fgure 5-15) as a result
of the decomposition of the exaeof alkylammonium halide, wdh has not been eliminated

after the cationic exchange reaction (Filippakt 2011). The decomposition temperatures are
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known to be lower than those observed with puréastants due to a pos$e catalytic role of
MMT (Bellucci et al., 2007; X et al., 2001). The seconddtion rises from 400 °C to 450
°C (i.e. peak (iv)+(v) in Figure 5-15) and is asgied with the decomposition of surfactants
undergoing an exchange reaction in the ¢galfery. The decomposition was delayed due the
clay layer structure, which hinged the diffusion of volatile pducts (Monticelliet al., 2007).
The decomposition above 500°d.e( peak (vi) in Figure 5-15) is produced by
dehydroxylation of alumino-silicate (Mackenzad Society, 1957). Table 5-6 shows the
presence of an excess of surfactant which weteadsorbed with the surface. The excess is

partly significant for tle clay type: CGHSMMT.

Figure 5-15 Differential thermal atysis (DTA) curves of a) @tine MMT, b) C18MMT, c)
C180OHMMT and d) C6H5MMT. Deconvolvedepks are identified with Roman numbers

with corresponding parameters listed in Table 5-6.
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Table 5-6Content of tested clays based on theodgolution of the TGA spectra (peaks are tifeed with roman numbers in Figure 5-15).

Peaks and their approximate temperature range Estimates
surfactant .
peak . excess total organic
_ B peak (iii) _ peak (v)  peak (vi) content at
MMT type | peak (i) (i) peak (iv) surfactant content
at 300- at 440- at surface of S
<150°C at at 400°C content @in)+(ii)+(iv)+
330°C 450°C >500°C o MMT
226°C (in)+(iii) . (v)
(iv)+(v)
MMT 14.4% - - - - 5.3% 0% 0% 0%
C18MMT 0.5% - 5.5% 18.7% 5.2% 1.1% 5.5% 23.9% 29.4%
C180HMMT | 1.4% - 9.5% 5.5% 10.0% 1.3% 9.5% 15.6% 25.1%
C6H5MMT 0.2% 20.3% 6.8% 6.8% 2.9% 0.8% 27.0% 9.6% 36.6%
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5.2.2.4.1.2Gallery structure

The basal spacing of our tested MMT was asgkas the maximum of the Bragg diffraction
intensities. The diffraction peaksere fitted as a sum of Gsaian or Lorentzian above the
spectrum baseline (see Figure 5-16). Such matieah&reatments enabled to get the width
of the Bragg reflection. This wih is a consequence of incoh#recattering associated to the
finite thickness of clays (James, 1948), of thekl of specific orientation of clays and of
possible variations in basal spacing due feedint arrangements of alkylammonium cations
as monomolecular, bimolecular or pseudomolecular layers (agaly et al.,, 2013). A
distribution of the likelyd-spacing of tested MMT was achieved by applying Bragg's law to
the support of the last deconvolved pésdée Figure 5-17). Pristine MMT showed-apacing

of 1.35 nm with a 95% coiafence interval varying fron®.9 and 2 nm. Organo-modified
MMT exhibited narrower distriiions with between 2 and 2.3 nm. The differences between
distribution averages and mode aollected in Table 5-7. It is worth to notice that only
C6H5MMT exhibited a bimodal distributionuggesting clays are organized in a lamellar

structure involving three clays or more.

Figure 5-16 Diffracton spectra of a) MMT, b) C18MMTc) C6H5MMT and d) C180OHMMT
samples. Bragg peaks were fitted as a sum ot§iai (a, b, d) and Lorentzian curves (c) and

baseline. The baseline is fitted with a tangmntstrained fourth degree spline polynomials.
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Figure 5-17 The dspacing distribution calculatedording to Bragg's & Likeliest values
and typical percentiles areproduced in Table 5-7.

Table 5-7d-spacing values integrating untanties over the distributions

MMT type d-spacing at peak (nm) averaged d-spacing (nm

135

MMT 1.27 [0.98 1.31 1.98]
2.26

C18MMT 213 [1.53 2.20 3.28]
2.03

C180HMMT 1.88 [1.39 1.94 3.19]
C6H5MMT 2.02 o

[1.62 2.11 2.97]
1[2.5%, 50%, 97.5%] percentile values (see Figure 5-17)

5.2.2.4.2 Clay atomistic model and its characterization

The clay structure is presented in Figure 5ai periodic boundary conditions not only in
the plane of the clayPl symmetry) but also perpendicularlThis construction enables to
describe an infinite atking at minimum cost by settingetlsize of the periodic-cell to the
desiredd-spacing value. The surfactant/solute isréfiore in contact ith both sides on the
same clay. The assumption may appear resti@s/the same substitutions of Al atoms by
Mg ones appear on both for the first clay asdmiirror copy. Detailed éaulations show that
averaged configurations (witolutes at different positions) veeunaffected by the repetitions
of the charges. When electrdstanteractions were significant, a systematic verification was
carried out with an aperiodic system along theie@ direction. The snulated surfaces were
sufficiently large to include all comered adsorbates. With a typiakkpacing of 2.2 nm,

surfactants on organo-modified MMAppear organized as a candiion of bilayers (aligned
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molecules with head and taibfigurations, see Figar5-18h) and of pseudo-bilayers (with
molecules contacting twice the sarés, see Figure 5-18g). It ismoto notice that no typical

orientation €.g.such as liquid-crystal) vgadetected for surfactants.

Figure 5-18 lllustrations of our atomistic méglef MMT: (@) i: overviav of periodic unit cell

in 2x2x2 arrangement with a lattice spacidespacing) inc direction and a significant gap
between the two adjacent lage iii: side view details of the crystal structure wii
symmetry, the elemental crystal pattern is represented in CPK style. iv: the corresponding top
view of six tetrahedral silica connected cleadgntifiable, (b) Details of the Al octahedral

layer with random substitutions by Mg aton)-f) Typical side wews of pristine MMT d-
spacing= 1.27 nm) and organo-modified MMd-spacing=2.2 nm). g)-h) Two typical

orientations of one single surfactanolecule: octadecylamine (C18).

The maximum surfactant loading ackaéle in our simulations versdsspacing is reported in

Figure 5-19. For values larger than 1.5 nm (aps larger than jstine MMT one), master
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curves were found linear witkl-spacing. Hence, it confirms the space filling role of
surfactants. Branched or aromatic aotants (C180HMMT and C6H5MMT), having a
higher steric volume, created higher free volumes.

Figure 5-19 Correlations bed&n surfactant loading ambdspacing as assessed from GCMC

simulations.

The correlations betweed-spacing and surfactant loading were used to estimate the
distributions of loading wheml-spacing values are distributes shown in Figure 5-17.
Averaged values and typical percentiles bséed in Table 5-6 and compared with the
experimental loading inferred from the integratiof TGA peaks (iv) ath (v) in Figure 5-15
(see Table 5-6). An exact match was found@6H5MMT and a significant underestimation
was found for C18MMT and C180OHMMT byactors 2.2 and 1.4 respectively. The
discrepancy for these two MMTs was associdtedheir different orgaizations mainly as
pair of clays instead as well organized khigtacks (see their X-ray diffraction spectra in
Figure 5-16). Thin systems expose much mivee surfaces unit amant of clay, where

surfactants are not limited by the acceksvolume between two clay layers.

214



Figure 5-20 Theoreticalistributions of surfactant amourftem GCMC simulations (Figure
5-19) integrating the dispersion dfspacing plotted in Figure 5-16. Mean values and typical

percentiles are reproduced in Table 5-8.

Table 5-8 Comparison of surfactant laaglbetween experimental and calculation.

Surfactant loading (mol g™ wwr ) calculated from Ratios
MMT type | TGA peaks (iv)-(v) | Simulated results at d=2.2nm
Mc/ Ms
(Mc) (Ms)
5.62x10" 2.2
C18MMT 1.26x10° [4.7x10% 6.1x10", 8.6x107]t | [2.7, 2.1, 1.5] 1
4.24x10" 1.4
C180HMMT 5.87x10¢ [2.8x10% 3.7x10%, 5.2x10 t | [2.1,1.6, 1.1]
4.24x10" 1.0
CE6H5MMT 4.05x10" [3.0x10% 3.7x10%, 4.1x10% + | [1.4,1.1,1.0]

1[2.5%, 50%, 97.5%] percentiles withal distribution(see Figure 5-20)

From our GCMC simulations, Figure 5-18 givas impression of a dense coverage of the
surface of MMT at equilibrium. As a resulfdustrial practices which offers ever higher
coverage or saturation may beought hindering subsequesdrption by organic solutes by
two entropic effects: i) reduction of the accbisisurface area of MMsTand ii) by promoting
interactions with surfactants instead of MMTiese effects were globally investigated by
studying the accessible free-volumeoperties for spherical probewith different gyration
radius. The results are plottéa Figure 5-21 and compareslith the gyration radius and
volumes of the considered solutes in thigdgt The corresponding accessible free volume of
space-filling models decreased linearly with matadius up to toluene size but decreased

non-linearly for largersolutes. Although this geometrimé static approach neglects the
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swelling of the clay, it suggested a rapid sation of organo-modified MMT when they are
used as adsorbents. And this effect will blosred in well stacked al with large surface.

Figure 5-21 a) Top view of the volume accessitd spherical probestm one typical clay
interlayer filled with C18 surfactant to spiwl probes (the contact surface for different
probe radii are plotted in red color). b) Relaships between volumesd gyration radius of
tested solutes. c-d) Accessible volume andaserfarea according to radiakthe considered

spherical probe.
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5.2.2.4.3 Sorption properties at infinite dilution

5.2.2.4.3.1Simulated Henry coefficient and isosteric heat of sorption

Henry coefficients Ky, and isosteric heat of sorptioQs;, obtained from partle insertions at
different temperatures are fled in Figure 5-22. For eaclomsidered solute, the presented
results compile Monte Carlo simulations witfidom test particle (Widom, 1963) insertions
each from an initial set of 2@onformers. Although adsorbatesirfactants and MMT were
considered rigid, the large set of conformeralded to integrate all faractions: inside the
framework (.e. MMT and surfactants), intramoleculand intermolecular ones. The only
assumption was that the distritaims of conformers were same at adsorbed/gas state. As
expected from accessibility considgons depicted in Figure 5-2Ky values appeared
noisier in organo-modified MMT and especiaftyr larger solutes. The low convergence of
averaged energies was associated totuatong contact numbers with MMT surface in
crowded environments. Corresponding distributibradsorbed energies are shown in Figure
5-23. They were mono-modal but very broad aentered on a low negative average at large
d-spacing values. The shape was the conseguehthe simultaneous sampling of adsorbed
states with highly negative ergy values and intercalatestates with positive ones.
Incorporating directly these ravalues at constant temperatumeEq. (5-50) led to strongly
underestimate®s; values. Since the shape of the mlisttion was un-affected by temperature
(for a same set of conformerff)e Clausius-Clapeyron relatiomghvas used instead to derive
reliable Qs values from simulations obtaiteat different temperatures.d. ranging from
298K to 348K). These results giotted in Figure 5-22d)-f).

Changingd-spacing affected strongly the distributionfsenergies (seEigure 5-23d)-f)) and
Ky values (Figure 5-22a))cbut in a less exterf)s; values. These results confirmed that the
partition between adsorbed and intercalaseduites was mainly controlled by entropic
considerations rather than by enthalpic ones. In details, the interpretation is more subtle as
lower d-spacing values redad the amount of intercalatezblutes whiledecreasing the
average distance between the solute andstiiéace. By assuming that the interactions
between the polar or aromatic solute and firistine clay surface were Coulombic, a
correlation betwees: and the reciprocal square gastdnce is proposed in Figure 5-22f).
For aromatic solute€)s; increased monotonicallyntil to reach a constamtlue. For aliphatic
solutes, it reaches a maximum value beforeretesing. The differertehavior for aliphatic
solutes was associated to the preferentialcg8ete of stretched anglanar (no out-of-plane
atoms) conformers in confined spaces. for d-spacing values below 1.35 nm). For higtier
spacing above 1.4 nm, the gap between clays briginvisioned as a small gas reservoir,

where the interactions walls-solutes remanorsg but where the solutsan explore a broad
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configuration (by translation aotation) and confenational space. Thegproperties cause a
dramatic entropic increase &} values while keeping interach energy levels close. For
very larged-spacing valueKy is finally expected to reachdtftheoretical value of an ideal
gas:RT. From Figure 5-22c) at eonstant temperatur&y was found exponentially scaled

respectively to a reference d-spacthh@s:

2
K, d RTexp ¢&d ,

exp /d? G/d G
Ki b RTexp Gq,° /%

(5-53)

where / is a fitting parameter which is almost independent of the considered solute, with a
likely value of 6.13 (95% confidengeterval is 5.95 to 6.46).

For a sameal-spacing of 2.2 nm, aliphatic solutes extelia slightly higher chemical affinity

(i.e. lower Ky value) for organo-modified MMTs than for pure MMT. Best affinity was
obtained with C6H5MMT. When the redispacing of pure MMT da. 1.3 nm) was used
instead, the results were conversely opposib@firming that pristine MMT was by far the
best adsorbent for all organic solutes. Sanhans showed therefore that intercalating
surfactants between clays, which causabspacing increase from 1.35 to 2.2 nm, reduce
dramatically the benefits on interactionstvibeen organic substances and aluminosilicates
respectively to two aspects.

o From an energetic point of view,r¢ge spaces prevent the selection of
conformers which maximize the intetimns with the surface of the clays.
Accordingly isosteric heat afnisole decreases from 120rkal* down to 60
kJmol™ as a sole consequence ofi-apacing increase from 1.35 nm to 2.2
nm (Figure 5-22f)). In the meanwhilegthew interactions due to surfactants
compensate the loss of attractive forces only by 20 — 280kJ (Figure
5-22d)). The conclusions were natodified by changing the type of
surfactants.

o From an entropic poindf view, increasingil-spacing €.g. with or without
surfactants) expands the accessible igomditional space to solutes. In
absence of surfactants, it is so latgat too few numbersf configurations
contribute to have a high number of “caciis” with the sudce. In details,
the exploration of the configurational spacearge gaps is also associated to
energy barriers but they are so low camgtively to interaction energies with
clays that they are captured the entropic contributioni.é. temperature

independent).
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From a technological point ofiew, the sorption affinity can be changed either with

temperature or by updating d-spacing.

Figure 5-22 a)-c) The calculated Henry caméfnt sampled by one single solute molecule
with all clay models at 313 K. The horizondshed line separatéise theoretical Henry
coefficient for an inert ideal gad)-f) the isosteric heat calated in the temperature range
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from 298 K to 348 K a), d) T effect of surfactant on-alkanes with equatl-spacing
(d=2.2nm), b), e) the effect dispacing om-alkanes in the range of d=1.27-2.2nm and c), f)

on solute series of heptane, toluené anisole in the rege of d=1.27-2.2nm

Figure 5-23 The corresponding sorption energy. fisosteric heat) dtribution of solute
series of heptane, toluene and anisole a)-c) on all clay type withdegpating of 2.2nm and
d)-f) on pure MMT withd-spacing ranging from 1.4 to 2/2n The averaged energy values

are reported in Figure 5-22a)).

5.2.2.4.3.2Comparison with experimé&al adsorption enthalpy

Simulated isostericQs; values were compared with experimental ones obtained on
commercially available MMTs. The referencdues were obtained dm IGC experiments
from similar solutes. As calculations showed tkatvalue of methane was close to the value
for ideal gasRT, so it was chosen as referendee.(non-interacting) solute in all
determinations. Typical elutiomties are plotted in Figure 5-2f a log-scale as well as their

fit as exponentiallymodified Gaussian. On pristine MMBnly elution timesup to hexane

were practically measurable even at higmperatures of 120°C. Fdarger alkanes and
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aromatic solutes, retention times were aiftreach even using higher flow ratese.(
&0mlmin). The absence effect of flonate on normalized retention timés(see Eq. (5-42))
is plotted in Figure 5-25. It confirms that is mainly controlled by thermodynamics

considerations allowig a determination dfy via Eq. (5-43).

Figure 5-24 Typical distributns of elution times fon-alkanes (n=1..6), toluene and anisole
in columns filled with a) pure MMT and bP180OHMMT samples. Fiited exponentially-
modified Gaussians are depicted as thin saliésiand c) the peak shape factor (skewness) of

elution profiles as function d@ghe position of the peak mode.
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Figure 5-25 Effect of flow rateffect on retention times @fentane and hexane. Normalized

retention times (see Eq. 4)egplotted as dashed lines.

The experimentaKy values and simulated ones are camggd in Figure 5-26 for pristine
MMT. They were in very good agreement when simuldtgdvere averaged over the real
distribution of d-spacing as determined from RRexperiments (see Figure 5-27). By
comparing with the effect al-spacing values oKy as reported in Figer5-22b), it is worth

to notice that the largedtspacing contributed tthe most to the finadKy value as predicted
from Eqg. (5-53). For pristine MMTd-spacing varied significantlipetween 1 nm and 2.2 nm
(Figure 5-17) but basal-spacing o\le27 were accessible to ingsen. In details, confidence
intervals plotted in Figure 5-26 represent the final uncertainti{;pdue to sampling errors
and to the broad distribution dfspacing values (each distribution included both uncertainty
and variability in XRD determinations as discussed in 3.2.2).
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Figure 5-26 The experimentally determinednHecoefficients of pristine MMT compared
with simulated ones averageder the distribution of rea-spacing values (see Figure 5-17).
The dashed line represents the straight e, Vertical and horizontdines represent 95%

confidence intervals

By opposition with results of Figure 5-2@rude comparisons between simulated and
experimentalKy values yield poor agreemts for commercial organo-modified MMT. As
reported in Figure 5-27, experimen@l; values were found clos® the latent heat of

vaporization heat of pure soluted;l,, without presenting@ significant net heat of adsorption
g, Q, H,. Our éxperimental methodology to determiigvalues was not incriminated

as our experimentd)s andgs; values for pristine MMT mabhed both the values reported by
Keldsen et al. (1994) (Figure 5-2Yand the simulated values fdispacing ranging between
1.27 and 1.35 nm (Figure 5-27b)). An alternatimterpretation of the sorption at infinite
dilution of linear alkanes and aromatic solutess tested by considering that solutes were
mainly in interaction withsurfactants without possibleomtact with MMT surface. This
assumption was particularly consistent with the excess of surfactants as determined from
TGA experiments (see Figure 5-15 and Table.9t6yas tested by calculating excess mixing
energy of each solute with tlgferent surfactants from pagontact energies. Corresponding
values are reported in Figurg27b)-c). Since the mixing waexpected to be mainly
endothermic respectively to pure compoundsgesg energies were mainly negative or close
to zero. They reproduced well the magnitudgeos and the trend witlhhe number of carbons
for alkanes. Only the values for anisolerevainderestimated. This minor deviation was
associated to the poor reliability of tlwwntact energy method for molecules involving
significant hydrogen-bondg (not all configuraons are likely).

From the different analyses, it was hinted tiet high surface coverage of organo-modified
MMT lessened dramatically their chemical affinfty organic solutes. This effect was partly
detected by simulation with a decrease of about 25-4MdkJ. It could be thought the
absence of full agreement between experimamid simulations for organo-modified MMT
could result of the lowest saturation of claysur simulations (see b& 5-8). It is however
unlikely since the discrepancy was not dependimghe type of surfactants and on the surface
loading deviationi(e. high for CL8MMT and nosignificant for C6H5MM). In addition, the
lower skewness of elution times (Figure24e)) with organo-modified MMTs tended to
confirm a sorption process in a homogeneous@lthfferent from the broad process found
with pristine MMT. It was therefer thought that the residual afty at infinite dilution with
commercial organo-modified MMT was mainly due preferential interactions between
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solutes and the surfactants in excess, hindghagaccessibility of dotes to MMT surface
(see Figure 5-18). In this perspective, polaar@matic surfactants gave accordingly a slightly

higher affinity for polar and amatic solutes respectively.

Figure 5-27 Comparisons of igedc heat of sorption and nealues between experimental
(IGC) values (open symbolghd simulation ones for a-bjalkanes and c) aromatic solutes.

Excess in solute-surfactant mixing energiee afso represented more general heptane,

224



toluene and anisole (the experimental data compared with simulation data with two
possible interactions: betwe@me solute molecular and clay surface which defined upper
boundary above 30 lgol; between solute and surfactamhich defined lower boundary
below 5 kJmol™).

5.2.2.4.4 Sorption behavior at concentrated state

Increasing the solute concentration offered plssibility to elucida surface accessibility
and competitive sorption issues in both sinedaand tested MMTs. One informative quantity
is the saturation amount. It is worth totioce that simulations and experiments differed
however with some respects: simulation considered drsppacing was fixed whereas
swelling could occur in sorption experimentith increasing loading. Corresponding
isotherms were fitted indepenmttly as Langmuir isotherms (see Eq. (5-51)) for diffeidnt

spacing and BET ones (see Eq. (5-45)) in presence of swelling, respectively.

5.2.2.4.4.1Simulated isotherms

Simulated sorption isotherms, depicted igufe 5-28, showed that saturation amounts
increased withd-spacing in pristine MMT. The addmd amount was found proportional to
the gap distance and function oéthyration radius of the considersolute (see Figure 5-21).
From the saturation point ofiew, sorption was not anysre a surface phenomenon but a

space filling one.
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Figure 5-28 a) Simulated sorpii isotherms of anisole in puMMT with different d-spacing

and b) linear relatioshop betwesraximum loading and gap distance.

Maximum loading capacities for pristine an@y@ano-modified MMTs are compared in Figure
5-29 for all considered solutes and a fixddpacing of 2.2 nm. Saturation amounts were
twice lower for organo-modified MMT. By ugj fitted Langmuir isotherms, it was possible
to compare the estimate Henry coe#iais calculated at infinite dilutiody and at higher
concentrations and so-call&gd (see Eq. (5-52) K. andKy were very close for pristine MMT
but in ratios varying from 10 to 10n organo-modified MMTs. The higher values Kf
confirmed the rapid loss of chemical affinigf organo-modified MMTs as soon as the

concentration in solutes increased. This somptiehavior has to benvisioned as a double
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sorption process where the clayrface is first saturated (controlled by a coefficiknj
followed by a saturation of the gap betmn the clays (controlled by the cldy).

Figure 5-29 a) Maximum loading as determirfean simulated isotherms of clays with a
fixed d-spacing of 2.2nm and b) egalent Henry coefficientd, as extrapolated from
Langmuir equation (see Eq. 14) (solies with symbols) compared witKy values

calculated from solute insertion at infinite dilution (see Figure 5-22a)).

5.2.2.4.4.2Experimental sorption isotherms
Simulations with constamt-spacing described sorption of ongasolutes irorgano-modified

MMT as poor efficient process due steric effect which preventbe solute to access to the
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surface, where sorption is highly exothermigp&rimental isotherms at higher concentration
(i.e. at partial pressures 10 times higher) ofale (see Figure 5-30) showed a subsequent
different sorption behavior ghly favored by lower temperatures. The “S” shape of the
isotherms was associated to a strong swellingldfTs. The loadings of anisole were five to
six times higher for organo-odified MMTs than for pristia one due to its largeFspacing
combined with swelling effect and signifiddnhigher for polar (Z8 OHMMT) and apolar
(C6H5MMT) MMTs.

Figure 5-30 Experimental sorption isotherwisanisole (open symbols and dashed lines)
compared with fitted isotherms relying on BET equation (solid line). Dashed lines are

continuous least squares approximates.

The different sorption behav®rof anisole on MMT were pperly described by the BET
equation, while swelling was not too highydically for activities lower than 0.5).
Corresponding BET parameters (maikly andmg) are listed in Table 5-9 along comparable

simulated value&, Ky andm,.. The following inequalities werebtained for the parameters
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describing the behaviors at infinite dilutidfy ' K. " Kg, showing lower interactions with
MMT when the concentration in solute is i@asing from zero. At higher concentrations, the
ratio m/mg was also greater than 1, close tcaatdr 2 in pristine MMT and 5 in organo-
modified ones. Such values suggested #vatlling occured after 2/and 1/5 of the gap
spaces are filled respectivelxccording to BET theoryRTINnGs represents the difference in
energy between the monolayer and the subsedagets. It is significant only in pristine
MMT 12.6 +3 kJmol™ and almost negligible in organmedified MMT. In addition, the low
variation ofKg with temperature in organo-modifiddMTs confirmed weakest interactions
between the first adsorbed layer and the tsatesand therefore its entropic control.
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Table 5-9 Comparison of sorption parameters of anisole fromeiXp&riments and simulations ancentrated and diluted states.

IGA experiment (with swelling) Simulation with constant d-spacing
Tempe- BET parameters Langmuir pareneters Henry coefficient
Clay rature (K)
104X mlB KBT L CB RTInCB 104X qu KLT L KHT L
(mol g™) (Pa-g-mol") (kd molY (mol g™) (Pa-g-mol") (Pa-g-mol")
298 2.6 5.14x10 348.4 14.5 - - -
308 2.3 4.59x10 81.0 11.2 - - -
pure MMT 313 - - - - ( dzl‘_‘;? am) (éff_ﬁ?h) 3.2x10% (d=1.4nm)
318 2.1 5.44x1D 137.5 13.0 - - -
328 2.5 1.38x10 76.3 11.8 - - -
298 3.3 1.03x1D 1.4 0.8 - - -
308 4.4 7.81x10 2.5 2.3 - - -
C18MMT 313 ] ) ) ) 19 3.85x10 3.57x10°
(d=2.2nm) (d=2.2nm) (d=2.2nm)
318 5.4 1.18x10 2.4 2.3 - - -
298 2.4 1.85x10 8.8 5.4 - - -
308 3.2 2.86x10 8.1 5.4 - - -
C180HMMT 313 ] ] ) ) 20 3.17x10 5.13x10"
(d=2.2nm) (d=2.2nm) (d=2.2nm)
318 2.3 2.86x10 19.2 7.8 - - -
298 6.1 1.20><1% 7.6 5.0 - - -
308 7.6 1.91x1 7.0 5.0 - - -
COHSMMT 313 ) ) ) ) 19 3.64x10 3.10x10"
(d=2.2nm) (d=2.2nm) (d=2.2nm)

TKn, KL andKg are expressed relatively to the mass of pristine MMT instead of its volume.




5.2.2.4.4.3lsosteric heats of sorption

Isosteric sorption energie®4) of anisole on tested MMTs have been extracted from IGA
experiments in a small range of temperat to reduce free-volume effects (thermal
expansion). Results plotteth Figure 5-31 showed a higQs value in pristine MMT
decreasing rapidly with loading down tiwe vaporization oheat of anisole {H,). Organo-
modified MMT exhibited by contrashegative net heat of sorptionQs& (H,). Only
C6H5MMT offered slightly higher interactiom®mpared with othesrgano-modified MMTS,
the trend is consistent with simulated net isosteeat for anisole plotted in Figure 5-27c). By
keeping constant-spacing, simulated results (séggure 5-32) rproduced similarQs;
magnitude orders in pristine MMT above 100pkdI* with the difference that the simulated
values are increasing withading at constartd-spacing ie. due to the ina@ase of number of
contact in a confined space). Asoeted in Figure 5-22f), increasindyspacing lowered
significantly Qs; values so that swelling should be the first caus@sodirop with loading. As
already noticed at infinite dilution for onga-modified MMT, simuléon yielded to higher
Qst values than experimental anésee Figure 5-27c¢)), but castently significantly lower
than values obtained withiptine MMT. This argument wasgsed to hypothesize an easier
access for the solute moleculethe surfactant brush phase eatthan clay surface in organo-
modified MMT. The results at higher condetion would confirmindependently this
interpretation. Apart polar surfactants, all otherfactants would leaih a positive energy of

mixing and consequently a negatiyevalue.

Figure 5-31 Experimental isosteeat of sorption vs loadirinferred from IGA experiments
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Figure 5-32 Simulated isoste heat of sorption veus loading of anisole.

5.2.2.5 Conclusions

The study reports measured and simulated Heoejficients, sorption isotherms and isosteric
heat for aliphatic and aromatic volatile delsi in commercially available montmorillonite
(MMT). Simulation enabled us study systematically theffect of basal spacingd) and
solute concentration in pristine MMT. For tltigse, solutes are intercalated between the clays
according to the following gendmaodel at infinite dilution:

Q,d 1 188
'L&T K,—II\-EI)I'\/CI’T eXp RT f ?@@ .y L
(Q.d) 1 188

| RT<exp ¢d ? >exp S i, )
RT T, T@@ 1 (5-54)

where / is a scaling constant to be fitteddaoontrolling the entropic contribution.€.

temperature independent) on Hemoefficients. The likely Mae was found independent of

tested solutes and variégtween 6 nm and 6.4 nm( ) is the average operator over the

distribution of reald-spacing values as assessed fromDX@&eterminations. It describes a
strong increase of ghconfigurationali(e. conformational, positional/rotational) entropy when
d-spacing is increasin@s{(d) is also a function ofl due to the reductioof the number of
contacts between solsteand MMT surface. Whethis decreasingQs: increases rapidly up to
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same asymptotic value until the gap beconeesgmall to insert any solute molecule. For
flexible solutes, low gaps promote stretched conformers soChatre lower in compact
clays.

In pristine MMT, entropiceffects tend to dominate fakspacing values larger than 1.8nm.
Tested organo-modified MMT offeredtspacing values around 2.2 nm. For ttlispacing
value, simulations showed that chemical affinities where higher for organo-modified clays
than for pristine ones. Contrary to intuitiorxperimental net isostericeat of sorption were
found in opposite sign bseen pristine and organo-modifiedes. The corredhterpretation

of negative values with orgamoedified ones was inferreddim complementary calculations

of mixing energies in pure gactants. The mixture was assed significantly endothermic
and confirming unambiguously the inaccessibibfythe surface of organo-modified MMT.
Since this intercalation was possible in diation but not in our IGC experiment, it was
finally concluded that commercially MMT weretseated with excess of surfactants. Such an
interpretation was confirmed with TGA expeents. At higher soluteoncentrations, IGA
experiments showed a strongedlimg of clays due to the tercalation of solutes while
keeping sorption energies close to valuesnfl in pure surfactantf\s a result, organo-
modified MMT appeared as poadsorbent of @anic solutes.

Such results will find applications in packag and separation techiogies where MMT are
used to induce barrier effects or to trap organic solutes. Regardless their ability to be
dispersed in the considered medium, prestMiMT or slightly organo-modified MMT are
highly preferable to saturated and-urther studies are particularly required to establish the
relationship between the basal spacing of Mieiid their selectivity to bulky solutes in

various temperature andagve humidity conditions.
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5.2.3 Applications for developing polymer nanocomposite systems

This work presented a significant colien of both experimental and simulated
thermodynamic data of interactions between organic solutes and clays: isosteric heat of
sorption from IGC determinations; sorption isotherm and isosteric heat from IGA
experiments; Henry coefficients, sorption isetheand isosteric heat from simulations. The
most important factor is basal spacing which controls the entropic contribution on excess
chemical-potentials. It was studied systematically mainly by simulation as it was not possible
at infinite dilution of solute to changthe arrangement of clays in commercial MMT.
However, the comparison between pristine and organo-modified MMT at low and high solute
concentrations (IGA experiments) offered pb#sies to assess swelling effects and the
competition between adsorbing substances.

It is worth to notice that no enthalpy-entropy compensation was revealed with
sorption/adsorption, whereas it was very significant for the diffusion in bulk polymers. On
one hand, it is shown that increasidgpacing from a critical value.¢. 2.2nm) does not
change in a large extent net isosteric hefasorption in good agesnent with previous
descriptions in the literature. On the other hahehry coefficients increase dramatically with
d-spacing due to a lower entropy loss by condensation of vapors, which is associated to
poorer conversions of free rotational and tioteal degrees of freedom in surrounding gas
into bound displacements onto the surfacesimple words, envisioning the gap between
clays as a small gas reservoir lowers dramdyicae affinity of solute vapors for the clays
thought as a volume phase. In nanocomposite, the gap may be filled by polymer segments,
surfactants or a combination of both. Imrooercially organo-modified MMTSs, the excess of
surfactants damages the enthalpy balance iweriog the favorable interactions with the
clay+surfactant mixture. Calculations of egsamnixing energies between tested solutes and
considered surfactants demontdraclearly that solute+swa€tant ernergies dominate in
organo-modified MMT.

With our goal of developing a barrier ma# using clays as nanoadsorbents, the
picture of the best polymer-claymposite system gained bysistudy was expected to differ
significantly from the commonly accepted strategigth similar systems. The discrepancies
are highlighted in Table 5-10.
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Table 5-10 Comparison of recommendationsdévelop Hybrid MMT-polymer composite

systems according to processing and sorption properties.

Conventional recommendations forRecommendations issued from

nanocomposite systems this study

Organo-modified MMT to Pristine MMT to facilitate the
Best MMT . : o -
facilitate dispersion in polymer | accessibility to the clay surface

Optimal basal spacingof =~ o o _ _
Significant or total exfoliation (i.e.| Partial intercalation with low

11

the clays dispersed in th _ _
large basal spacing) basal spacing
polymer

Large surface coverage by o
Surface coverage of clays Maximizing free surface
surfactants or polymer segments

Recommended surfactant Polar ones Non-polar or aromatic ones
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5.3 Proof of the concepts of barrier maerials including nano-adsorbents

5.3.1 Introduction

The strong deviations betweennventional recommendations and those of this work
suggested that accessible materials for testing the nano-adsorbent concepts would be
significantly suboptimal. In particular, it was clear that the objectives of processability and
affinity were significantly antagonist. By cadsring that full clay exfoliation and orientation
were not necessary (particles do not require to be sheared), solution casting was the best
commendable process for testing the cotxegn simple nanocomposite systems. Two
systems at both ends of proposed recommendatierss chosen to tetie proposed concepts

of barrier materials, as reported in Table 5-11.

Table 5-11 Polymer-MMT nanocomposite syssemsed to test the concepts of barrier

materials integrating nanoparticles

Systems Test conditions PRO CON

SYSTEM 1. Large crystallites
Polycaprolactone

-

D

a low polar polyeste affected strongly by th

(PCL) Easy to process

T=298K
MMT agents

=

containing organo-modifie presence of nucleating

o _ Easy to process,Highly sensitive tg
SYSTEM 2: plasticized polyvinyl _ _ o
small crystallites relative humidity and
a water-soluble polymeralcohol (PVA)

o o (transparent consequently strong
containing pristine MMT T=2338-368 K

materials) aging effect

Even if it is not essential in this study,deserves to note that both polymers are
biodegradable and are considered as poor barriers to organic substances in tested conditions.

Reference materials were the same polymers without clays.

Barrier properties were tested against apolar and low polar substances used in sections
5.2.2 and 5.3.2 at infinite dilution and different temperatures. The possible barrier
improvements associated to the sole sorptidacts should be envisioned as an effect of
Keontrast @S defined in sections 5.2.2 an®.3. The enthalpic interpretation Bfonsrastas a
difference in excess mixing energies is illustrated in Figure 5-33. Best results are expected,

when mixing is endothermic in one compartmemd axothermic in the other, such as apolar
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substance in nanocomposite systems inclugdimggine MMT and polar polymer (see system 2
in Table 5-11).

Figure 5-33Energetic interpretation dconrastin NaNo-adsorbent — polymer systems. Excess
mixing energies are evaluated for a reference sththe considered solute at liquid state (or

equivalent at molten state).
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5.3.2 Experimental study and interpretation

Publication IV

Title: Controlling the molecular interactions to

biodegradable polymers to organic solutes above Tg

improve the diffusion barrier

Authors: X. Fang, S. Domenek, and O. Vitrac

Submitted to: In preparation
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Controlling the molecular interactions to improve the diffusion barrier of

biodegradable polymers to organic solutes above Tg
Xiaoyi Fand? Sandra Domenék, Violette Ducruet?, Olivier Vitrac™

'AgroParisTech, UMR 1145 Ingénierie Procédés Aliments, F-91300 Massy, France
2INRA, UMR 1145 Ingénierie Procéd Aliments, F-91300 Massy, France

5.3.2.1 Abstract

The study presents a new concept of nanoconepasd selective barrienaterial, which can
be combined together witbonventional effect®f obstruction. Itsimplementation found
applications for biodegradaly®lymers but other application gynthetic ones and membrane
technology could be alsenvisioned. It consists in diegsing nano-adsorbents optimized for
the penetrant to be blocked. Contrary todbmmon thinking, it is demonstrated that sorption
properties and diffusion coeffemts could be combined at microscopic scale to induce a
diffusion process with heterogeneous dynamias @nsequently lower diffusion coefficients
(D). D reductions are scaled as 1/Kkgnras(T)), WhereKeontras(T) is the effective partition
coefficient of solute betweethe adsorbents and the polymkr.the case of positive excess
chemical potential in favor of the nano-adsorbem{snras{T) can be controlled by
temperature. The barrier concepts were grpntally probed on two aromatic solute® (
biphenyl andp-terphenyl) in two extreme systenms/olving the solution casted polymers
incorporated by montmorillonites (MMT) as m@adsorbents: systefinis organo-modified
MMT in polycapolactone (PCL), system 2agstine MMT in polyvinylalcohol (PVA). Only
system 2 showed a stromyreduction up to one decade. Since Eheeduction was found
varying with temperature and basal spacofigMMT, the solute molecule trapping was
controlled by both enthalpy and entropy effects.

5.3.2.2 Introduction

Environmental issues encage the use of biodegradatmr biosourced polymersand their
nanocomposite versions to reach appropriate performaides food contact applications.
Currently available biodegradable polymerly maainly on polyesters, which exhibit limited
resistance to watere(g. coming from food or from the @tage ambiance) and to organic
substances such as those iodging from food productse(g. aroma, fatf®*% It is worth to
notice that these drawbacksocor also with different extents in synthetic polyméfs
Similarly, environment-friendly materials arot tend to leach theiorganic content with

molecular weight lower than 3@ mol™* as a consequence of local phase separatiror
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diffusion of non-covalently boundesubstances such as additives, oligomers and restiues
Due to a multiplication of crises involving packaging materi&fd, innovations in materials,
which lead to lower migration and/or foadntamination should be also encouragetf
Without underestimating that nanocomposite systeray have their own safety issues due to
their nanoform or residue contefff nanocomposite materialéfer good opportunities to
block not only water and oxygen baiso organic substances inrfpeular in rubber materials
with high intrinsic perraabilities. One may note also thetich developments found earlier
applications in hybrid membrane technolodies

Most of the literature reports thbarrier effects due to nanopel¢s have been associated to
obstacle effects possibly combined with mating effects affecting crystal growth and

712632 \ith performances, which do naxceed a factor five reductiofi .

morphology
Insufficient orientation or deitg of obstacles are usuallydgimain arguments advanced for
the low barrier enhancement achieved in nmeggplications. By considering plateletise(

nematic phase) as inclusionspendicular to main fluxes® hypothesized from a large set of

detailed finite-element simulations thatetipermeability reduction should be scaled as a

stretched exponential, such B4 B, exp >§/3.47°'71 , Wherex is the product of platelet

aspect ratio by their volume fitamn. As a result, gaining reductions lower than 0.1 based on
sole obstacle effects would requxealues larger than 11.2 that is for example for perfectly
oriented clays: an aspect ratio of 500 fovolume fraction of 0.023. Any deviation of
previous parameters to nominal values or oaeoih is expected to damage irreversibly the
barrier properties so thatehnterest of such applicatis can be really challengéd The
situation appears all the mocemplicated that free-volumeaasurements showed evidences
of an enhancement of the transport of pen&traround particles due to dedensification of the

polymer nearby®>*

Technological alternatives areasce but they can be categadl into reactig systems or
active systems. The first one has been reviewed*byand consists in using a chemical
reaction to block/scavengeeversibly the penetrant. As discussed?nthere are limited to
gas scavenging applicationsxygen, carbon dioxide, ethylene) for packaging applications.
Active barrier systems have not been theorizédoyebarrier materials but the concept is well
established in catalysiavolving physisorptiori®, which can be also seen as an extension of
reactive systems where the reaction is reversfBfé The mass conservation in the
conventional solubilization-diffusion mod&*° is modified to integrate partitioning effects
betweeri’® the continuous phase and the “active” surface of the catalyst:
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where C is the concentratiorD), is the concentration in the bulk polymdsonyast is the
equilibrium constant or equilently the partition coefficient between adsorbed/absorbed
penetrants and “freednes. In the equivah reaction schemd is the adsorbent arglis the
diffusing solute. The generalization of Eq. (B30 inclusions, where absorption replaces
adsorption can be found fH. All models predict a strondecrease of effective diffusion
coefficient,De=D o/ (1+Kcontras) IN EQ. (5-55), as soon as theeatical affinity is stronger for
the dispersed phase/inclusion tHanthe continuous polymer phages the trapping effect is
controlled by thermodynamics, it presents savadvantages over pudmbstacle effects: it
does not depend on the orientatiof particles and may be very effective at very low
concentration; the blocking effect could dulated by changing tliemperature (e.g. the
effect disappears when temperature is incngagihen sA mixing energies are significantly
exothermic); the blocking may be very effeetifor one solute and héor another. Without
excluding other effects, substatexperimental proofs of ¢hpresented concept has been
recently supplied by the dramatic blocking realkyl acetates in poly(methyl acrylate) by
spherical small silica particl&&

The general goal of this wois to propose a technologigaute to design new barrier
materials including specifically optimized naadsorbents and ore generally called “chaotic
materials” as they aim to fidler diffusion by modifying micra®pically the energy surface
onto which solutes translate. In this worke called “barrier material” a system which
induces a significant lag time thffusion. The consequencesaait effective sorption are not
considered in this work as it has besmwn by kinetic Monte-Carlo simulations tHat
reductions were a consequence of the flucdnat of the energy barriers opposed to the
diffusion and not of the average solubilif}*° We propose to expie the concepts
experimentally and theoretityalto block the diffusion oforganic substances in rubber
polymers at infinite dilution. Té exploration of such phenomeisacurrently possible to the
development of tailored mteads for calculating excess chieal potentials in polymers:™3
and at the surface of nanoparticles such as cPiyslt is important to note that
thermodynamically-controlled blocking effects dam easily separated from obstruction ones

by comparing the barrier performances at diffetentperatures or for a homologous series of
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solutes. Indeed, the excess of activation gieeror additional nss dependence could be
compared and analyzed from extended freleime theories ascaling relationships°.

The paper is organized in five seaso Through different theoretical examples,
section two extends the commomcept of tortuosity to the mogeneral one of spatial and
time correlations. In particular, that diffosi hindering due to spakideterogeneities or
heterogeneous dynamics can be combined tegetid cumulated to aeh stronger diffusion
blocking. Section three present®e systems considered iristtwork and the methodologies
used to asse$&ontrastON real systems. Two extreme hybsistems were considered to assess
the barrier properties to apol or low polar diffusants nfalkanes, a short series of
oligophenyls, methoxybenzene). &liirst system was an apol polymer polycaprolactone
(PCL) incorporating organo-modified mambrillonites (MMT) by casting. The second
system consisted in pristine MMT mixedsalby casting with a pat polymer polyvinyl
alcohol (PVA). Besides their differences in g@aties, the tested pghers exhibit different
sensitivity to nucleation due to the inporation of nanoparticles. The last section
summarizes the findingsd proposes additional aptization directions.

5.3.2.3 Theory of polymer barrier materials

The considerations described in this sectionewnotivated by the observations of Watanabe
" which state that macroscopic concepts fifision and sorption couldot be transposed at
low scale without significant precaution. Althoughs well established that random walks
around particles follow well thEmoluchowski equatiorthe continuous appach is only true
after sufficiently many jumps or after a time mudchger than a jump itself. In the vicinity of
inclusions, the reality may beffdirent and may lead to newqmerties. Detailed theoretical
considerations can be foundrigference text book of Klagé%or in the general modeling of
% In simple words, heterogeneities in spédlestacles) induce tortuosity effects (oppose to
the growth of the man-square-displacement of the diHat) whereas fluctuations of
interactions with the host environment cahsterogeneous dynamics and therefore additional

dwelling times between hopping events.

5.3.2.3.1 Beyond tortuosity concepts.

According to literature, twoffects independent of polymer emical structure are known to
impart D in solids: tortuosity®® and local distributio of free energied®® Tortuosity is a
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qualitative concept derived from porous needind defined as the scaling coefficieft
between a medium without obstadly, and with obstacle:

[ D,/D 1 t (5-56)

As reviewed in® tortuosity increased with therolume fraction of obstacles. In

thermoplastics, obstacles can be extraneous lgar{ie.g. nanofillers) or the polymer itself as
crystallites are usually inaccessible to penetrdntges been thus showthat 25 nm size scale
discoid crystallites obtained by confined dafization of poly(elylene oxide) lead to2
values up to 108", This work examines an approach tbatild lead theotially to similarD
reduction as shown by KinetMonte-Carlo simulation?’ by introducing strong fluctuations
of the chemical affinity within the polymeanatrix. The presence of attractors introduces
correlation in diffusants trajectories that lowbffusion coefficients between times scalgs
andt=2",, wherek is a positive integer. Indeed, theegff of additional zigzags in the random
walk of diffusants must be envisioned aga@ve correlations ipeding the mean square

0

displacement5<r , 2 hrU,2“t0> , U

al U

<r , 2 rU,ZktO>a”t, 2<r Bt ,Z’to> 1 dds , U

all u k1
K1

e 1 Uos, R
o (5-57)

0

2k<r t rU,t0>

all U

wherer L,JZ"tO is the displacement at tim2during the time lag (atscalled diffusion time}

t=2%; cos; is the averaged angle betweerspificements observed at time scal@ 2

Operators< >a“ y and , denote ensemble average over all possible starting times and scalar

product. By noticing for sufficiently largethat D 2't, %<r 2ty ru2t, >/2t ,»one U
gets finally:
k1 % din(r tr W S W Dt 2t
1 g cos, 3 < Juw i I—=
kin2, L, . din W D t,
° © (5-58)

where r t, U is the displacement vector betweemnd t+ 2 cos; is the averaged angle

between displacements observed at time &&le
Similarities between Egs. (5-56) and (5-58)ow that tortuosity c¢a be interpreted as

correlated motions (with negativeorrelations). In additionEq. (5-58) highlights that
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tortuosity (obstructin) and attraction (preferred sorptiafjects can be combined together in
chaotic materials on several time scalesalbgumulating correlations on a log-time scale

(conditions of pink noise) teeduce macroscopic (long-teri)values.

5.3.2.3.2 Reduction of D due to asymmetric barriers ti@nslation: a two states toy model.

From previous considerationspstacles are special casesrefions separated by infinite
energy barriers. An interesting alternativedsassess transport when accessible regions are
separated by an asymmetric barrier as itaddd envisioned betweenpolymer, denoted P,
and nano-adsorbents, denoted as MMT. €bgesponding one-dimensional periodic free
energy profile is depicted in grire 5-34. In the framework ofdhransition state theory, such

a toy model has an analytical sidem at thermodynamic equilibrium when

MMT P )
Peq Kuar » pqu)P MMT* o

K gy 85 Dy g © E

2D I2kMMT ® MMT

contrast

&&&&&&&&

Figure 5-340ne-dimensional periodic free energyfie including two states: MMT and P
separated by a transition state denoted £.

For a given solute, Eq. (5-59) predicts in partiad a strong reduction of macroscojic

according to the partitioning obetween MMT and P:

8§
C:i,MMT Ki,P eXp ie,.:’ Pi?l\)/:MT h P|P(T) ‘]
T (T RT 7 Junr (D

differencein excess
chemicalpotential{C)

Ki ,contrast(T)

ratio of concentrations ratio of activity

coefficients (5_60)
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where C and K is solute concentration and its heragefficients in polymer (P) or clay
(MMT). and are excess chemical potential and theveig coefficients with same notation

asC.

Kcontrast cOuld be written also by extrapolate from a volatile sol®g°, T , to a non-

bntrast

volatile one,K men volatie T

i,contrast

non volatile H volatile§

K_non volatile T K_volatile T eXp

i,contrast i, contrast
RT © (5-61)
where (H is the difference of excess energymuking between P and MMT for non-volatile

or volatile solute.

5.3.2.3.3 Inverse gas chromatrography (IGC) asone-dimensional physical model.

By accepting to replace the polymer P by a carrier Gas Q), the situation described in
Figure 5-34 is almost fulfilled in inverse gaga@matography (IGC) in steady state, as shown

in Figure 5-35. The residence time of each t&olat any sorption site depends strongly
whether it interacts or not with the solid in the column. The whole process is described as a
jumping process with frequenciég k. andky and corresponding mass fluxég,f. andfq.

The micro-reversibility at thecale of the adsorption sieondition of local thermodynamic
equilibrium) enforces,=f4. The effective residence time is averaged between dwelling times
of adsorbed and non-adsorbed populations as:

€k 1 18 ¢k 1 k

- 1 a ﬁ
K

1 §
ke, ky ko ke kot ko ko kiik Tk "

site
tR

(5-62) ©
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Figure 5-35 (a) Mass transfer deption at one adsorption sitwithin the column of IGC.
The longitudinal direction represents a nwscopic transport along the column, while the
transverse direction details the mass badaat molecular scale. (b) Corresponding free

energy distribution in the peess of desorption (note that: 0).

By noticing thatky (‘ka, Ky (kg hold between a solid and gasrear, the total retention time in

column includingN sorption sites becomes:

tR '\IltSRite E 1 £§ tref 1 ka §
ok ke ! © (563)

1

with tg® being the residence time for a solute fteracting with the surface but possibly
subjected to tortuosity effextn the column. Additional arrangements enable to infes(T)
(required in Eq. (5-60)) from the definition die partitioning of solute i between the gas
phase and the solid:

G G § Psahv . ref T 1
Ki,g/MMT T exp ? RTMMT" J'MMT IRTI “(,MMT) k ( )f T T
© ‘],g 1 () E(D % (5-64)
whereP;** andV; being respectively the saturation vagpoessure and the molar volume of
the solutei. As shown in Eq. (5-60), Eq. (5-64redicts strong inease of normalized

retention timesg*(T) when the chemical affinity increases for the solid.

5.3.2.3.4 D reduction due to entropic trapping: a first approach

Entropic trapping can be envisish when the molecule gets temporarily sorbed in a large
cavity, where it can maximizesitconformational entropy. In ithcase there is no energy
barrier but the reverse desorption procesdfecied by low probability to get a favorable
conformation/configuration which authorizean escape. The resulting heterogeneous
Poissonian dynamics mayfect significantly randonwalks as analyzed iff. Such effects

can be appraised vine Green-Kubo relation:

t t
di<r tur ) U2 <ﬂ a U> d 2 (vUu v L, d eu L
0 all U

(U d U
0 (5-65)
When diffusant velocity correlation obeys dolinear damping law with a time constdgt

Dt increasesab 0 1 exp t/t0 . In presence of trapping, the variation is oppositeland

is found decreasing. Follamg the same ideas 8% one convenient pictaris to think about a
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point particle undergoing a true random wdton-correlated motions) within an empty
sphere (geometrical constraints). The particlexjgected to collide pedically with the wall

so that velocity will appear opposite as depidgte#figure 5-36b). In @ctice no starting time
needs to be privileged (statiogacondition) and thdéime interval betweetwo collisions is
consequently given by the ratio between the spldéemeter and the particle velocity. For a
true random walk, impinging times obeys t@ treciprocal Mawell-Botlzmann distribution
depicted in Figure 5-36aYhe corresponding velocitorrelation functions and variations
are plotted in Figure 5-36¢) and d) respedyivét is worth to notice that the limD value
goes down to zero for a perfectly trappedleoale. As molecules are non-permanently
trapped in IGC, the effect oflragging (as performed in IGC) is also represented by
introducing an asymmetric trapyy (periods with positive coriaions are 5% longer than
with negative correlations). Ithe latter case, the variation Bf is non-monotonous and

dragging dominates long-term transport.

Figure 5-36 Dynamics of a particle movinghdamly within a sphere. (a) Distribution of
collision times (reciprocal of a Maxwell-Boltann distribution). (b) Velocity correlations for
a particular starting positiocontinuous line) and averageder all possible starting times
(dashed line). (c) Velocity correlations aaged all collision intervals. (d) Corresponding
3D( 2 values.
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Concepts of correlations used in Eq. (5-58) ba also transposed Ey. (5-65) by noticing

that the friction coefficient appearing in the Einstescaling of diffusionD gaccepts an

interpretation as a memory fuian in Langevin equation, wheRis the ideal constant gag,
the absolute temperature ard thermodynamic correctidactor. Indeed, on gets:

%<v U v ga” EJt <v Y v >!mud y L
0 (5-66)

5.3.2.4 Materials and methods

5.3.2.4.1 Polymer and nano-adsorbents.

10 to 50 um thick of PCL and PVA films artteir nanocomposite including one type of
montmorillonites (MMT) (concentrations rang from 0.5 to 5%wt) were processed by
solution casting as described®t° respectively. The characterimms of tested samples are
listed in Table 5-12.

Table 5-12 Characteristics of samples pred. Suppliers: A= Creagif Biopolyméres
(France); B= Sud Chemie (Germarad C=Sigma Aldrich (France)

sample Tg  Crystallinity type of clay type of surfactant at P/(ls/II)’(Ar?rer
(°C) % (clay content) clay surface suppliers
m PCL -60 55 N/A N/A A
N di
= S imethyl,
GE) 2 PCL+C6H5MMT -60 49 COHSMMT benzyl(hydrogenated A/B
S o (0.5~5wt%) )
R tallow)alkyl ammonium
2w methyl dihydroxyethyl
L 8 PCL+C180HMMT  -60 48 CL8OHMMT hydrogenated tallow A/C
o 0,
S 3 (0.5~5wt%) ammonium
<
© C18MMT .
PCL+C18MMT -60 48 (0.5~5wt%) octadecylamine AIC
2]
+ =
= 5 PVA 55 50 N/A N/A C
Q 82
g2
=3
8
8
283 PVA+MMT gg 50 (gﬂm; ) N/A C/C

Tg of PVA were of 82°C and of 3&, at dry state and when tfiens were equilibrated at a
relative humidity of28% respectively.
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5.3.2.4.2 Solute probes

The thermodynamic properties of polymand nano-adsorbentare tested by a
homologous series of volatifealkanes from C5 to C9 and two aromatic compounds: toluene
and anisolei(e. methoxybenzene). The diffusion coeféints in polymer and nanocomposite
systems are measured by aromattutes including biphenyl argterphenyl. All substances
were supplied by Sigma-Aldrigiéermany) with HPLC grade.

5.3.2.4.3 Estimation of jywt(T)

IGC was combined with Eq. (5-64) to derigetivity coefficients for volatile solutes-
alkanes (from pentane to nonane), tolueneamsble (see Eq. (5-67)) in pristine and organo-
modified MMT. Deactivated glass columns filled widach type of MMT were placed in a
Carlo Erba 6000 Vega Il gas chromatograph wifiogen as gas carrier. Retention times
were measured at temperatures maggbetween 313 and 413 K by means of a flame
ionization detector subsequbnto an injection of 0.021 of pure solute with a nitrogen gas
flow rate of 5-20 mimin™.

RT

* sat
e T R TV (5-67)

‘17,MMT

Since experimental values coudd obtained at differe temperatures from those used for the
determination of diffusion coefficients, antepolation was carried out by using the net

isosteric heaof sorption: g, R In Jy/ 3T

e W H, o, Where "H; . is the latent

dilution hvap
heat of vaporization of the soluitegs; is expected to be positive in presence of an excess of
attractive forces on MMT surface in comparigorthe pure liquid state of the solute.

For non-volatile solutes such as biphenyl gatkrphenyl, the activity coefficients
could not be determined by IGC experimerfibe values were estimated from molecular
simulations using the same particle inserimethod and clay gallery as detailetf.id\ctivity
coefficients in pristine MMT wee extracted from the estimatioabHenry coefficients at the
desired temperature averaged aver distribution obasal spacingdj of MMT reported iR’

as:

K .
\-{MMT < H >spacmg

sat
RETN (5-68)

As discussed BY, the calculated Henry coefficienfser the same solutes at a certain
temperature could vary significantlyith the basal spacing (denoteddaspacing in the rest
of the paper). According to the XRD determinatof basal spacing distribution in Fig. £%f
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d-spacing ranging from 1.2 toZhm were used to calculdte for pristine MMT dispersed in
dry PVA. For the case of highintercalated MMT in wet PVA, the reported values close to

2.2nm®®%"were chosen.

5.3.2.4.4 Estimation ;p(T) by a generalized off-laéice Flory-Huggins method

Activity coefficients of tested solutes in amphous regions of PCL and PVA were calculated

from Boltzmann-averaged panergy contacts, denotedQsg>1, and from averaged number

of neighbors in contact, sz> °>*>*

(zo) (3 P><,:Pi>T (o e)r(%e) (2)(i1)8

T explJ, T expl ? .
‘ 2RT
© (5-69)

i,P

Sampling was performed from a set of* onformers generated by molecular dynamics.
Polymers were replaced oligomers with nomtest tail and head atoms. The number of

monomers was chosen to minimize the sampling B&s;)( » ). (z 5 )&p 1), -

5.3.2.4.5 Diffusion coefficient (D) determinations.

D values of aromatic solutes, biphenyl gnterphenyl, were obtaideby using a modified

Roe %8

method involving 12 virgin films and twvsource films in positions 5 and 10.
Depending on the solubility of pbe solutes in casting solvetite source films were either
formulated by directly dissolving probe solsiten polymer solution with concentration of
0.2wt% or by soaking virgin films in a 0.0%g™” solute-ethanol solution during a minimal
duration of one week at 60°C. After contéictes ranging between 20 min to several days
according to the diffusion coefficients, the lbabncentration in each film was measured by
UV absorption subsequently to a complete film dissolution in dichlorometitan@lues
were identified by fitting simlated profiles to xperimental ones. Our simulations relied on
the 1D resolution of a diffusion equation fionpervious boundary conditions by a finite-
volume method.

The values of D determinedat temperaturd were compared to 1/(Icontras(T)) by

approximatingcontrastfor solutei and a basal-spacingd from Egs. (5-68)-(5-693s:

Je op 1 £,

|
it G 1188 (i)
,MMT

RT T Tor

K Td

i,contrast

alld
*1

(5-70)

Eq. (5-70) highlights thacontrast IS increasing with deeasing of temperature @ s value is

positive.
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5.3.2.5 Results and discussion

5.3.2.5.1 Effect of crystallite morphabgy on diffusion coefficients

Since the pioneering work 8t crystallites in semicrystafle polymers are known to decrease
diffusion coefficients by increasy tortuosity in the polymer matr In order to separate the
solely “nano” effect from it induced ehnges in crystallinemorphology on diffusion
coefficients, PCL films were casted on bothgy and Teflon surface with controlled solvent
vaporization speed to form different size oystallite while keeping the crystallinity degree
constan® (see Table 5-12). As shown in Figused7, the maximum reduction of diffusion
coefficients in PCL films codl reach 2.33 times by increasing thize of crystallites from
less than 1 m to 25 pum. To prove effiency of nano-adsorbents @nreduction, this factor

needs therefore to be taken into account.

Figure 5-37The diffusion coefficients of PCL filmsasting a) on a glass surface with and b)
on a Teflon surface with close crystallinidegree of 55% and c)-d) the corresponding
crystallite morphology in two PCIilms. Pictures above depithe size of crystallites by

polarized light microscopy (width=100 pm).

5.3.2.5.2 Partitioning between nanoclays and anphous regions of PCL and PVA.
According to Eqgs (5-59), (5-60) and (5-61), mmprovement of barrier properties can be

expected only if the chemical affinity is sifjpant for a solute athe surface of nanoclays
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than that in amorphous regions of the polymer. In another words, the vdfyg@f: has to

be much higher than 1 to read a significant reduction dd. Figure 5-38 and Figure 5-39
summarize both experimental asithulation values and showaihthe sorption of both polar
and apolar solute in polymers including IP@nd PVA are endothermic without varying
significantly with solute size. In simple wadenergy is required toreate a cavity that
enables the sorption of an organic solute. 8ytiast, adsorption becomes slightly exothermic
at the surface of organo-modified MMT withetlincreasing solute size and is significant at
the surface of pristine MMT due tavorable chemical interactions.

It has been reported in seviepmpers that the pristine MMpossess much higher surface
energy compared with organo-modified od&&. which has been applied in nanocomposite
systems to help polymer chains penetrate otay gallery and form a good exfoliation and
dispersion. However, even the adsorptiorechanisms and models between organic solutes
and clay surface are well explained and discusséd rery few experimental data of excess
energy of mixing of homologous seriessoiiutes on clay surface are reported..

Based on our experimental obsdrvas, it is worth to notice #t the attractive interactions
tended to be higher for the pair of pristine MMTtwincreasing size of solute or solute with
phenyl rings €.g.toluene). Consequently th&Qonrast calculated from Eq. (5-60) is significant
in PVA nanocomposite systems containing tores MMT as nano-adsorbents, which makes
this system more promising f@ reduction. As the interactions between solutes and clay
surface are dominated by van-der-Waals forgestitioning in favor of pristine MMT
decreases dramatically whezmperature increases (see Figure 5-39b)), which retysess:
values. In contrast, l0Wontrast (i-€. "1) in PCL nanocomposite sgshs were observed for all
tested solutes, which implies that the uodity effect would domites the reduction dd

values.
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Figure 5-38a) The excess energy of mixing anddorresponding partitioning coefficient
Keontrast D€tWeen organo-modified MMT and amorphoegions of PCL. The symbol of data

is coded as xy: x is the index of st@uy is the index of polymer or clay.

Figure 5-39a) The excess energy of mixing anddorresponding partitioning coefficient
Keontrast €tWeen pristine MMT and amorphous regioh®VA. The symbol of data is coded

as xy: x is the index of solute;iy the index of polymer or clay.

5.3.2.5.3 Reduction of diffusion coeffients in PCL nanocomposite.

According to Eq. (5-59) and Figure 5-38b), thexeno preferable chemical affinity between
tested solutes with increag size and organo-modified MMRAccordingly the changes of
diffusion coefficients of a solute such bBgphenyl in PCL nanocoposite should only be
associated to the tortuosity effect created byonkays. The experimenpsoof of reduction of
diffusion coefficients (see Figure 5-40) withnoglay concentration ardepicted in Figure
5-41. A maximunD reduction of a factor 0.6 was obtad in PCL nanocomposite containing
a low concentration of nanocldye. 0.5 wt%) and it was vashed at higher concentration
(i.,e. 5wt%). By considering the nucleating es effect of nanoclay on the crystalline
morphology in PCL (see Figure 5-4D reduction would be expectédgher but not less than
a factor of 0.3 in low filled nanocomposite syssgermhe factor is calcuied based on the ratio
provided by Figure 5-37. For highly filled macomposites, a higher tortuosity effect is
expected according to tortuosity modé&l$*’® which is in opposite ith our experimental
observations. The similar phenomena is alsported by Alexandrel.angevin, Médéric,
Aubry, Couderc, Nguyen, Saiter, Mardi$ for the water vapor diffusing in polyamide
12/montmorillonite nanocomposiontaining more than 3% afanoclay. The existence of

more aggregation in both intercalated andokated structures wdd favor the solute
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diffusion along a new pathway consisting irparcolation path through the clay-polymer
interfacial zones as ithe conventional compibs systems including micro-sized obstacles.

(a) (b)

Figure 5-40 Normalized conceation profiles of biphenyl afte20 min of contact time at
298K (a) in pure PCL films with D value of 9:¥em?s, (b) in PCL nanocomposite films
including 0.5wt % of C180HMMT witlD value of 5.2¢> m%s. The average film thickness
is of 40 pum.

Figure 5-41Reduction of diffusion coefficientsf biphenyl in PCL nanocomposite) effect
of concentration of nanoclayls) interpretation according #onrrast Pictures above depict the
size of crystallites in PCL and its nanocompesiystems containing 0.5wt% of nanoclays by

polarized light microscopy (width=100 pm).

5.3.2.5.4 Reduction of diffusion coeffiants in PVA nanocomposite.
Typical experimental and fitted profiles ointad with PVA contaimg pristine MMT or not
are presented in Figure 5-42. They showveedery significant slowdown of diffusion in
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nanocomposite material in wet PVA. The correspondingeductions are reported in Table
5-13.D reduction reached values dovmn0.1-0.29 for both biphenyl anmterphenyl in PVA
nanocomposite films containing 5wt% of pnm&i MMT and conditioned at relative water
humidity of 28%. Since a simildrg was determined for nanocpuosite and neat PVA, it was
inferred that the observdd reduction could be associated to a similar incread€:dfras:
Calculations showed indeedvary significant enhancement &%onsrast With values much
greater than 1 in PVA afiswn in Figure 5-39b) for shontalkanes. As concludedhthatd-
spacing of MMT dominates the henry #ft@ents which used to calculat€.oniast in the
paper, the effect of film processinge( solvent casting) and polymer state on changing
spacingca. the swelling or intercalein effect on pristine MMT by solvent or polymer chain,
must be taken into aount. As a resul&conrastare calculated depending on sample state of
PVA nanocomposites.

The calculations were carried outdaspacing of 2.2nm as reported in similar conditt6fs
for wet PVA nanocomposites. Such condisoanabled the insertion of both solufes
terphenyl and biphenyl usin@ particle insertion methodAlthough uncertainty was
important, they confirmed similar improvements Kfonrast for aromatic solutes too, as
reported in Table 5-13he values of 1/(1Kcontas) Were in particulasignificantly correlated
with assessed drops (see the theoretical correlationEqg. (5-59)). The thermodynamic
control onD reduction was demonstrated by the suppoesof the blocking effect when the
temperature increased 30°C.

The previous conclusions and performanceseewmwmwever not reproduced in dry PVA. The
results showed by contrast a slightly increasdiffusion coefficietts in PVA nanocomposite
systems. The vanished MMT effect may be asded to difficult intercalation of solute
molecules into MMT interlayer due to the reduction of the basal spacing in polymer at dry
state, where it is expected to match trme achieved in dry pristine MMT. Simulations
confirmed that intercalations of biphenyl gmterphenyl could not be achieved with a ldw

spacing.

258



a) b)
Figure 5-42 Normalized concentration profilesbiphenyl at 343K (a) in pure PVA films
with D value of 3.8x10° m? s?, (b) in PVA nanocomposite films including 5wt % of pristine

MMT with D value of 3.4x18° m? s*. The average film thickness is of 13 pm.

Calculations of apparent activation energiesl solute related acation energies as
detailed in° confirmed an excess of activation bynfeerature which could not be associated
to free-volume effects in the polymer. Valdesed in Table 5-14 shows an excess&f20
kJ mol™ in favor of MMT. The values remain low#ran the theoretical Wges expected from
Figure 5-39 (40 to 60 khol™) but remain compatible witan assumption of a reduction Df

d ue tOKcontrast

259



Table 5-13The diffusion coefficients of biphenyl aterphenyl in both PVA filmand PVA nanocomposite contaig 5wt% of pristine MMT.

DPVA DPVAnanocomposite DPVAnanocomposite MaXImum
Sample T-Tg (m? 5% _ (m”57) _ (m”57) reduction ratio T 1 4
condition Solute (°C) with E=1wt% with E=5wt% DPVAnanocomposy/ Kcontrasti 1 KT st
DPVA contrasi
OT values OT values OT values
Q) o (W9 )
8.9x10 16
biphenyl : 70 57x10Y | - : 0 et 1.64 i i
Dry state 7.3x10" '
biphenyl - 95 9.9x1¢f - - 95 2.1x10° 2.12 - -
3.8x10% 3.4x10%°
. 1.5x10" 5 8.0x10'°
biphenyl 15 0 510 70  1.2x10 70 1 8x10% 0.1 1.7-8.6 0.1-0.5
7.6x10° 1.4x10'°
Wet statet
10 65 1.8x10’ - - 65 5.3x10° 0.29 1.35-5.0 0.16 - 0.4
p-terphenyl
40 95 3.2x10° - - 95 1.6x10° 0.48 0.2-2.3 0.3-0.8

T Relative humidity of 28%, Kcontrast Were calculated based on simulated hensffmient of solute on pristine MMT with-dpacing at 2.2 nm as

reported ifi®®”.
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Table 5-14 Activation engres of diffusion ofp-terphenyl in PVA eqlibrated at 28% of

relative humidity

PVA PVA nanocomposite
Apparent activation energy 99 + 7 kJmol™ 112 + 9 kJnol™
Solute activation energ¥bsoudt 5 + 3 kJmol™ 23 + 6 kJmol™

T Easowute IS the apparent activation energy whiée contribution of the polymer thermal

expansion is removed froﬁnvalues:D/exp Ka/T T, K, as discussed ik

5.3.2.6 Conclusions

The current study introduces new concept)afiocomposite barrianaterials for organic
solutes based on nano-adsorbents dispersadpolymer matrix. The obvious advantage is
that it works at low conceration in combination with conwional obstruction effects but
regardless the shape and oriéiota of particles. Such effextcould be therefore obtained
instead of extrusion film processing by usswution casting process. The corresponding
scaling ofD reduction is proportional to 1/(X#onras) @and can exceed one decade as soon as
KeontrastiS greater than 10. The concepts couldrdesposed from inverse gas chromatography
concepts where lag times (or reciprocdifudiion coefficients) replace elution times. The
difficulties are however significant. It is expectedwvork only if the slute chemical potential
contrast is significant betwedhe polymer and nano-adsorlbenHybrid systems involving
inorganic systems such as pine aluminosilicates (MMT) & best candidasedue to the
strength of van-der-Waals ingations or polar interaction3hese conditions ensure a net
exothermic sorption in favoof MMT. In other words Kcontrast INCreases with increasing
temperature and vanishes aglhitemperatures. Experimentalthe concept has been proven
only with a polar polymer coaining pristine MMT patrtiallyswollen by water to ensure
sufficient basal spacing for trapping larpulky solutes such as biphenyl gmterphenyl.
Additional verificationsare required to confirm resultsrfa broader range of polymers and
adsorbents systems. In particular, excessaain energies are regad to be determined.
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5.3.3 Does the nano-adsorbent concept work?

It would not be appropriatand comprehensive to cdade only on cases where a

strong reduction oD was observed even if reductions were comparable to performances or

better than those reported in the literaturee Blements of demonstrations are summarized

here after:

o SignificantD reductions were observed only in conditions where they were expected

to occur:i.e. when variations of mixing energies are of opposite sign.

D reduction was correlated to an increas&@fiast (reported in Table 5-15Kcontrast

is dominated by the relative basal spacing of MMT to the size of diffusant molecule.
D reduction was correlated to the numbé&radsorption sites provided by the amount
of adsorbents.

Increasing temperature lessen dramaticallyibaeffect as expected according to the
dependence OKcontrast

Table 5-15 Calculatelconrast Values versus basal spacialy ¢f clay for aromatic solutes

Kcontrast Kcontrast
Solute
d=1.4nm d=2.2nm
Toluene 3.1x10- 6.7x16 67— 263
Biphenyl 1.9x16— 8.3x10 1.7-8.2
p-terphenyl - 0.2%#5

The besD reductions are reported in Table 5-1t6s worth to notice that they were

obtained without using the strategies known teefiieient in the literature (Choudalakis and
Gotsis, 2009):

o

266

No “forced” exfoliation of clays (exfoliatio is however very likely in PVA based
systems).

No calendaring: no specific orietitan of crystallites or clays.

Low concentration of nanoclays.

D reductions are stronger tharodle reported in the literatudeie to the sole tortuosity
effect (Sinha Ray et al., 2003).



Table 5-16 Reported performanadghe different systems.

BestD reduction Corresponding
MMT-polymer system N
(conditions) KeontrastValues
DPCLnanocomposy 0.6
) :
System 1: PCL based PcL "1

(T= 313K, E0.5wt%, solute=biphenyl)

DPVAnanocomposy/ o 1

) :

System 2: PVA based PVA 8.2
(T= 343K, E5wt%, solute=biphenyl)

From the presented results, it seems reasonaldssume that the baarieffect is obtained

due to an excess of chemical affinity for thedrporated particles. In the logic of the design
and to optimize the barrier properties or thestlity of materials, estimating or predicting
Keontrast @and its dependence with temperaturehwit processing the material was also a
significant concern. The success appears motgated due to a lack of accuracy in the
prediction of theD reduction. The properties in the polymer were not an issue comparatively
to the strong variation and certainty on the determination of the excess chemical potentials
at the surface of clays. Two approachesve been tested on commercial MMT: the
experimental approach based IGC or IGA experiments and molecular simulations. The
main drawbacks of experimentgbproaches are that they reguiemperatures higher than the
ones met in conditions of use for low volatilgstances and they acarried out clays with

an averageal-spacing which may be dramatically different from the one achieved once the
clays are dispersed in the polymee.(swelling or exfoliation)Conversely, simulations can
explore a much larger range of temperature gisgdacing. They are remarkably efficient to
predict the excess #alpic contribution but remain vempugh to calculate efficiently the
excess entropy contribution in l&gavities or for large solutes. Current conclusions need to

be consolidated by integratingpetimental determinations dfspacing in our simulations.

267



268



5.4 Extended results and discussion

Several results have been collected during the thesis, which were not included in the papers
submitted for publication. All the results weret fially interpreted but they are presented in
this section when they provide either a ferthunderstanding or when they consolidate or

extend previous conclusions.

5.4.1 The concept of increasing dwelling times to lessdh

The conventional concept ofortuosity used in nanocomposite materials has been
advantageously replaced by the conceptspdice-time correlations, which fits better the
diffusion mechanism. Spatial and temporal etiohs are indeed strongly intricate together in
random-walk problems. In heterogeneous systarmorporating nano-adsorbents, modifying
sorption properties locally induces dynamida¢terogeneities and some displacements
appeared consequently correlated in tingtandard tortuosity would have conversely
generated correlations in space but both phemancan be described by the same Eq.(5-10).
From certain point of view, the spific solute barrier effect idéfied in section 5.1.3, where
each ring or blob remains in contact with th@lymer is also some kind of specific local
sorption. Indeed, the escape rafeeach blob follows an expomigal scaling with the noise
intensity, as also noticed in IGC experiments (see section 5.2.2). It has been shown to be also
true for sorption within clay cavities but Wwaut reproducing the same mass dependence (see
section 5.1.3).

An interpretation of the trapping of a randa@ambination of aromatic rings on oligophenyl
diffusant series is illustrated irigure 5-43. Figure 5-43b) demonstrates that the mobility of
the center-of-mass (CM) decreases with the nunobdlocked rings. The effect is all the

stronger than the rings are closer to CM.
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Figure 5-43 Molecular dynamics of oligophenyitsvacuum when one or several aromatic
rings are blocked randomly: a) internal deeg of freedom, b) cesponding trace of the

trajectory of the center-of -mass projected along its main inertia axis.

In bulk polymers, the alternatvblocking of aromatic ringhas been proposed to explain
both:

0 the excess of activation energy of organiluws comparatively to Vrentas and Duda

free volume theories;

0 the strong scaling dd with the number of rings.
The corresponding envisioned growth of the msagmare distance of CM is sketched in
Figure 5-44b) for quaterphenyl.

a) b)

Figure 5-44 a) Extreme configurations leagito a translation of center-of-mass (CM) of
guaterphenyl beyond the size of one aromatic ring while keeping the position of end ring
fixed. The projections on the main axes esmg@nt the same molecule as connected rigid
blocks (robot model) The visited distance of @vrepresented by an arrow and the ring size
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by a solid circle centered on CM. b) SketchHkattuations of mean-square-distance (msd)
when one or several ringse alternatively blocked.

The trajectory should be envisioned in aisteal sense as a randocombination of all
possible translation mechanisms: with no ringckkd, with one, two rings... blocked. The
multiplication of possible combinations of sticky everdgy(long-lived contacts with host)

has two major consequences: an increase of the total trapping time (and accordingly
activation energy) for larger solutes and mikdr increase of translational entropy. These
effects are detailed specifically in Figuse45 and Figure 5-46 respectively for oligophenyl
solutes and compared with global values dmthealkanes. It is in particular shown that
increasing the distance between two aromatic rings“(naking the equivalent bond more
flexible”) causes a higher independence of their displacements and made more unlikely the

existence of concerted motions.

Figure 5-45 Mean-square-displacement (msdhefcenter-of-mass versus time scaehen

one single ring is blocked in a) biphenyl,g)erphenyl, cp-quaterphenyl molecules. d) msd
value when the ring to be blocked is chosen randomly for all tested solutes. €) Comparison of
relative solute activation energgontinuous lines, left scale) and calculated for diffepary

values as detailed in section 5.1.3.
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Figure 5-46 Covariances between the displacements of atoms versus time2 sdaés one
single ring is randomly blded in a) biphenyl, bp-terphenyl, c)p-quaterphenyl molecules.
d) Conformational entropy when 1 Mpp-1 ring is randomly blocked as calculated from Eq.
(13) in section 5.1.3. e) Comparison of soletgropy (continuous lines,ftescale), calculated
for different piing Values according to Egs. (13)-(16) in section 5.1.3whenNpid. ring is
randomly blocked, and experimental valuesasured for oligophenyls (dotted line, right

scale).

5.4.2 Do we expect a change in the moleculanechanism of diffusion in presence of
nano-adsorbents?

It could be thought that a seleet trapping of aromatic ringsoald occur not only in the bulk
but also at the surface of MMT and could cause also an additional reducBboiT bois effect
has not been seen as a similar decreasédwas assessed for biphenyl and terphenyl on the
best system 2. As first sighthe absence of dependencéateduction orN could be opposed
to the proposed sorption theory of diffusiblocking (see Table 5-1)The presented results
are however scarce (2 substances) and motiditcain the mechanism of translation can be
expected to be detectable onlyhe following conditions are fulfilled:

o the frequency and lifetime of contaststh MMT are large enough to dominate the

mechanism of translation;
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o0 both substances have the same ssibdity to the basal spacing;

o the sticky effect remains independent between rings.

For rigid and stiff bulky solutes sh as biphenyl and terphenylgetfulfilment of the two last
conditions remains highly uncertain. The matubt remains on the real accessibility of large
solutes to the clay: do they haadull access to the basal spacing or to only external parts?

From a conceptual point of view, if IGC expeents are thought as an equivalent physical
model of active barriematerials, some of preus discussions can bested and in particular
the effect on mass dependence. In IGC erpenis, the Knudsen regime of diffusion could
be thought as first approximation giis/clays are here considerad inert) of an equivalent

diffusion coefficient withM once the advection contribution is removed:

1
DKnudsen _u Q E OM 2 v
3 3V M (5-71)

where is the mean free path ands the molecular velocity as derived from kinetic theory of

gases.

Experimental scaling based on the reciprocednton time (thought aseciprocal lag-time)
yielded to a very strong mass dependenceehnigian those known in common theories of
diffusion with a scaling exponent close toas large as the one noticed in bulk for
oligophenyls in amorphous polymers (see sectb.1.3). The analogy is fortuitous but
illustrates the possible strong effettdwelling times for alleviat® valuesor to increase the
selectivity of diffusion. Theseffects are particularly wettaptured through Eg. (5-10) once

we integrate the amount of correlations dependmthe number of contacts with the surface.
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Figure 5-47 Scaling of equivalenatrsport coefficient (assimilated B with molecular mass
M in IGC experiments: n-alkanes (circleg)luene and anisole (sqed. The upper dashed

line represents the predictioncarding to Knudsen scaling.
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Chapter 6. Conclusions and perspectives






6.1 Overview

The thesis adopted the following definition barrier materials: “aarrier material is a
material of thickneskleading to a significant lag-timésg = 1o/6D, when it is exposed to one
or several penetrant(s)”. The researchdeavor was mainly a contribution to the
understanding of relationships between the asicopic mechanisms of translation of organic
solutes in solid polymersi.é. in conditions of use) and related macroscopic diffusion
coefficientsD. One important application sought frahe beginning was the development of
a new concept of barrier material, which could be used broadly to an arbitrary polymer and in
particular to new biodegradable polymer, tgpmove their resistanct organic substances
(e.g.lipids, aroma...) or to prevent the leachinglodir additives in particular in food. Due to
the difficulty to measureD values for a broad range stdusizes in common bio-based
polyesters at glassy state. The effort wasieeted on aliphatic rubber polymers, plasticized
or not e.g. PCL, PLA, PP, PVA). The concept of barrier material relied on a non-
conventional idea of barrier to diffusion fradarayiannis et al. (2001) and Vitrac and Hayert
(2007). Based on Kinetic Monte-Carlorsilations, both papers argued tBatvould decrease
as a consequence of heterogeee in space and time. SuBhreductions are expected with a
similar average sorption and deviated from the common semi-empirical definitions of
tortuosity (Shen and Chen, 2007). To make toncept more tanddy two guiding ideas
emerged rapidly:
o by noticing that elution times are aogbus to lag-times, IGC experiments
highlight the physical principles to decred@e
0 polymer nanocomposite materials incorporate usually inert obstacles, which

can be advantageously replaced by pr@mtive surfaces to induce significant

physisorption.
Without available experimental proofs from litene to support directly our concept, it was
very important to recognize that our conceplyorould be validatedf the desired effect
could be separated from conventional oneshsas polymer reordering or conventional
“tortuosity” effects. A general strategy basedeaosolid theory of diffusion in thermoplastics
was therefore required to sep@ranequivocally “bulk” effect from “chaotic” ones. The best
proof should be advocated as follows: “thewnsystem is able to modify the apparent
activation energy of diffusion coefficients af homologous series dliffusants”. This tool
needed to be developed but it was not sufficierleviate the main difficulty: how to design
such systems? It was decided to rely omeercial nano-clays, whose modalities of

incorporation in polymers by dispsion have been sufficiently stgibed. It was also clear
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that such system: polymer + nano-particles lites would operate only in certain conditions

of temperature and when the solute wouldefpr” the clay surfaces more than the bulk
polymer. Excess chemical potentials needbdrefore to be optimized, calculated or
experimentally determined.

To elaborate further these ideas without guarantee of results, the research effort was
broken into four independent tasks being preseatefour separated Iplications. It includes

a quite extensive review of predictive models being able to rBlatalues or its activation

(by temperature or plasticization effects) toymoér properties and solute chemical structure
(see section 2.1). The review shows, as exgae@ strong confusion or disagreement between
models used for risk assessment by the food packaging communities and those used by the
polymer science community to assess the resistance of materials to solvent. The first ones
tend to overestimate red@l values for large solutes based on properties of small solutes,
whereas second ones were initially designedhdadle small and rather rigid solutes. In
absence of a large consensus about a genmeydel, we proposed to extend existing free-
volume theories to large flexible solutes (seetisa 5.1). The initial review was very useful

with this respect as we could extract frtime literature almost five independent homologous
series of solutes at different teerptures to assess the effectTefig on the scaling of
diffusion with solute size or length. The remiag extensions andophistications were
supplied by the data generated during thisighesith homologous substances absorbing in

UV range and fluorescent. Regardless of the tghili not to get a processable material, a
neutral comparison of the chemical interact between solute and polymer and between
solute and clay was required. Only the setdype of interactions was not explicitly
considered in the literature. Indeed, thenparison should rely on several representative
substances, while taking the pure state of the solute as reference chemical potential (see
section 5.2). The main difficulty was to accodiot entropic effects athe arrangement and
surface modification was also expected to aftdwmical potentials. Finally, the assessment

of some real materials designed accordingatéradeoff between l@ratory capabilities,
commercial availabilities of chemical solutions and our calculations were carried out (see
section 5.3). The results obtained on each wf ithportant topic are summarized hereafter

with an emphasis of helping those, who woule lik develop further part or the whole of the

concepts illustrated in this thesis.
6.2 Diffusion of tracers in bulk polymers

Trace diffusion (also called self-diffusion atfinite dilution) is the phenomenological

description relating the net fluxes to the Brownian motiares gncorrelated and skewed
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displacements) of penetrarits the polymer in absence of external driving ford@ss the
scaling coefficient between the averaged squasiéed/crossed distae and diffusion time.

Its scalar value carries all the detailed infation on the “accidents” at molecular scale when
the trajectory of solute center-of-mass (CM) is not self-similar and still contains correlated
displacements. Beyond the time scale of vibrabbatoms, persistentegative correlations
(sub-diffusive regime) between the displacetaesf CM are responsible for a significant
lowering of D values from microscopic scales upnb@croscopic ones, where displacements
appear independents. These correlations or apparent trapping have multiple origins: i) some
concerted motions of parts of the penetramtiecule are required tenable a significant
translation of CM on the long term, ii) somesdaable fluctuations opolymer free volumes
are required to accommodate thvbole or a fraction of the petrant. When the penetrant
hops are controlled by energetbarriers, the frequencies ofossing the barrier in both
directions are asymmetricnd strong variations in theutocorrelation functions are
additionally expectedith diffusion time.

Organic solutes with molecular weights lower thahd.gnol™ exhibit the broadest scaling of

D values over ten decades and the richestrgiiyeof translation mechanism (Hall et al.,
1999; Vitrac et al., 2006). Onlyviedetailed mechanisms are understood and they still fail to
be captured within a single theory. The smaltedtites can be considered rigid and translate
according to a “red sea mechanism”. By takirtg imccount their effective cross-sections, the
last version of the free-volume theory (FV@) Vrentas and Duda (Vrentas and Vrentas,
1998; Vrentas et al., 1996) provides acceptabégliptions for small solutes in both rubber
and glassy polymers. For larger and flexibléuts, it is not possibl to consider anymore
that the scaling ob is a pure enthalpic process(with geometric effects vanishing at high
temperature). Such solutes can be envisim®mu/ersely as connected jumping units (JU),
obeying individually to FVT, buwwhose CM displacementsviolve concerted motions of
several JUs. We developed sudh@ory to explain the scaling &f values with the length or
molecular mass, of linear solutes a/Dy = (M/Mo) ("™ where the differenc&-Tg is

the distance to the glass trarmititemperature. By studying sgstatically the effect of the
number of JU, the distance betn JU and the branching &b, it has beershown that
adding flexible and symmetry properties arduCM causes a dramatic decrease (of one
decade or more) oD values while keeping approximately the saiMe value. Such
considerations could open the design of tdes with limited eaching during material

service time.

279



6.3 A new concept of barrier maerial: chaotic materials

Until recently, little choicavas available to redud® in a given polymer. Indeed, the renewal
rate of free volumes in the host matrix is the main controlling parameter and remains
fundamentally an intrinsic property of theolymer itself. Only significant change of
crystallinity degree can strongly affebt values of gas molecules (Kanehashi et al., 2010).
More encouraging results have been obtaimgdhe group of Baer (Arabeche et al., 2012;
Langhe et al., 2012; Murphy et al., 2011) in confined polymer layers. Alternatives aiming at
decreasingD by increasing tortuosity in polymers are challenged by the following Pdlya
result in 3D: “the probability to returns to tbegin is lower than 1 (0.34 in infinite space)”.

In other words, random walks enable each tsoto visit every defect and only obstacles
exhibiting large surfaces perpendicular to main fleoxg(undamaged exfoliated and oriented
clays) can hinder significantlgheir diffusion. Following an ebridea of (Watanabe, 1978),

we investigated theoretically and experitadly a different approach by modifying the
surface energies onto which the solute is movsugh concept is a so-called chaotic material
(i.e. with attractive regions). By noticing thatettsolubilization of mosbrganic solutes in
polymers is endothermic whereas it is an bgahic process at the surface of most nano-
clays, adding alumino-silicate based nano-dusais was shown to lead to comparable

reduction without requiring large exfoliati ratio or any orientation effect.

By noticing thatD should scale a;§/ 1 K an optimization approach of barrier effects

i,contrast !

has been proposed based on an estimate of the partition coefficient between the

. . T,d .
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where{C; }k=mmt p and{ki}k=umt p are the solute concentration and the Henry coefficient in
phasek. Qst andgg; are the isosteric and net isosteric heat of sorptpns the Flory-Huggins

coefficient in the polymer. All parameters can be determined either from independent
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experiments or molecular simulations, uding Grand Canonical Molecular Simulations.
Both approaches were useéd this work on MMT whereas generalized Flory-Huggins
simulations (Gillet et al., 2009, 2010; Vitraad Gillet, 2010) was preferred to estim&e

( > stands for values averaged over the distron of basal spacing as determined by XRD

experiments./ is a constant to be fitted from experiments or from simulations.

Equation (6-1) shows thdt.onrast IS highly dependent of terepature and decreases rapidly
with temperature whens>0 (i.e. exothermic mixing). Besides shows that sorption onto
MMT should be considered as a sorption predassolume and not only at the surface when
the basal spacing is lower than a criticaluea(e.g. 2.2 nm for our tested MMT). The
contribution of adsorption onto the surfacectdys dominates the temperature dependence
(i.e. exponential term so-called “#malpy contribution”), whereathe pre-exponential factor
depends strongly on the basal spgoof the considered clayd, Indeed, the dependenqg

with d was found weak beyond some critichspacing for rigid adsbates. For flexible
adsorbates, the valuesafare modified by the preferentiallsetion of stretched conformers
which can intercalate beegn the clays. Increasirtyspacing causes conversely a dramatic
increase of the sorption entropy over severahdes while keeping thesorbates under the
strong influence of the surface van-der-Waals p@k(and electrostatic potential for polar
adsorbates) whed-spacing is lower than 2.5 nnBeyond, the thermodynamic potential
dominates and excess chemical potentigipr@ach the ones obtained in a gas phase.
Covering the surface with quaternary ammonisumfactants alleviates sorption of organic
solutes by both increasing the basal spacing and reducing the accessibility to surface. As a
result, using commercially avable organo-modified MMT with a large excess of surfactants
instead of pristine ones solves processsgles but is unfavorable to increasgnirast
Optimal results could be obtead with non-exfoliated prigste MMT in polar polymers and
preserving significant cavities, where solutes daeimain significantly apped. The proof of
this concept was shown by turning PVA into gnsficant barrier material to aromatic solutes
(i.e. biphenyl and p-terphenyl) the direct incorpation of pristine MMT in PVA during a
casting step in water as solvelitis worth to notice that th& onrast Would be even much
higher up to 10if the pristine MMT could keep its bds@pacing after processing. It was also
well verified that a temperatarincrease was able to remothe effect. It was ever not
possible to demonstrate an increaseKgfrast With adsorbent size as p-terphenyl as the
increase in isosteric heat ebrption was compensated by opmbsoss of accessibility to

smaller gaps.
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6.4 Outlook

The theoretical, simulation and experimentakrkvopen a methodology to develop materials
with a good selectivity to organic substand@se important contribution is to emphasize on
hybrid systems where particles and inclusioriil@t positive net isosteric heat of sorption
(i.e. exothermic mixing) for organic diffusants be blocked. The selectivity of such systems
can be modified easily by changing the temgure: decreasing temperature raises the
selectivity and inaasing temperature to suppress it. Suelerials could be therefore used in
separation techniques such as large scalenwtography with filled columns, membrane
separation (nano-filtration, peaporation...). It has beeshown in mesoporous systenesg
stacked clays) that additional selectivity abblk also gained by entropic trapping in cavities
where the diffusant remains in interaction witle cavity’s walls. In thizase, the effects are
not controlled anymore by temperature and the selectivity is provided by the flexibility and
shape of the diffusants. In this perspectimanoparticles or cluster of nanoparticles with
incurved surfaces or internal cavitiesd.tubes...) might improve the observed effects.
Besides technological considerations, one significantribution of this work is to provide a
flexible framework to probe, analyze armptimize blocking effects due to significant
interactions with dispersed nanofees. This capacity is illusated hereafter. The effect of
concentration in nano-adsorbemtas not studied specifically in the thesis as the extent of the
accessible surface to large tested solutes could not be determined accurately. It has been
thought and verified that a sificant barrier effect couldbe achieved at very low
concentration. Strong effects of particle centration have been found conversely by (Janes
and Durning, 2013). The reported reswéescribed a blocking effect afalkyl acetates onto
spherical silica beads dispersedubber poly(methyl acrylateyyhich works significantly at
high volume fraction in particles, denoted. The authors supplied both reductions of
effective diffusion coefficientsDe/Do and also variations of effective solubility/Henry
coefficients due to the incorporation of partg;levhich enable a reinterpretation of presented
data. By considering that a fraction”l of particle volume is accessible to solutes, the
effective Henry coefficient of the nanocomposite systemjs:

1

K, k, pb L k3

ef Kp R
Ko Kewa © (6_2)

where kpya and kp are the Henry coefficients of the polymer and of the active surface,
respectively. The case of inert particles correspontls:td andkes=(1- - p)kpma. In Figure 5

of (Janes and Durning, 2013), results are expressed as excess of chemical affinity
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comparatively to inert beadsw(ker:’ )ker -1. These values can be used to calculate an
eStImate Of.Kcon[rast.

K kpMA l keff kP o f l§ 1 /p
contrast ' B
kP D keff KD © / P (6- 3) *1

When applied to all experimental vekicollected by authors for different values up to
0.6, Eq. (6-3) leads taKconrast Of 0.45 + 0.05 independent of,. By assuming that the
blocking effect due t&contrastiS proportional tawo effects combined:

o Increase in the fractional time in cant with the activesurface, proportional

to Dlilas discussed in (Kalnin and Kotomin, 1998);

P
: . : /
o Increase in the physical obstruction, that—|2§,from Maxwell results for

diluted impermeable spheres ((Masamd Zhu, 1999)) and extended as to
higher concentrationsL :
21 |k
As both spatial and temporal hetgeoeities are stngly intricate €.g.the collision causing
the sticky event), the quadratic terms appear as a cumulated correiaiqgorqduct of
equivalent tortuosity factorsas explained in section 5.1.hchalso appear in the recent
models (Minelli et al., 2011).

Do Q b ..§2 K
2 contrast

1 Lo °1 (6-4)

The comparison between experimental rasafid Eqg. (6-4) led to an estimate .ofanging
between 1.7 I&and 2.9 18, which is compatible with a resfic adsorbing layer of 0.2-0.4

nm thick. The comparison is plotted in Figure 6-1 for beads of diameter 14 nm.
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Figure 6-1Comparison between experimental datdJahes and Durning, 2013) for particles

and Eq.(6-4).

Additional theory and experiméal verification appears highldesirable tovalidate and

extend presented concepts for more gdraatave particles oreactive systems.
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