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Introduction

The study of mass transport in polymeric membrdrassgrown in importance due to
its potential application in many processes of gidal relevance such as separation of
gases and vapors, packaging, controlled drug relddee diffusion of a low molecular
weight species in a polymer is affected by manyofacsuch as penetrant and polymer
type, temperature, pressure, polymer formation gore, history of the membrane.
The transport is often accompanied by other phenanlike swelling, reactions,
stresses, that have not been investigated in&ill #spects yet. Furthermore, in the last
ten years novel materials have been developedirtblatde inorganic fillers, reactive
functional groups or ions, that make the scenegnawore complicated and require
new tools to be properly represented.

This work was focused on some important and paaxgstigated aspects of the mass
transport processes in polymeric systems.

The first feature investigated was the effect ofvesat-induced deformation in
polymeric films during sorption processes. The ergtion of this problem is very
important because the dimension stability is clucianost applications of polymers,
and the sorption of an external phase has oftearaatic impact on the swelling of the
material, leading to an improvement or drop of thembrane performances. The
dilation, especially in constrained membranes, ttade taken into account also
because it causes the development of stressesatihatuse early failures of the device
in which the material is employed.

A second fundamental aspect investigated in thegmtework is the effect of the
addition of fillers on the transport propertiespaflymeric films. In the last decade, it
has been seen that the addition of inorganic pestio polymers can be used to tune
the gas transport properties to obtain the dedisddhvior. Mixed Matrix Membranes
(MMM) formed by glassy polymers and inorganic fifevere developed, with the aim
of increasing the separation ability of polymen®tigh the incorporation of more rigid
and thermally stable inorganic media. The mechasigrat control the gas transport in
filled polymers is still object of discussion anldese phenomena will be properly

addressed in the present work.
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Subsequently, a fundamental investigation was ewron polymers that contain
reactive groups. In particular, the case was stlidfeoxygen scavenging components
that are added to the polymer with the aim of iasheg its oxygen barrier
performance. The lack of oxygen barrier propertiesommon polymers has always
ruled against their employment in sensitive applces but their processability and
lightness makes their use appealing. A possibleoggh to improve the barrier
properties is by scavenging or immobilizing the gteant as it diffuses through the
film coupling the physical diffusion to chemicabiions.

Finally, polymers containing ionic functional graup(perfluorosulphonic acid
ionomers (PFSI)) were considered. This class oécsiee materials is capturing
increasing attention due to a high thermal and otennesistance coupled with very
peculiar transport properties, that make them gpm@mate to be used in many
demanding separation fields, such as in the chdtkai industry, and in
electrochemical applications such as fuel cellse Bfrong interactions that these
materials undertake with water determine their progs during operations and have
to be studied in detail. The FTIR-ATR technique paovide a deeper insight into the
process of water diffusion and absorption into PFS&mbranes and into the
understanding of the interactions between watern@md groups of the membranes.
The dissertation is organized in four chaptersheae devoted to a different diffusion
problem; in all cases the systems will be firstrelaterized experimentally and then the
data will be described with suitable models. Fits¢ coupling between the mass
transport problem and the mechanical one will ben@red considering the swelling
and the stress induced by sorption in constrainkds fwith the bending beam
technique. The focus will be then moved to the ipocation of impermeable inorganic
particles in a high free volume glassy matrix idesrto increase the separation ability
of the membrane. The last two chapters will thendbdicated to reacting systems.
First, oxygen scavenging membranes for barrieriegjons such as food packaging
will be studied; this part of the work was conddctg The University of Texas at
Austin under the supervision of Dr. Don Paul and Benny Freeman and is part of a
project funded by CLiPs (Center for Layered Polyim&ystem) which aim is to find

the best structure for a multilayer material thatimize the barrier performance
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against oxygen. In the end also the case of ionommaaterials that show strong

interactions with water will be presented.






1 Stress induced by vapor sorption in glassy polyme rs:

Bending Beam technique

The study of the transport properties of gasesprggr liquids in polymeric materials
and coatings has grown in interest and importamcenany industrial fields. The
diffusion of a penetrant in a polymeric matrix isem accompanied by the dilation of
the matrix itself that, if hindered by an extereahstraint, can lead to delamination,
ruptures, stress cracking and finally to the falof the system [1]. The study of the
dilation and of the stresses that can be induceldempolymer by the diffusion process
is thus required for many different industrial apgtions.

The bending beam technique is a simple methodctirabe used to study the effect of
mass transport on a polymeric coating and to measr stress induced in the system
by the diffusion process [2]; it is based on theaswement of the deflection of the free
end of a cantilever, caused by the stress fielddad by applying a temperature or a
swelling gradient. Such an experimental technigas widely used to study metals
and laminates under mechanical or thermal stre@esnd it was also applied to
polymeric coatings for microelectronic applicaticarsd several other fields [4-6]; the
stress levels in polymer coatings [1,7-9], as vaslithe inception of delamination or
cracking processes [1], have been studied withtéuisnique, determining also several
material properties as glass transition temperatetastic modulus and thermal
expansion coefficient of polymers [1,9-11].

In its application to mass transport studies, yipectl experiment considers the system
exposed to a penetrant at a given temperature @sdyre or solvent activity to allow
sorption to take place; the diffusion of the pemetrcauses the swelling of the film
that, being hindered by the substrate, inducesressstfield in the system and a
progressive deflection of the cantilever. Such adb®y is obviously related to the
stress and concentration profile in the polymeiim,fas well as to the elastic and
transport properties of the polymer and of the sufpgherefore, the method can be
used to obtain relevant information on all thesamjies, on the basis of a proper

theoretical model for diffusion and for the simukaus solvent induced stresses.



Chapter one

The usual experimental set up can be based on wiffieyent kinds of sensors to
measure the cantilever bending, like capacitivenductive devices, that can reach
very high accuracy and precision; however such exmgatal systems usually do not
allow to obtain useful information about the ditatiof the polymer that, on the other
hand, is extremely important when the relationdlepnveen the diffusion process and
the stress profile in the system is considered. idlemetric behavior of the polymer
as a function of penetrant concentration is regufoe a complete characterization of
the system under investigation, while it is noeafawvailable experimentally; therefore,
the dilation-concentration relationship must be aoi®d from independent
measurements or reasonable correlations, or cametpeessed from a consistent
physical model.

In the present work the technique has been usetutly the stress profile induced by
penetrant diffusion in a polymeric coating. The apus is based on the bending beam
technique and it is able to measure at the samelimth the bending of the cantilever
and the dilation of the polymer film during sorptidesorption processes. The system
allows also to obtain more information on the fipmoperties than other more common
setups, and provides all the independent informateqjuired to solve the complete
elastodiffusive problem without any assumption de tolumetric behavior of the
polymer.

The system was applied to study the effects indurcgublymeric films of bisphenol-
A- polycarbonate (PC) by the sorption of acetoleifrat 40°C and at different activities
up to the value of 0.35. The results obtained va#se compared with sorption and
swelling results obtained with a gravimetric tecjug as well as with FTIR-ATR data,
already presented in literature [12].

The experimental data were then simulated consigexn elastic mechanical response
of PC and Fickian diffusion, with a multi-layer $m1; the model predictions are then

compared with the collected experimental data.



Bending Beam

1.1 Theory

A sketch of the working principle of the bendingabetechniques is shown in Fig. 1.1,
where a cantilever coated with a thin polymerienfils exposed to a penetrant and
bends during penetrant sorption because of polysweilling. To obtain quantitative
information on the stress distribution in the systethe complete elastodiffusive
problem must be considered and solved to accounth® combined effects of the
diffusion process and of the elastic response @fcdamtilever. For the geometry under
consideration many simplifications are possible #valdeflection data can be easily
modeled; in particular a simple multi-layer modehtt is adapted from the classical
laminate theory (CLT) can be used [13].

A laminated plate consists in two or more layersnafterials with different properties
that, due to perfect adhesion, behave like a simglmposite layer. The basic
assumptions of the model that allow to considersifstem as a laminate are:

) the thickness of the plate is small comparethé&other dimensions,

i) the bond between the layers is perfect (i.edaamination is allowed),

i) straight lines normal to the undeformed middéeirface remain straight,
inextensible and normal to the deformed middle axef(Love-Kirchoff hypothesis
[14]),

iv) the normal stresses in the direction transverghe plate can be neglected.

_

Fig. 1-1: Schematic of the bending-beam technique deflectieasurements.
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Consequently, the stress distribution is bi-dimenai with components in thg-y
plane only; on the other hand, due to the absehcerstraints in the direction, the
strain in that direction has negligible effects stness distribution, so that also the

stress generating deformation becomes bi-dimenksiona

R(>>Z1)
1

Fig. 1-2: Schematic of the polymer considered as a layeesyst

The samples are formed by layers of two mater@adéymer and metal support, the
first of which develops a concentration profile pénetrant during the transient
diffusion process. For numerical calculation pugsshe polymer film can also be
divided into several different parallel layers (Fig2), each one characterized by its
own values of the relevant state properties whitlcathe mechanical response as
temperature, penetrant concentration, strain amdsstensors; each layer then can be

treated as a single lamella in a multi-laminate gosite. The metal—polymer system
of the cantilever is thus divided in{m+1) layers:n for the coating, to describe the
concentration profile in the polymer, and one foe tmetal substrate which has no
penetrant but different mechanical properties wégpect to the polymer. Considering
isotropic materials and exploiting the superpositprinciple for small deformations

and linear elasticity, the elastodiffusivity protmlecan be formulated in a relatively
straightforward way, schematically summarized hésea

The strain distribution in the layers as well as tbtal deflectiond of the cantilever

are related to the middle plane deformation vedtay} , and curvature vectofk} , of

the laminate as follows [13]:

5:%ka2 (1.1)
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£X SX kX
£, t=1& +7,1 Kk (1.2)
Vo) V. Ky

xy

where L is the length of the cantilever in the direction andl=1,2,....n+ . labels
thei-th layer of the multi-laminate film; the subscriptsand y indicate the direction
to which the strain and curvature are referredvtale the xy subscript is related to the

cross terms (shear deformation and related cumptinat, due to the initial CLT
assumptions, are presently equal to 0. The isotagmdition states that strain and

curvature components in theand y directions are equal.

From equation (1.2), one concludes that it is retessary to solve the problem in

every single layer, but the constitutive equatibthe whole plate can be used [13] in

order to find{¢,} and{k} :
il ol w9

N
In equation (1.3){M} Is a 6x1 vector combining the vectors of the taaternal

forces,{N}, and moments{M}, acting on the cantilever, whilgA], [B] and[D]

are, respectively, the in-plane, the in-plane/flakicoupling and the flexural sub-
matrices of stiffness of the laminate, which arectly related to the properties of each

single layer of the cantilever. In particular thean be written as:
_ [
[A]= [ [Qldz
[ Znax
[B] = Lﬂ [Q]zdz (1.4)
[ Zmax
[D]= Lm [Q] Zdz

where [Q] is the matrix of stiffness of each single layed aan be expressed as a

function of Young modulus€E and Poisson ratiz of the material. Under isotropic

conditions one has:
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F e - }
0
1-v? 1-v?
[Q] = E 0 (1.5)
1-v? 1-v?
E
I 0 0 2(1+ v)_

The isotropy condition reduces to 3 the numbernoiependent components of the
stiffness matrix of the layer, while the presendezero components is due to the
laminate assumption.

In the case experimentally considered, there arexternal mechanical forces and
moments acting on the cantilever, so that the tamthe left hand side of equation
(1.3) are identically zero. On the other hand,gtesence of solvent induces dilation in

the polymer matrix, which is equivalent to applyifigtitious external forces and

moments{N.} and{M_}, respectively, which satisfy the following condits:

ol [ ol a9

where the concentration dependent terfit,} and{M_}, are related to the volume

changes induced in the polymer by the penetraptisorand can be calculated as:

{N} =J::X[Q]{ﬁ} cdz 1.7)

{M} =.[:”[Q]{,8} czdz (1.8)

In equations (1.7) and (1.8, is the penetrant concentration ahﬁ} is the dilation

coefficient vector, relating the penetrant concaidn to the sorption induced stress
free deformation in each layer, as follows:

c

&, By B
&1 =GBy =G A (1.9)
Yy B,y 0

()

10
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Due to material isotropy we have conside@d= 5, and S, which is associated to

the x—y components of the strain tensor, is zero becauseswelling induced by
sorption does not introduce any shear deformations.
The mechanical problem represented by equatioris9)lcan be solved once the

mechanical propertieE andv of the materials are known, together with the prop

expression for the sorption induced swelling cegfit 5(c), and the concentration

profile in the polymerc(t, zZ) as a function of time and position.
The values of Young modulus and Poisson ratio eafobnd in data collections, while

,B(c) can be obtained directly from experimental datawélling measurements. In

this regard, however, some words of caution a@der when a glassy polymer as PC
is considered because the dilation-concentratidatioeship depends also on the
history of the sample and particular care shouldubed before generalizing the
experimental results.

The concentration profile, finally, can be obtaiftsdmodeling the diffusion process in
the coating film through Fick’s law and solving thesulting mass balance equation

with the appropriate set of boundary conditiondo#ews:

ot o0z 0z

c=¢, OP(xy 30 $, Ot (1.10)
Ocnp=0 OP(xy30S, Ot
c=0 OP(x y, 20V, &0

In equation (1.10),D is the diffusion coefficientV, is the film volume, S, the
external surface of the polymeric filng§ indicates the interface between the polymer
and the cantilever substrate af1g is the unit vector perpendicular to the surface. O

course, the diffusion coefficient can be either anstant or a variable quantity
depending on concentration or on local stress.
Once the concentration and deformation profilesaaeglable, the cantilever curvature

and deflection are obtained through equations (@) (1.1), respectively; then the

11
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stress profile in each layer of the polymer filnmdze calculated through the following

relationship:
o, e.~B(c)c
o, =[Q](i) e,~B(c)c (1.112)
ol Vi

Y0 M)

where the matri>{Q]i is given by equation (1.5). Clearly, the solutasrequations (1.1

+ 11) can be obtained sequentially if the diffuscaefficient is stress independent and
the elastic properties are independent of condaémtraso that the mechanical and
diffusion problems are decoupled; alternativelye et of equations must be solved
simultaneously if the stress profile influences tifusion coefficient and/or the
elastic properties are concentration dependent.eOthe elastic properties and
diffusivity are known, equations (1.1 + 11) allow ¢alculate the stress profile in the
polymer as a function of time. In the present watrkyas sufficient to consider the
mechanical and mass transport problems uncoupléth av diffusion coefficient
varying as a function of penetrant concentratiothenpolymer, and constant values of
Young modulus and Poisson ratio, in view of the Isnchanges in penetrant
concentration. For the solution of the probleminapte MatLab based code was built
on purpose, based on the finite volume method lf@ mumerical integration of

equation (1.10).

% Film
___ oo €,

Substrate

L.

Fig. 1-3: Schematic of the swelling measurements.

12
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In all cases, the swelling coefficier,ﬁ(c) plays an important role for the strain and

stress profile and needs to be determined indepdigdé is worthwhile to notice that,
when the substrate is completely rigid, as repoirteleig. 1-3, all the deformations in
the plane of adhesion between polymer and suppethiadered and the only dilation

allowed is in the thickness direction, where nostmaint and no stress component is
present, so that, = £*). Monitoring the film thickness during time in suarsystem,

therefore, allows a direct measurement of the smrphduced polymer swelling; that
case applies to a cylindrical rigid rod coated byotymer film and has been used in
our experiments.

Proper comparisons among such measurements archltyperature data, usually
taken in free standing samples, is not immediateesthe different stress and strain
state in the polymer must be accounted for. Ini@ddr, it is well known that for an
isotropic free sample the volume dilation is refate the deformation components in
the following way:

AV,

=g, +e,+€,=36(c)c (1.12)

Vf
free

However such a relationship does not hold true where are external constraints that
hinder some components of the sample deformat®iit ia the case of the polymer
film on the cantilever. In this case, the boundaogditions are quite different and for a

completely rigid plane substrate we have:

___-E _

Jx—ay——l_V,B(c)c 0,=0 (1.13)
o _(1+v

£=£,=0 gz—(—l_vjﬁ(c)c (1.14)

so that the volume change is related to the pemetrmluced dilation through the

following relationship:

AV,

—g =1V
v =g, = (1_Vj,8(c) c (1.15)

planar coating

13
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which is clearly different from the case of isotiogilation in free samples described
by equation (1.12).

If the experimental determination of polymer swellis performed in films cast over a
cylindrical support, in order to avoid any bendiagd to increase the instrument

sensitivity, the previous relationships have toréeorked in cylindrical coordinates,

as follows:
o,=-EB(c)c o0,=0,=0 (1.16)
£=0 & =¢g,=(1+v)B(c)c (1.17)
AVV‘ =& +€,=2(1+v) B(c)c (1.18)

cylinder

For rubbery polymers, whose Poisson ratio is ctosthe ideal value of 0.5, the two
relationships of equations (1.15) and (1.18) aneiv&dent to one another. However,
polycarbonate is glassy and its Poisson ratio iallem(0.47) so that by using the

relationship for a plane system the dilation valuer the cylinder is underestimated.

1.2 Experimental

A schematic of the apparatus [15] is shown in Eig, where the different parts of the
experimental set up are shown. The system is comopad a special sample
compartment, formed by a stainless steel cell eedowith two borosilicate glass
windows in the opposite sides, to allow opticalemscfor the measurements. The cell
is connected to a reservoir containing the penetrapor and the pressure transducer,
and to a second flask for the storage of liquidepemt. A vacuum system, with a
liquid nitrogen trap and a vacuum pump, is usedviacuate the apparatus before and

after each experiment.

14
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Optical
Micrometer
Sample Compartment
Pressure — U
Tramsducer CL
—{>— . r
Nitrogen Vacuun
Trap Pump
Penetrant
Reservowr

Fig. 1-4: Schematic of the bending beam apparatus used présent work.

The sensing element is an optical micrometer (Kegdr5-7030-M) endowed with a
high speed linear CCD sensor that ensures accofdcym and reproducibility within
0.15um in the measurements. The measuring head feadugadlium nitride (GaN)
green LED whose light is converted into a pardiehm by a system of lenses, and it is
directed on the cantilever through the borosilioatedows. The LED beam reaches
then a telecentric optical system that uses ontgligh light to form the image on the
linear CCD sensor. The latter prevents fluctuationdens magnification due to a
change in target position and ensures an accuresasurement of the signal formed by
bright and dark areas that correspond to the sasiyalde on the CCD. The measuring
system is also provided with small CMOS image seriso control purposes. The
software used for signal elaboration is able to suea simultaneously two different
distances between points characterized by a begktdifference higher than a chosen
threshold, associated to a dark/bright transitiidns feature permits to consider, at the
same time, two separate measurements so thatrasewtelling progression of the
polymer film can be registered, in addition to thedlection of the cantilever tip [16].
The dilation data are collected by monitoring tharmge in the thickness of a film
supported on a rigid substrate that does not bandgithe experiment.In Fig. 1-5 and
Fig. 1-6, examples of the two experimental curvaléected with the micrometer are

shown.

15
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Fig. 1-5: Example of deflection experimental data.
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Fig. 1 6: Example of dilation experimental curve.

To avoid wrong positioning of the sample in therobar, the micrometer is fixed on

two manual roto-translational optical stages, ooe the horizontal alignment of

16
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transmitter and receiver with the sample, and oeeot®d to guarantee that the
cantilever and the light beam are mutually orth@jofihe temperature is controlled in
two stages: first the experimental cell is surraady two heating tapes that can reach
temperatures up to 200°C, through which the tempe¥eof the bending cantilever
equipment is actually controlled; in addition, #ie instrumentation is inserted in a
thermostatic hood to eliminate the fluctuations robm temperature, due to the
day/night cycles, that affect the response of teetmnic devices. All the connections
are made by stainless steel pipes and valves tadtemted with a thermo resistance
that can withstand 60°C. The system can operaterwratuum and up to a pressure of
8 bar that represents the working limit for thedsdlicate windows of the sample cell.
Aluminum as well as stainless steel cantilevers.0QD0.0x0.275 mm and
50.0x10.0x0.5 mm respectively) were used for theasueement of the deflection,
while for the swelling data a stainless steel djical support (about 15 mm in
diameter) was used for more reliable measuremémdsed such an axial-symmetric
supports allowed to overcome the uncertainties dnatassociated to planar supports
when the laser beam is not perfectly parallel ® shrface of the cantilever, due to
bending or not perfecting alignment.

The apparatus has been applied to polycarbonatersitde systems, for which a
complete description of the transport propertiesvalt as of the dilation can be found
in literature [12], on the basis of different andn classical techniques such as FTIR-
ATR spectroscopy and gravimetry. The experimentewenducted at 40°C through
integral sorption runs, in which unpenetrated pdymims were exposed to different
penetrant activities up to the value of 0.35.

Differential gravimetric tests were also performadorder to recover directly all the
independent information needed for the simulatioodeh, and to check also the
applicability of the above mentioned literatureadtdr the system under consideration.
The apparatus used to that aim is a quartz spatnbe [17], which was operated at
the same temperatures and pressures used for tligngebeam experiments, thus
allowing the direct evaluation of solubility isotihe and diffusion coefficient of the
polymer-penetrant pair considered.

17
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I 1
|
CH;

Fig. 1-7: Molecular structure of bisphenol-A- polycarbona®€j

The polycarbonate (Fig. 1-7) was provided by Sighdrich and it was cast on the
different cantilever supports using a 2% wt solutio dichloromethane. The casting
on cylindrical rods was performed by rotating thepmort at controlled angular
velocity while partially immersed in the solutioffter casting, the samples were left
to dry in a clean hood for few hours and then pglacea vacuum oven at 140°C
overnight, in order to evaporate all the residoftent and to relax the stress generated
during deposition and drying. Such a procedurenadtbto erase the effects of the past
history of the glassy polymer, obtaining all samspla the same conditions at the
beginning of the sorption tests. It is clear thed subsequent cooling stage induces a
tensile stress in the PC coating over the cantilelge to the differences in the thermal
dilation coefficients of polymer and metal; themefothe integral sorption step which
follows produces an extra stress profile which amdthe one initially present in the
samples.

After each experiment, the films were detached ftbensubstrates and their thickness
was measured obtaining values between 10 angn3Moth in the case of planar
cantilevers and cylindrical supports.

The solvent used for the experiments was purchfsed Sigma Aldrich, 99,99% in

purity, and was used without any further purifioati

1.3 Results

The sorption experiments conducted with the gratnmeechnique allowed the
determination of both solubility and diffusion cbeient of acetonitrile in
unconstrained films of PC. The sorption isothernawied is reported in Fig. 1-8 and

shows the typical behavior encountered for glasgyrmpers with a concavity towards
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the pressure axis at low penetrant pressures aatirarst constant slope at the higher
activities inspected. The data obtained are in yagd agreement with those already

presented in literature [12], in the common ranigpressures.
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Fig. 1-8: Penetrant solubility for the system PC-LH, comparisons among literature and experimental
data.

Together with experimental data, the solubility theym predicted by the non
equilibrium lattice fluid model (NELF) [18-20] ids® reported in the same figure. The
NELF model is an extension of the Lattice Fluid &ipn of state [21, 22] for
amorphous phases to the non equilibrium statectatacterizes glassy polymers and
allows the calculation of the sorption isothermook penetrant in a polymer known
the parameters of the pure components. It is waooting that the NELF model well
represents the observed behavior by using the npataimeters reported in ref. [12]
and listed in Table 1-1; therefore, the NELF modél be used in the following to

calculate the equilibrium penetrant concentratigp at the external polymer surface,

to be used as the boundary condition in the mamssfier problem embodied by
equation (1.10).
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Film thickness 0.0155 mm
Young modulus  -polymer 2400 MPa [23]

-substrate 64000 MPa [24]
Poisson ratio -polymer 0.47 [23]

-substrate 0.34 [24]
Diffusion kinetic Fickian diffusion

D =1x10°e"

Concentration Calculated from NELF model with feliag

parameters [12]:
CH;CN: T*=505 K p*= 910 MPap*= 0.885

g/cnt
PC: T*= 755 K p*= 534 MPag*=1.275
g/cnt
ke 6.22 Mpa' 2,=1.200 g/cm =1.028
Linear swelling Cubic Equation

B(c)=0.056c+ 3.1% - 10.288[12]

Linear Equation
B(c)=0.17%

Table 1-1 Parameters used in the model

The typical transient sorption of GEIN in PC is presented in Fig. 1-9, where the data
for differential sorption for an activity jump fro15 to 0.32 are reported. The mass
uptake shows an initial Fickian behavior, followayl a relaxation process that takes
place at the higher activities and over a longeretiscale with respect to Fickian
diffusion, and delays the attainment of the asymnptequilibrium mass uptake. The
relaxation stage is not always present but it seoled only for the integral sorptions
ending at the higher activities.

Limiting the analysis to the Fickian part of therg@n process, the diffusion
coefficient can be easily retrieved from the transimass uptake data and equation
(1.10), thus obtaining a slightly decreasing tremith concentration as it can be seen in
Fig. 1-10. The values obtained are also in goo@egent with literature data in a

previous work and reported in the same figureliersake of comparison.
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Fig. 1-9: Kinetics of the mass uptake by the polymer durirsgigtion experiment with an activity jump
from 0.15 to 0.32. The line represents the resiltee Fickian model.
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Consider now the swelling induced by the penetrantthe PC matrix, which
represents important information for the elastdudive problem. The swelling
behavior in a film cast over a cylindrical suppattained by using the experimental
setup presented in this work, is reported in Figlll The measured data were
corrected by using equation (1.18) to convert titetidn in a constrained cylindrical
geometry into the volume change of the correspandinconstrained planar film.
Clearly, in spite of some scatter in the data,nadr trend represents reasonably the
dependence on penetrant concentration of the ahldtiehavior observed. The data
obtained are in rather good agreement with thelswgdbehavior reported in literature
[12] for unconstrained films and for the FTIR-ATRchnique, in particular at the
higher penetrant concentrations inspected, whileve¢r CHCN contents the dilation
of the constrained film measured in this work anenewhat larger than the values
obtained in ref. [12].

A A S S S S B R R B

[ | --@-- Literature data
[ | —¢— Data collected on the cylinder

6 ) 1

5F [} ]

4 b iy ]
o '." [

AVIN %

0 0.02 0.04 0.06 0.08 0.1

Concentration (g/g pol)

Fig. 1-11:Volume dilation of the polymer for integral sorptiouns of acetonitrile in PC at 40°C; dotted
line represents the cubic interpolation of datanfmef. [12], solid line represents the linear bebawof
the data obtained in this work.

From Fig. 1-11 one can also notice that over tloadber concentration range inspected

in ref. [12] the equilibrium dilation is a non liaefunction of penetrant concentration
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and the best fitting of the dilation data is reprégsd by a third order polynomial
equation (also reported in Fig. 1-11) which, ondkiger hand, seems to underestimate
at low activity the swelling data of the constralrféms, for which a linear equation is
more appropriate. It is useful to remember thavipres studies conducted with the
FTIR-ATR technique suggest that, during dynamicpson the swelling process
actually starts with some delay in time with reggedhe concentration increase in the
polymer [12], so that the partial molar volume lo¢ fpenetrant increases as a function
of penetrant concentration in the matrix.

It is also interesting to consider the evolutiontime of the film swelling while
penetrant sorption proceeds. In Fig. 1-12 the djiditm thickness variation is reported
versus the square root of time, considering theviacthange from 0 to 0.35 for the
constrained films inspected in this work. The expental data clearly indicate a linear
dependence of swelling witff,tat least up to 70% of the maximum swelling, pssit

is observed for the mass uptake. That appears aediate consequence of the fact
that volume dilation takes place simultaneouslyhwihe penetrant uptake. The
observed behavior is also affected by the dilatoefficient S appearing in equation
(1.9) and it is consistent with a constant valuggomamely with a linear dependence
of dilation versus penetrant concentration, as iadtually observed for the swelling
data obtained in the films constrained over thdileaer. The use of the cubic dilation
relationship reported in literature, on the contravould not reproduce the trend
experimentally observed. This is clearly demonsttan Fig. 1-12 where it is also
reported the sample thickness calculated versues liyrusing the concentration profile
derived from equation (1.10) and the film thicknessained by using equation (1.2).
Solution of equation (1.10) was numerically obtdingy using the concentration
dependence of the diffusion coefficient reportediable 1-1, while the equilibrium

boundary conditionc,,, was calculated by using the NELF model with theies of

polymer and penetrant parameters reported in Thiile

It is worth pointing out that no delay seems tasekietween mass sorption and overall
sample dilation, contrary to what was found throkdHR-ATR technique [12]. The
volumetric data presented here do not show sigmficelaxation phenomena at longer

times.
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The deflection of the bending cantilever was maeitioversus time during the integral
sorption tests performed. A typical example of eeibn curve as a function of time
for the system under investigation is shown in Ridl3, reporting the behavior of a
film of about 16um, subject to an activity jump from 0 to 0.30 at°4Q) Clearly also
the deflection shows an initial linear behaviortwihe square root of time, as it is
otherwise usual for processes driven by Fickiarfusibn, with deviations from
linearity starting approximately at 70% of the firdeflection, before reaching the
plateau corresponding to the asymptotic equilibraefiection. In this case, relaxation
phenomena may be visible if longer times are camed with a very slow drift of the
deflection that increases at longer times, likebgduse also the polymer mass uptake

increases in the same time range.
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Fig. 1-12: Kinetics of polymer dilation for the system acetdlé—PC at 40°C experimental data and
comparisons with different models.

The behavior experimentally observed was also sitadl by using the mathematical
model represented by equations (1.1-11), by udwegcbncentration dependence of
diffusivity experimentally determined and reporiadTable 1-1, as well as the values

of the Young modulus and Poisson ratio obtainethfrefs. [23] and [24], reported in
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the same table. The penetrant concentration atptiigmer/vapor interface was
calculated by using the NELF model [18-20] in adicgve way, as already mentioned
above. The simulations were performed using both lthear relationship between
volume dilation and penetrant concentration, messdor the constrained films, as
well as the cubic relationship which results fromIR-ATR technique in a broader
concentration range. By using the values of theenatproperties listed in Table 1-1
the simulation does not contain any adjustablerpatars and it is entirely predictive.
The model outputs are the time dependences ofaheeatration profile, deformation
and stress distributions in the polymer film andha cantilever support, as well as the
film thickness increase and the deflection of thaetitever tip.

It is remarkable to notice that the final valuecahtilever deflection is dependent only
on the equilibrium values of concentration, dilatend elastic properties of the system
and is very well predicted by the model, as it wn in Fig. 1-13. Different
concentration dependences of dilation affect thelugon in time of the cantilever
deflection, while they converge to the same fireflettion experimentally observed at
the end of sorption. This offers a strong suppmthe reliability and consistency of the

model considered.
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Fig. 1-13:Kinetics of deflection of an aluminum cantilever #n integral sorption run of acetonitrile in
PC for an activity jump from 0 to 0.3 at 40°C, sdenjhickness 16um.
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The analysis of the kinetics of the cantilever eleibn needs to be considered with
some attention due to the two different behavibet tan be used for the dilation of

the polymer, with either a linear trend or a cutdependence on concentration. The

two different functions ofg = ,B(C) may be related to the different activity ranges in

which the data are obtained in the different calsesvever, it is not simply facing the

case of approximating with a straight line a trevidch is of higher order in a broader
concentration range, since the use of a cubicidilaactually underestimates the
polymer dilation observed for the constrained filmsd its use in the simulation model
to calculate the thickness of the polymer film ¢ingh equation (1.18), with the

concentration profile given from the solution ofuatjon (1.10)) leads to predictions
which poorly represent the experimental data obthffrig. 1-12). On the contrary, the
experimental data are indeed very well capturethbymodel using a constant value of

£ which corresponds to a linear relationship betwseelling and concentration.

Such a discrepancy is reflected also on the simustof the time evolution of
deflection; the predictions obtained on the basé¢seocubic concentration dependence
of dilation, resulting from literature and FTIR-ATdRta [12], clearly underestimate the
deflection value measured with bending beam, wihééead the observed behavior is
well described by a simple linear equation astitloa seen in Fig. 1-13.

It is likely that differences in the dynamics ofladion are related to the different
experimental technigues used to study the syst@iRR-RTR spectroscopy is actually
a surface technique which samples only the intertstween the sample and the ATR
crystal, where the concentration is nearly homogesdfor the so called “thick film
approximation” [25]) and changes slowly with timétlwrespect to what happens in
the rest of the sample that, on the contrary, égpees great concentration gradients in
a limited amount of time, especially in the eatlyges of diffusion. On the other hand,
the optical technique applied monitors the ovesathple in which the influence of the
interfaces is usually small and its effects on ¢mére thickness are negligible. It is
interesting to notice that the mentioned differenaee limited to integral sorptions in
the dry polymer since in subsequent differentialpson steps, as well as during
desorptions, both FTIR-ATR spectrometry and thes@mé technique show a constant
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,B(c) value, namelya linear relationship between swelling and pem¢ttantent in the

matrix.

The validity of the simulation model was thus comiéd by the comparison with the
time evolution of the sample thickness and of thetitever deflection for all the runs
performed. The model was then applied to calculaetime evolution of the stress
profile inside the polymer film, during integral rption steps, obtaining the typical
behavior presented in Fig. 1-14, reporting the aafsa film with about 18um of
thickness during the sorption for an activity jufnpm O to 0.20; the values reported
represent the stress change during penetrant @oyptthose profile is calculated
through the model given by equations (1.1 + 11)vabindeed, at the beginning of the
sorption tests the polymer films are not stres® fsince the sample preparation
procedure, involving a thermal treatment at 140 R&ves a tensile stress in the
polymer films at the test temperature of 40 °Ct tisadue to the different thermal
expansion coefficients between PC and the metabmtpBy considering that the
polymer film at 140 °C is stress free, and assunaingelastic behavior belowg,Tthe
residual tensile stress after sample preparationbeaestimated in a straightforward
way and is in the order of 20 MPa. That initial walshould be added to the
compressive stress induced by swelling and reporteérig. 1-14, to obtain the
absolute stress in the sample.

During sorption in the films constrained over theniilever the extra stress due to
swelling is always compressive because the polydiation is prevented by the
support; at any time the largest compressive sieess the external surface of the
sample, where the penetrant concentration hasigtseehvalue, and both penetrant
concentration and stress decrease going from tternak surface towards the more
internal layers, closer to the interface betweegmer and substrate. Noteworthy, the
stress at the external surface of the films expeds a stepwise change, as it is the
case for penetrant concentration, and remainsipadlgtconstant during the diffusion
process while the overall strain increases duehéoprogressive deformation of the

inner layers of the polymer.
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Fig. 1-14: Time evolution of the stress profile inside a Pighfof =18 um, during an integral sorption
run of acetonitrile up to an activity of 0.20 &°€.

The value of the extra stress in excess to th&lirstress distribution present in the
polymer film ranges from zero to about -20+-40 MBapending on the thickness of
the polymer films, on the activity jump and on thaterial used as substrate; in view
of the initial stress inside the film, after sogotihas been completed the maximum
stress in the polymer is thus around —10 MPa, wisatather low and well below the
tensile strength of PC (62 MPa) [23], consistenilgh the fact that our model
considers a completely elastic mechanical resptorsBC, with constant mechanical
properties. Indeed, the polymer during the expemineemains well below itsgTand
does not present any appreciable viscoelastic bmhalhe relaxation phenomena
some times visible at the later sorption timesessentially related to the presence of
solvent which allows volume relaxation to take plathus leading to the further
increase of penetrant content in the polymer, withany detectable stress relaxation
phenomena in the film, over the time scale insgkclée latter process would cause a
decrease of the cantilever deflection rather than dlow increase visible in some

experimental data, which confirms the ongoing tilabf the polymer.
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The stress induced by penetrant sorption was inesoases sufficient to cause the
detachment of the polymer film from the cantilevarbstrate, particularly during

desorption, even if the extra stress calculatedtiser limited in absolute value; this
was also the main reason to switch to aluminumileaets from the stainless steel
ones used in the first part of the study. In theesain which loss of adhesion was
observed, the stress value was not always the aathgaried casually, suggesting the
influence of various combined effects on the adiredorce, due to the sample

roughness and random surface defects originatedgdsample preparation.

Conclusions

The bending beam techniqgue was used to test thes rmmassport properties of
acetonitrile in PC at 40°C and to evaluate thetiditaand the stress induced in the
polymer by penetrant diffusion.

Experiments were performed in integral sorptiorpsten which unpenetrated films
cast over a metallic cantilever were exposed tieidint CHCN activities, up to 0.35.
The experimental data collected include the evoitutn time of cantilever deflection
as well as the dilation of the film during sorption

The experimental results were processed considehagsolution of a simulation
model which accounts for the calculation of theodefation and stress profiles due to
swelling and calculates the cantilever deflecti@rsus time. The model considers
Fickian diffusion with a concentration dependentfudivity, and a linear elastic
mechanical response. The numerical values of Youadulus and Poisson ratio are
taken from data collections, while the diffusioretfccient used in the simulation was
obtained through independent measures of transmasts uptake in free films. The
concentration dependence of the volume dilation ta&en from direct experimental
data. The solubility isotherm obtained for a frden fmatches very well the data in
literature and are well described by the NELF madsdd in predictive way with the
model parameters reported in ref. [12]. The dilatidata obtained for the films

constrained over the cantilever support indicas ¢linear dependence on penetrant

29



Chapter one

concentration is more suitable than the cubic igahip reported over a broader
concentration range, using both free films as vadl FTIR-ATR technique. By

accounting for the proper expression of volumetiditato compare the behavior of

free and constrained films, the dilation data ol#di match well with the data

presented in ref. [12] in the higher concentratiamge, while somewhat larger
swellings are observed at lower concentrations.

By using the material properties obtained from pefelent measurements, the
simulation model becomes entirely predictive asdrésults were compared with the
experimental data of cantilever deflection and aWefilm thickness versus time,

during the integral sorption experiments. By udimg linear concentration dependence
of volume swelling the comparison between modetligt®ns and experimental data
is very good at all times, while the use of the icukelationship obtained under

different experimental conditions, allows only waulate the correct value of the final
asymptotic deflection and not the correct evoluiiotime observed for the cantilever
bending which is initially linear with”t The time evolution of the stress profile
induced by penetrant sorption in the polymer layexs also calculated and its
maximum value for the films under study is in thidey of -10 MPa, considering also

the initial residual stress in the membrane dudedormation procedure.
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2 Mixed Matrix Membranes based on amorphous

Teflon ® and Fumed Silica

In gas separation, the performance of a membraaeaisiated through the selectivity
with respect to the componentof a mixture formed by penetrantsandj that is
defined as:

o

aD aS =

Q
I

_U|o
Il

3
2 (2.1)
S

)

J

where P is the permeability of thepenetrant and can be calculated as the product of

diffusivity D and solubility coefficientS, provided that the solution-diffusion model
holds true and the Fick’s law can represent thieislife mass flux.

Polymers are currently the dominant materials a8 geparation membranes because
of their processability that allows the economiodurction of modules for large scale
separation. Their separation ability, however tils lsw compared to more rigid and
thermally stable inorganic molecular sieving mediad this fact limits their
employment. An upper limit for the performance aflymeric membranes in gas
separation was estimated by Robeson [1] in ear§049based on experimental
permeability and selectivity data for some gasgéeduch limit was recently updated
considering also the latest experimental data Jdjese plots indicate that, for
polymeric materials there is a trade-off betweermegability and selectivity with the
upper bound limit shown in Fig. 2-1, while inorgamhaterials properties lie beyond
this limit in the desired performance area.

The immediate application of inorganic membranesristhe other hand, still hindered
by the difficulties in forming defect-free membrangnd by the extremely high costs
of production. A significant development can beiacbéd taking advantage of the
peculiar characteristic of both polymeric and irsng materials, by dispersing an
inorganic phase in a polymeric one, as shown sctieaig in Fig. 2-2 [3]. This class
of composites is usually referred to as Mixed Matlembranes (MMM) and its

investigation for gas separation was first reported970s by Paul and Kemp [4] that
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noticed that the time lag for gas diffusion wasréased after adding zeolite to a

rubbery polymer.
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Fig. 2-2: Schematic of a mixed matrix membrane (MMM) [3].

Conventional MMMs [3,5-11] are obtained by addit@iporous inorganic fillers like
zeolites to polymeric matrices with similar seleetibehavior, that can result in a
significant increase of the separation efficiensypaedicted by the Maxwell model
[12]. The model was originally derived for the aietric properties of composite
materials with spherical particles but it is a sien@nd effective tool even for this kind
of MMMs.

The polymeric membranes employed show good seéeptioperties in their pure form

as polyimides or polysulfone.
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An alternative concept has been introduced in theeldpment of mixed matrix
membranes in 2002 and implies the addition of nomys nano-sized particles to high
free volume glassy polymeric matrices [3,13-15].thAugh the filler does not
contribute to transport directly, because it issidared impermeable, it can modify the
molecular packing of the polymer chains, in mangesaresulting in an enhancement
of the separation properties of glassy polymerianim@anes. Among the polymers
considered as matrices for such composite membramag(4-methyl-2-pentyne)
(PMP) is the one that shows the best performamcepimbination with fumed silica.
PMP is a reverse-selective glassy polymer that asenpermeable to condensable
vapors than to small, non-condensable ones, dit hogh free volume that lowers the
diffusivity selectivity, favorable to small penetta, and enhances the solubility
selectivity, favorable to condensable penetrantbe Taddition of non-porous
hydrophobic fumed silica further increases thetiomal free volume of the polymer

and therefore increases the permeability to n-leugéenshown in Fig. 2{34].
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Fig. 2-3: Mixed gas n-butane/methane selectivity vs. n-butmreneability for different polymers [14].

Moreover, in the case of PMP the addition of silieads to increased selectivity for
the gas pair n-butane/methane. In Fig. 2-3 datgpéby(1-trimethylsilyl-1-propyne)
(PTMSP) and amorphous Teffdare also reported. The effect of the additionilafas
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particles clearly depends on the matrix: for PTMB&e is a decrease in selectivity
while the permeability to n-butane increases whih introduction of inorganic phase.
Such behavior can be related to the highly microps structure [3] of this material
that is further increased by the inorganic phalse;l¢ading transport mechanism for
gases therefore becomes the Knudsen diffusion wieshits in a selectivity inversely
proportional to the diffusant molecular weight a@mpromises the initial n-butane
selectivity. The case of TeflSnPAF 2400 is rather peculiar: the pure polymer eitib
selectivity for the smaller penetrant (methane) &fter the addition of particles, the
composite materials becomes progressively n-busatective. The sorption isotherm
of this material is only slightly affected by theorganic filler, while the diffusion
coefficient is significantly increased by the adufit of particles determining the
increase in permeability. Fumed silica is a nonpseraonaterial and therefore a
penetrant is adsorbed only on its surface; to éxple observed sorption behavior it
can be supposed that the filler modifies the pagkitnucture of the polymeric matrix
increasing it sorption capacity that can compengatethe lower sorption in the
particles. It can be assumed that the introduabfoimorganic particles in an organic
material creates additional free volume at therfate between the two phases and this
leads to a slight variation of the sorption behatot to an higher diffusivity even if
there are more obstacles on the penetrant mole@d#s This assumption is in
agreement with PALS measurements that found twieréifit populations of holes in
the MMM, and that the ones characterized by thellemsize is increased after the
addition of FS [13,15,16]. This could also expldime higher increase for the
permeability of small gases compared to the orlargér penetrants in the composite.
For MMMs formed with high free volume polymers, tlsample Maxwell model
cannot certainly be applied and therefore thereeed for a model that can predict the
selective properties of these promising materiRécently a method [17], based on the
NELF model for solubility, was proposed to predied enhancement in diffusivity due
to the addition of fumed silica particles to higed volume matrices as PTMSP and
Teflon® AF 2400 accounting for the contribution to pernikigbof diffusivity and

solubility separately.
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In this work mixed matrices based on amorphouscfiefAF2400 and AF1600 have
been tested extensively in order to obtain expeartalevalues for all the transport
properties; moreover the method based on the NElBemhas been applied to
describe the experimental data and predict gasraspa performances of the

membranes.

2.1 Theory

The addition of particles to a polymeric matrixléols the idea of combining qualities
of the two materials and therefore it would be ubkeb predict the behavior of
composite materials from the properties of the mar@ponents. In literature there are
no models that can predict correctly the behavidhe materials under investigation.
Only models for permeability are available and tpesdict a decrease in permeability
as rigid particles are added to the matrix dudéancrease in the tortuosity of the path
that the penetrant molecules have to follow in difeusion through the membrane.
One of the most commonly used is the Maxwell mddi2], initially derived for the
permittivity of a dielectric and for spherical gakes, that relates the permeability in

the composite material to the permeability in thheepmatrix:

R=R, | = 2.2)

q)F
1+ 7F )

where ®@_ is the volume fraction of particles. Even if sulalior some MMM with

non porous fillers, this model is certainly not bgble to the case of amorphous
Teflon® and Fumed Silica. A new method [17] based on tB:Mmodel was thus
developed that can predict the behavior not onlgaesmeability but also of solubility

and diffusivity separately.
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2.1.1 NELF model

The NELF model [18-20] is an extension of the lcatFluid equation of state [21-23]
for amorphous phases to the non equilibrium staeé ¢haracterizes glassy polymers.

Starting from the Sanchez and Lacombe theory, th@ehuses the same characteristic

parameters( p,o ,T) to evaluate the properties of pure componentsthadsame

mixing rules to estimate the mixture properties.

The characteristic lattice parametes and p represent the mass density and

cohesive energy density at close packed conditishde T  is associated with the

average interaction energy between the chain segnuamtained in nearby lattice

cells. These parameters can be calculated fithegLF equation of state to PVT data
above T for the polymer and to either PVT or VL data fbe tpenetrant.

The number of lattice sites occupied by a moletules pure phase is given by:
o= PM__ M (2.3)
RTA Av

where M, is the molecular weight of componeinand v, is the volume occupied by a

mole of lattice sites of pure substance; the patam$ is usually set to infinity for the

polymer species. To calculate the mixture charetierparameters the following

mixing rules can be considered starting from thee momponents values:

L (2.4)
P P P
o'V = RT (2.5)
p* :#d+¢252+2¢m2612 (26)

where ¢ is the volume fraction of speciés defined in terms of the mass fractian

as:

_ w/p
@g=—""— (2.7)
W/ p,+w,/ p,
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The binary characteristic pressug,, that represents the energetic interactions per

unit volume between gas and polymer molecules, destant with respect to
composition and temperature and can be represasted

piz =Y p*11 622 (2.8)

where W is the only adjustable parameter present in theeinth@t can be determined
through experimental miscibility data.. A first @rdapproximation can be obtained
using W =1 when no specific data for the mixture are available

Using the Non Equilibrium thermodynamic for Gladdglymers (NET-GP) approach
[24], the model can be extended to non equilibratates typical for glassy polymers.
In this view, the state of the mixture is describey the usual state variables

(temperature, pressure and composition) plus tharmy density o, that accounts for

the departure from equilibrium. The density is assd to be an internal state variable
so that the usual thermodynamic relations for systevith an internal state variable
holds true [25].

The phase equilibrium requires the equation ofctieamical potential of the penetrant
in the external gas phase and in the mixture viighpolymer:

(5O (T, Q%077 = 15 (T, ) (2.9)

In order to evaluate solubility the characterigtézzameters of the pure components are
necessary together with the density of the glasslynper in the experimental
conditions. If the characteristic parameters fa& fure components can be found in
specific collections, the density depends alsohenhistory of the samples and should
be determined from the dilation during sorption exmpents.

For non-swelling penetrants the density can beidersd a constant and only the
initial value has to be known but for swelling atgethe density variation cannot be
neglected. However, in most cases there is a lidependence of the polymer density

on the partial pressure of the vapor and a swetimgfficient k,, can be introduced to

account for its variation:

2, (p) =05 (1-Kk,,p) (2.10)
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Since specific dilation data are not usually a\@dan literature, the parametgy, can

be adjusted on one solubility datum at high presguoviding also an estimate of the
swelling behavior of the matrix, while the binargrameter¥ should be adjusted on

the first section of the isotherm, i.e. at low prag, where the swelling is not relevant
yet even for high swelling penetrants.

The introduction of equation (2.10) in equation9j2.leads to the new phase
equilibrium condition that allows the calculatiorh the sorption isotherm for the

mixture:

MO (T pQ% 0%k, = 150 (T, (211)

The NELF model has been successfully used to grgdg sorption isotherms in pure
glassy polymers and in polymer blends in the glasaye, both in the case of non-
swelling or swelling penetrants [18, 26].

2.1.2 Free Volume estimation

A common way to evaluate factional free volume a@sdal on the evaluation of the
“occupied volume” \ that is related to the van der Waals volume ofntioéecule V)

by the approximate relationshipy¥1.3 Vw:

_V,-1.34, _ P —1.30)

FFV
V, o

(2.12)

the Van der Waals volume of the repeating unithef polymer can be calculated with
the group contribution method and its value is latée in literature for the matrices of

interest in this study [27].

The NELF model can be applied to calculate sorpisotherm of composite matrices

[17] if the contributions of the two phases aresidared separately. Gas solubility in a
composite matrix is usually represented througimeple additive rule that considers

the sorption capacity of the polymer and of thiefilnaffected by the presence of the

other component. This is not the case for mixedrioed of high free volume glassy
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polymers and impermeable fillers where the additadnthe inorganic rigid phase
affects the actual free volume of the polymer asdswelling behavior. The different
FFV is associated to defects at the polymer/filerface and can be accounted for in
the density of the polymeric phase in the compoditecan be assumed that the
presence of filler affects only the organic phamssging free volume elements at the
interface with the inorganic particles and thereforcreasing the mass uptake of the
polymer, while the sorption capacity of the fillean be considered unchanged in the
view of the fact that the adsorption occurs onlytba surface and is rather small
compared to the total solubility.

The total solubility can be written as a sum of taeantributions, one due to the

polymeric phase and one due to the filler:

+
Cm :%:(DFQ,F +(1-@:) G, (2.13)

where @ is the volume fraction of the fillerC ,, is the gas solubility per unit
volume of mixed matrixC, . and C . are the gas solubilities in the filler and in the
polymer, per unit volume of filler and per unit uate of polymer, respectively. Using

the simple additive rule would lead to considgr = C° andC . =C° and hence:

Cu =®:C° +(1-0.)C° (2.14)

As it will be shown in the results section, equat{8.14) cannot represent the data for
MMMs with non porous fillers in high free volumelgmers.

If one assumes, instead, that only the filler mgstsike is unchanged in mixed matrix

conditions,C, . = CiOF , equation (2.13) becomes:
Cu =®:C’ +(1-0.) G, (2.15)
If the experimental solubility for a given penetramnthe mixed matrix and in the pure

filler is available, the solubility isotherm for éhpolymeric phase in composite
condition can now be determined. The NELF modellmmaconsequently applied to the

polymer contribution in order to derive the two @aetersp} and k_,,, through a best

fitting procedure. The binary paramet@ is reasonably considered the same in the

41



Chapter two

pure polymer and in the polymeric fraction of tleenposite sample, while the value of

03 representing the pure polymer density in the mirgatrix conditions will vary

with the content of filler but not with the penettaThe value ofk,, accounts for the

swelling effects of the specific penetrant on théymer and thus has a different value

for every couple polymer-gas.

2.1.3 Estimation of diffusivity and permeability in mixed matrix

membranes

The influence of the penetrant concentration ondifieision coefficient in composite
membranes can be well represented with an exp@thdanii:
D. =D.(0)exp@C) (2.16)

where D, (0) is the infinite dilution apparent diffusion coefnt in the mixed matrix,
C the average concentration aptl is a constant that is characteristic of the polyme
gas couple and depends on temperature. If onlinftrete dilution diffusivity D, (0) is

considered, the swelling effects can be neglected.
A semi empirical law, based on the free volume th¢88,29], is usually considered to
hold between the infinite dilution diffusion coefignt in the polymer and the FFV in the

same phase:

—A-_B
In(D, (0)) = A = (2.17)

where A and B are parameters that depends on temperature arspec#ic to each
system polymer-gas.

The diffusion coefficient of the mixed matrix isfliienced not only by the diffusivity
in the polymeric phase but also by the presencehef filler: the particles are

impermeable and act as an obstacle on the patheofyas molecules through the

membrane.D, (0) is then an apparent diffusion coefficient that ¢enrelated to

D, (0) using a tortuosity factor :
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D. (0)==D,(0) (2.18)

r can be evaluated from the Maxwell model [12] detif@ spherical particles:

r:1+qlzF (2.19)

Combining equations (2.17) and (2.18), a relati@iwieen the apparent infinite
dilution diffusion coefficient in the mixed matriand the FFV of the polymeric
fraction is obtained:
D. (0)== exp(A—ij (2.20)

FFV
Considering experimental diffusivity data for aa$¢ two values of FFV, that can be
calculated from the sorption isotherm of a refeeemapor in two different mixed

matrix formulations, the parameters and B can be determined and used to predict
D. (0) for any other value of filler loading. Moreovehngtratio between the diffusivity

in the composite and the diffusivity in the purdypter can be determined with only

one adjustable paramet®gr.

Dc(o):%exp{B[ t 1 H (2.21)

D2 (0) FFVS  FFV

where FFV;) is the fractional free volume of the unloaded ppméymer. To calculate

the ratio between the infinite dilution diffusiowefficients at any filler loading only
one experimental point is needed.
In the end also the permeability ratio can be eatal:

P.(0) _ De(0) 8.(9
Pe(0) " D2(0) () 222

where the ratio between diffusivities can be catad from equation (2.21) and
solubility ratio comes from the calculation withettNELF model. Finally, the NELF
model can also be used to evaluate the swellintgeomatrix induced by the sorption
process, which can be compared to experimentallisgetlata to evaluate the
reliability of the procedure.
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The proposed method is summarized as in the scbéfig. 2-4.

MM I MM |
1 Diffusivity in MM | D/ | A
for gas 7 Versus we VETSUS W
1 probe Sorption | FFV of MM
in MM and polymer versus we
NELF model +,| -Solubility of any gas /

-Ideal Solubility Selectivity

Swelling

Fig. 2-4: scheme of the approach used to evaluate the tramspperties of mixed matrix membranes.

2.2 Experimental

2.2.1 Materials

Teflon® AF2400 is a glassy perfluorinated copolymer oledinby random
copolymerization of 2,2-bis(trifluoromethyl)-4,5fdioro-1,3-dioxole (BDD) and
tetrafluoroethylene (TFE) (Fig. 2-5) at mole fracis of 87% and 13% respectively. Its
glass transition temperature is 240°C and its derisi equal to 1.74 g/cin the
polymer has an excellent chemical resistance agt bias permeability. Tefl6h
AF1600 is obtained by copolymerization of the sam@nomers with different mole
fractions: 65% of BDD and 35% of TFE and its deniit1.85 g/crit

The filler used (nonporous Fumed Silica TS-5@@pot Corporatioh (Fig. 2-6). has
been chemically treated with hexamethyldisilazaime,order to replace hydroxyl
surface groups with hydrophobic trimethylsilyl gpsu The particles have an average
diameter of 12 nm and a density of 2.2 gicm

Pure and composite films were obtained by solutgasting: the polymer was

dissolved in a perfluorinated solvent (perfluorasiéthyl-morfoline, PF5060, supplied
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by 3M) to obtain a 1% wt solution. The appropriateount of filler was added to the
solution and the resulting mixture stirred at 150p& for 2-3 min in a Waring two-
speed laboratory blender: the mixture was thenedastto a Petri dish and covered
with an aluminum foil, allowing the solvent evaptiwa. The films were completely
dried within about 48h and they did not undergo d@reatment before sorption

experiments.

Fig. 2-5: Molecular structure of TeflONAF.

H, >

O
Non-treated silica

CH,
1
CH ,—Si— CH,
O

Treated silica

Fig. 2-6: Non porous fumed silica before and after treatnb@htave a hydrophobic surface.

It seems that the solvent evaporation is the afiitep to obtain good films, while the
stirring time has no influence on the resulting rbesmes. Mixed matrices with
different loading of filler were prepared: 10 arsP2 wt for AF1600 and 25 and 40%
wt for AF2400 and the final thickness of all thiens was about 9(m.

The penetrants used in all the experiments, n-leusand n-pentane, were supplied by

Sigma-Aldrich and used without any further purifioa.

2.2.2 Density

The initial density of the membrane is a key parn@mén the modeling approach

proposed and therefore conspicuous efforts wereertmdheasure its value for all the

45



Chapter two

mixed matrices. Different techniques were usedhts &im, but the results were not
always satisfying.

The simplest method used requires a determinatiatheo film volume and weight:
such method is expected to be not the most acchutesliable for a first estimate. A
sample of regular shape was weighted with a balaf@ecuracy+ 10°g : the film
thickness was measured with a micrometer of acgutat pm and the area with a
calipers of accuracy 0.05 mm. The density measured in this way for AFR4
matrices gave the results that are listed in Takle In the table we also reported the
value of the density of the polymeric phase, cosraindy the filler density to be equal to
its pure value, as well as the FFV value calculdhedugh eq. (2.12). It can be seen
that the density of the polymeric phase does not renotonically with filler content,
as it was expected, and the data obtained withntkethiod were not used for modeling
purposes.

The second method used was an hydrostatic weigmathod that employed a
precision balance Sartorius and a density detetramé&it provided by the same
company. The measurement consists in weighing #mpke in air and then in
deionized water at fixed temperature; the denditthe sample can then be calculated
after evaluating the buoyancy force. The resuftshs set of measurements were
extremely scattered and several different methoésewattempted to reduce the
scattering, such as sonication of the water batbrtmve air bubbles, but none of these
could reduce the dispersion to an acceptable level.

Finally, another method that is based on the etialuaof the buoyancy force was
used, using a Rubotherm magnetic suspension ba{&fB). In this case the sample
is first weighed in vacuum and than in a nitrogénasphere. Particular attention has
to be paid since nitrogen is absorbed in the potyteeaccount for this phenomenon,
that alters the weight of the sample an iterativec@dure was used. First the film
density was calculated from the MSB experiment tnedvalue obtained was used to
calculate the mass uptake value with the NELF m¢{upielameters for the system are
already available in literature [30]); then theptmn contribution was subtracted from
the weight of the sample to calculate the new dgngalue. If the result was

considerably far away from the first attempt, thegedure was repeated. The results
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obtained (Table 2-1), follow the trend expectedhvatdecrease of the density of the
polymeric phase as the filler content increaselermnt with the idea of additional free

volume inserted in the polymer by the presenceafganic particles

Psolid ppolymer FFV
(g/cnt) (g/cnt) Measurement
AF2400 1.75 1.75 0.315 Volume
AF2400 + 25% FS 1.69 1.57 0.383 Volume
AF2400 + 40% FS 1.84 1.66 0.349 Volume
AF1600 1.844 1.844 0.302 MSB
AF1600 + 10% FS 1.871 1.841 0.303 MSB
AF1600 + 25% FS 1.886 1.801 0.319 MSB

Table 2-1: Density values for all the samples studied, measwith different techniques.
2.2.3 Membrane characterization

TEM and DSC analysis were performed for pure amtboamposite membranes based
on Teflorf AF1600 (Fig. 2-7 and Fig. 2-8). From the TEM pietone can see that the
inorganic particles, represented by the dark colate well dispersed into the matrix.
A similar behavior was observed for the AF2400 amoposites produced by Merkel
et al. [15, 16].

25 1

] —— AF 1600
] —— AF 1600+25% wt FS

16 +— ——
50 100

Heat Flow (mW.

2,2

19

T T ™
150 200 250

Temperature (°C)

T ko AF 1600+ FS 25%

Fig. 2-8: Comparison of DSC characterization
for pure AF1600 and a mixed matrix with 25%
wt of FS.

Fig. 2-7: TEM image of a mixed matrix of AF1600 +
25% wt of FS.
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DSC runs were performed in a nitrogen atmosphetie avheating rate of 20 °C/min,
from room temperature to 230 °C: it results thatgare Teflof AF1600 the glass

transition temperature is 163 °C, whereas for ABl&ntaining 25% of FS it is 162.2
°C. The differences between pure and filled polyraee rather negligible, this
meaning that the filler addition does not influetice long-range chains motion, which
impact directly the glass transition processesotimer words, the filler plays a very

important role on chain packing and not on longgeachain segmental dynamic.

2.2.4 Vapor sorption

A pressure decay apparatus was used to deternmludglgy isotherms of n-butane and
n-pentane in pure Tefl6nand in mixed matrices at 25°C, as well as adsmmptin the
pure inorganic filler. The measurement is manoroend the decrease in the partial
pressure of the penetrant in a known volume owveetis converted into moles of
penetrant entered the sample through the idedbgas

Solubility isotherms for AF2400 and AF1600 for bgikenetrants, n-butane and n-
pentane, are shown in Fig 2-9. Together with tHaesfor the pure polymer and for
the mixed matrices, reported as grams of penetgertgrams of total solid, even the
adsorption in the pure filler is reported in Fig9@&) and Fig 2-9(b) and it is
significantly less than in the other samples.

The addition of filler in AF2400 does not affecetholubility of n-G (Fig 2-9(a)) and
influences the values for ns@QFig 2-9(b)) only at high activity where the plastation
effect of the penetrant is already present, aantlie seen from the positive concavity
of the isotherm. In the Fig 2-9(a) the simple aslditmodel expressed by equation
(2.14) is also reported for the mixed matrix wit@% of fumed silica: the model
underestimates the sorption capacity of the congpasd cannot be used with this
class of materials. The effect of silica is moreacly present in the case of AF1600
because the value of adsorption on the FS partisledoser to that in the pure
polymer. In Fig 2-9(c) and Fig 2-9(d), it is showrat the addition of the inorganic

phase increases the mass uptake of the composite.
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Fig. 2-9: experimentabkolubility isotherms at 25°C reported as gramseasfgirant per grams of total solid:
(@) n-G in Teflon® AF2400, AF2400+25%wt FS and AF2400+40%wt FS argbgalion onto pure silica;
(b) n-G in Teflon® AF2400, AF2400+25%wt FS and AF2400+40%wt FS arsbgdion onto pure silica;

(©) n-G in Teflon® AF1600, AF1600+10%wt FS and AF1600+25%wt FS andniCs in Teflon”
AF1600, AF1600+10%wt FS and AF1600+25%wt FS. DatadF1600 courtesy of Michele Galizia.

2.2.5 Diffusivity

The diffusion coefficient was calculated in everyion step in the pressure decay
experiments by fitting the exact solution of thedbmass balance with the appropriate

boundary conditions to the transient data of mgsake. Fick's law is used to describe
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the diffusive flux inside the membrane, with an rage diffusion coefficient in every

step.
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Fig. 2-10: diffusivity data at 25°C versus average penetramtcentration: (a) n-£in mixed matrices of
Teflon® AF2400; (b) n-G in mixed matrices of Tefion AF2400; (c) n-G in mixed matrices of Tefion
AF1600 and (d) n-£in mixed matrices of TeflOhAF1600. Data for AF1600 courtesy of Michele Galizi

2.2.6 Dilation

Swelling experiments were performed in a dedicafgtttal apparatus equipped with a
CCD camera: the free samples were hung and thtvesfgosition of two points on the

main dimension of the film was measured during somnp
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Fig 2-11: experimentatilation data at 25°C: (a) nzn mixed matrices of Tefloh AF2400 versus pressure;
(b) n-G in mixed matrices of Tefloh AF2400 versus pressure; (c) - mixed matrices of Teflon

AF2400 versus penetrant concentration and (d)s irCmixed matrices of Tefloh AF2400 at versus
penetrant concentration.

The dilation experiments were performed only in aheection, and the data were
converted to volumetric swelling values consideriing material isotropic; the results
are shown in Fig 2-11(a) and Fig 2-11(b) for AF2480 a function of the partial
pressure of the penetrant at equilibrium. In ma@stes there is a linear dependence of
dilation on partial pressure from which the swelicoefficient, i.e. the slope of the
curve, can be calculated. For the case of butarkemmixed matrix AF2400 + 40%
FS, the dependence of dilation on partial pressugeiadratic, therefore only the data

where the curve can be approximated with a strdiget were considered in the
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calculation of the swelling coefficient. If thelation is reported as a function of the
concentration in the sample (Fig 2-11(c) and Fig1fd)), all the curves tend to
overlap, indicating that the swelling is slightlifected by the introduction of particles.
This is not true for the case of n-butane in AF2400% FS where the deviation from

the data for the pure polymer is relevant espgcalhigh concentration of vapor.

3.0 T T T T T T 4 T T ! !
(b)
—8— Teflon AF1600 35 R
55 ||~ Teflon AF1600 + 10% FS “ > r -]
2 [[| === Teflon AF1600 + 25% FS g 7 g
3 - A."" -
,'"'.
S 1 S o0
Do 00 25 L (] .
° S
o o
2 ] >z Ll 1
o _ S
S S
> 2 s
2 - = T |
1t i
7 05 —e— Teflon AF1600
- --M--Teflon AF1600 + 10% FS | ]
- Teflon AF1600 + 25% FS
00 . 1 1 1 1 1 1 O 1 1 1
0 002 004 006 008 01 012 0.14 0 0.01 0.02 0.03 0.04 0.05
Pressure (MPa) Pressure (MPa)
30 T T T T T T 40 T T T T
(d)
(© 35k -~
25 . 3
30 | g J
l' A é'"
© 20 | ® o . ©
Do - OC’ 25 |k ° a -
‘_EL f_ol ] A g
. ’ 0
2 15 F At E 2 20 1 b
S o _ oA
g =
> i 15 L Y 4
2 w0} . <
1.0 | i
0.50 —&— Teflon AF1600 E —&— Teflon AF1600
--m--Teflon AF1600 + 10% FS 0.50 --M--Teflon AF1600 + 10% FS | 7]
----e--- Teflon AF1600 + 25% FS - Teflon AF1600 + 25% FS
0.0 1 1 1 1 1 0.0 = 1 1 1 1
000 0.01 0.01 002 002 003 003 004 0.00 0.01 0.02 0.03 0.04 0.05

)

Concentration (g/g pDI) Concentration (g/g ol
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(b) n-G in mixed matrices of Tefloh AF1600 versus pressure; (c) p-® mixed matrices of Tefioh

AF1600 versus penetrant concentration and (d} m@nixed matrices of Tefloh AF1600 versus penetrant
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Considering the data for AF1600 (Fig 2-12), it Isac that, for both penetrants, the
swelling of the matrices with 10 or 25% of FS ismgar and slightly higher than for

the pure polymer. Once again the data can alsddteg versus the concentration in
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the membrane: in this case the plots show thatbfith penetrants, the swelling
decreases with increasing filler content, and drexid is more evident in the case of n-
Cs. This behavior is different than that observed\K¥2400 and consistent with what
one would imagine from common sense, that rigidiglas increase the plasticization
resistance of the polymer. The difference with whlagerved in AF2400 is due to the
different initial free volume of the two materialsithough deeper investigations are

needed to clarify this aspect.

2.3 Modeling

2.3.1 Modeling solubility data

The sorption isotherms for a mixed matrix sample ba plotted not only as mass of
penetrant per mass of total solid but also as rmhg&netrant per mass of polymeric
phase, using equation (2.15). In Fig 2-13 dataAfe2400 are reported together with the
results obtained with the NELF model. In the madglprocedure we considered n-
butane as the test penetrant and the sorptioneisoghfor this vapor were fitted to the

model adjusting the initial density of the polynan the low-activity data and the

swelling coefficient on the high-activity data. Thensity values measured with the
volume method were not considered in this procedoeeause they did not show a
monotonic decrease with the filler content and thwegre affected by a large

experimental error. The binary parameter requdsyetie model is already available in

literature for this penetrant-polymer pair, as wasl the characteristic parameters for
pure components [30], recalled in Table 2-2.

E3

*

x

p o T
(ba) | (kg/L) (K
AF 2400 | 2500 2.13 624
AF 1600 | 2800 2.16 575
n-Cy 2900 0.720 430
n-Cs 3050 0.749 451

Table 2-2: Characteristic parameters used for the NELF ma&@l [
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From the initial density, the fractional free volarhas been calculated and the results
are reported in Table 2-3. As expected the addaifathe impermeable filler introduces
new void spaces in the polymer at the interfacevben the particles and the matrix;

this results in an increasing value of FFV with itherease of FS in the membrane.

Penetrant Matrix Y Lholymer FFV ksw
(glcnt) (MPa?)
n-C, |AF 2400 0.14 1.740 0.320 0.13
n-C; |AF 2400+25% F$ 0.14 1.714 0.330 0.20
n-C; |AF 2400+40% F$ 0.14 1.680 0.344 0.21
n-Cs | AF 2400 0.14 1.740 0.320 0.85
n-Cs |AF 2400+25% F$ 0.14 1.714 0.330 1.20
n-Cs |AF 2400+40% F$ 0.14 1.680 0.344 2.00
n-C, |AF 1600 0.14 1.844 0.302 0.20
n-C;, |AF 1600+10% F$ 0.14 1.841 0.303 0.32
n-C, |AF 1600+25% F$ 0.14 1.801 0.319 0.33
n-Cs |AF 1600 0.1/ 1.844 0.302 0.40
n-Cs |AF 1600+10% F$ 0.14 1.841 0.303 0.70
n-Cs |AF 1600+25% F$ 0.14 1.801 0.319 1.85

Table 2-3: Model parametersV, FFV andks, for n-G, and n-Gin AF2400 and AF1600 containing
various amounts of FS.
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Fig. 2-13: Experimental solubility in the polymeric phase @#flon® AF2400-based MMM at 25° C and

comparisons with NELF model: (a) ny() n-G.

The FFV calculated has then been used to predicsdinption isotherm for a second

penetrant, n-pentane in this case, adjusting omdy swelling coefficient, while the
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binary parameter can reasonably be considered ahee ssince the penetrants are
similar. The agreement between the experimentaitpaand the predicted curve is
really good and this proves our procedure to becéffe. The FFV calculated by fitting
the model to the experimental isotherm could als@@mpared to the one determined
from the experimental measurement of the densityraported in Table 2-1 but there
are some discrepancies especially for the sample 2@ % wt of silica, probably due

to uncertainty present in the density measurements.
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Fig. 2-14: Experimental solubility in the polymeric phase aflon® AF1600-based MMM at 25° C and
comparisons with NELF model: (a) nr®) n-G.

In the case of AF1600, a more reliable comparisetwéen the FFV values can be
made, because in this case more reliable datanditgeare available. In this case in
particular we tested the compatibility of the d@nslata by evaluating the sorption
isotherms for n-butane in pure and filled AF1608hwhe NELF model using literature
values for the characteristic parameters and Yiparameter [30] and the values
measured with the MSB for the initial density. Téwelling coefficient was adjusted
onto high activity data . The same FFV has alsonheged to predict the sorption
isotherms for n-pentane. Even in this case the modgrees very well with the
experimental points collected with the pressureagemnd reported as mass of vapor per
mass of polymeric phase as shown in Fig 2-14, pmuhe potentiality of our
procedure. From the data for only one penetranmired matrix condition, the

isotherm for any other penetrant can be predictethe base of the characteristic of the
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pure substances, reducing considerably the amdustperimental work needed. The
experimental value of density, directly measured perfectly consistent with this

procedure.

2.3.2 Modeling diffusivity data

The FFV calculated from the sorption isotherm tiglothe NELF model or from the
experimental density data, can also be used teleterthe diffusivity data collected
during sorption tests.

The infinite dilution diffusion coefficient in th@olymeric phaseDp(0) determined
from the experimental average diffusivity data barrelated to the FFV that is initially
present in the matrix. As shown in Fig. 2-15(a) @ifusion of n-butane in both
AF2400 and AF1600, there is a correlation betwéeniriverse of the FFV and infinite
dilution diffusion coefficient that is well repreged by equation (2.20). It is
interesting to note that both materials can beesgnted by the same law with a
correlation coefficientR? of 0.96 and this is reasonable since the two petgm
contains the same monomers in different percerdagethe main difference between
them is in the FFV.

The same considerations can be made for the cpsatane (Fig. 2-15(b)) even if the

values of the parametes and B differ slightly.
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Fig. 2-15Infinite dilution diffusion coefficient in the pgineric phase of mixed matrices based on AF2400
and AF1600 as a function of FFV for (a) p-&hd (b) n-G.
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From the slope of the correlation in Fig. 2-15 graeterB) also the ratio®¢(0)/Dp(0)
can be calculated through equation (2.21) and biel2-4 the values are compared to
the ones that come from experiments. The modeltseate more satisfactory for the
case of AF1600.

n-C4H10 n'QyHIZ
Dc(0)/Dp(0) | Dc(0)/Dp(0) | Dc(0)/Dr(0) | Dc(0)/Dr(0)
(exp.) (calc.) (exp.) (calc.)
(B=13.7) (B=15.3)
AF2400 1 1 1 1
AF2400/25%wt FS 22.2 3.3 15.0 3.8
AF2400/40%wt FS 50.7 17.0 56.4 23.9
AF1600 1 1 1 1
AF1600/10%wt FS 3.5 1.1 1.7 1.1
AF1600/25%wt FS 8.1 10.1 6.2 134

Table 2-4: Comparison between calculated and experimentalesabf the ratio of the infinite
dilution diffusion coefficient in the composite aimdthe pure polymer.

It has been seen that also the coeffic@that appears in equation (2.16) is related to
the FFV (Fig. 2-16), and in particular it decreasath increasing FFV through an
exponential law:

B =Eexp(-F[FFV) (2.23)
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Fig. 2-16: 3 coefficient in the polymeric phase of mixed masdased on AF2400 and AF1600 as a
function of FFV for (a) n-¢and (b) n-G.
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A single plot for the two polymers can be drawntaging a rather high value of the
correlation parametd®’ equal to 0.85. The parameteEsand F are different for the
two penetrants. This correlation can be motivatgthle fact that the higher the initial

free volume of the matrix, the lower the effecswfelling on the penetrant diffusion.

2.3.3 Modeling permeability and selectivity

From the solubility and diffusivity data collectedthe sorption experiments the value
for the permeability of the two penetrants in th#edent mixed matrices was also
calculated. If the solution-diffusion model is calesed to hold true, and Fick’s law is
suitable to represent the diffusive flux, the peability ratio can be calculated as in
equation (2.22).

In Fig. 2-17 the ratio between the permeabilitythe composite and that in the pure
polymer at infinite dilution for the two penetrargad for the two matrices is reported.
It can be seen that the addition of inorganic ffilte the polymer enhances the
permeability of the material in all cases; in parar the increase follows a linear law
for both polymers (Fig. 2-17(a)) in the case of utame while for n-pentane an

exponential law is needed to describe the data.
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Fig. 2-17: Permeability ratio at infinite dilution in the @asf (a) n-butane and (b) n-pentane

From the knowledge of the sorption and diffusivéggtherms, the behavior of the ideal

selectivity of the composite can be predicted;rasw in Fig. 2-18 there is an increase
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in the permeability of the larger penetrant asitiiteal FFV increase in the membrane.
The case of 25% of filler in AF2400 is peculiame®@ a change in the selectivity is
observed: the membrane is n-butane selective ataldiity and becomes n-pentane

selective at higher activity values.
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Fig. 2-18: n-pentane/n-butane selectivity for all the materiatudied as a function of n-pentane
permeability

It seems thus that, for the case of thesm<s pair, the matrices considered are vapor-
selective, meaning that they are more permeabladanore condensable penetrant,
and that the selectivity increases with increagiegetrant pressure. However, it is very
clear from the plots that the selectivity of thetricas, at fixed permeability decreases
with increasing filler content. However, the belmavof the matrices with the higher
inorganic content would be much closer to an hygithl trade-off curve traced for
this particular mixture for vapor selective matkvialt must be noticed, before
concluding, that the ideal values of selectivitytaned in this work from pure vapor
measurements could be different from the actua aasvhich interactions take place

between the penetrants.
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2.3.4 Swelling evaluation

The NELF model can also be used to estimate thdlisgvdehavior of the matrix
when no dilation data for the pair gas-polymembérest are available.

In order to fit the experimental sorption isothetine swelling coefficient of NELF
model was fitted on the high-activity portion ofetisolubility isotherm, where the
swelling is more important. In Fig. 2-19 the swalicoefficients calculated through
the model as a function of the filler content i ttnembrane are compared to the
values calculated from the dilation isotherm forthb@F2400 (Fig. 2-19(a)) and
AF1600 (Fig. 2-19(b)). The qualitative behaviortbheé model swelling coefficients
agrees with the one that can be deducted fromxperienents even if there is some

discrepancy in the quantitative value.
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Fig. 2-19: Comparison of experimental and calculated swelliogfficients: (a) AF2400 and (b) AF1600.

In the absence of specific dilation data, not vesynmon in literature, NELF model
can be used to estimate the qualitative swellinpb®r of the matrix even after the
addition of particles. This is a rather importaatgmeter that quantifies the extent of

plasticization undergone by the membrane.
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Conclusions

Mixed matrix membranes based on fluorinated, higke fvolume matrices show
attractive separation performances, especially omgared to neat polymeric
membranes. However, materials selection is still gyen problem since the
understanding of the behavior of the composite nmamés is still limited compared to
the knowledge of the behavior of polymer membraié®refore, there is a need for
deeper investigation of the influence of inorgafiler on selectivity properties of
polymeric materials. This study was devoted to MMtsmed by non-porous
inorganic filler in a high free volume polymer. particular two classes of membranes
based on amorphous Teffomnd fumed silica were experimentally characteried
evaluate solubility, diffusivity and swelling due two model penetrants. The density
of the materials with different content of inorgarfiller was also measured. The data
were used to test a new procedure that allowsddig solubility of every penetrant
on the basis of data for one vapor. The methodphaged to be useful also for the
determination of the diffusion coefficient and fam estimation of the permeability in
the composite materials. The evaluation of the rdaumtions of the permeability can
hence be used to determine the ideal selectivevimrhaf the composite membrane.
The NELF model can also be used to have a quaktadea of the swelling induced by

the diffusion process of a penetrant in the polymer
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3 Oxygen scavenger systems for barrier application

The poor oxygen barrier properties of common polgntas always ruled against their
employment in oxygen-sensitive applications likedand pharmaceutical packaging,
or in the manufacture of electronic components liksplays based on organic light
emitting diodes (LED). The processability and liggds of polymeric materials,
however, makes appealing the idea of using them ialghose applications. In this
view, there is the need to improve the propertig) particular regard to the barrier
ability against oxygen. There has been a long etosynthesize polymers with very
low intrinsic permeability to oxygen and other shmablecules. In recent years there
has been much interest in incorporating plate-iketicles into polymers that reduce
permeability by making the penetrant diffusion patlore tortuous. Each of these
approaches seeks to reduce the oxygen transp@atsieady state situation for the
permeation process [1].

Another approach, that has been recognized sineel®60s, is to delay the time
required to achieve steady-state transmissionep#netrant, increasing the time lag,
@, by scavenging or immobilizing the penetrant adiffuses through the film [2-4].
The earliest examples involve adsorption by fipk@rticles: sachets of systems based
mainly on iron oxidation are added to the packadgimgeduce the oxygen content
during storage life of the product [5,6]; howevar more recent times interest has
turned to incorporation of reactive components,icigtly an oxygen scavenging
polymer (OSP), that irreversibly consume oxygenthie packaging material. This
approach is specific to oxygen, and large quastitiegas can be consumed in this
way. A number of patents have been issued desgri@nations on this idea for food
and beverage packaging [7-13].

One of these patents regards a material commeeitlvith the name Oxbat by
Constar International Inc. [12,14]; this patentares a multilayer bottle with a layer of
reacting polymer (based on an aromatic polyamid€PB) sandwiched between two

layers of Polyethylene(terephtalate), a typicalenat used in beverage industry.
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Oxbar™ Layer

Inside PET Outside PET

® Oxygen from within the bottle’s headspace is
absorbed, reducing oxygen contact with the product
#® Oxygen from outside of the botlle is absorbed,
greatly reducing oxygen penetration into the product
® Carbon Dioxide loss is reduced

Fig. 3-1: Example of commercial Oxygen Scavenger materiaba@}Constar International Inc.) [14].

Polybutadiene is another example of a polymer treddily oxidizes [15,16]
particularly in the presence of certain metal gatsl [17]. This study involves the
experimental characterization of several block ¢typers containing butadiene to
explore the possibility of using them as componentaew systems with improved
oxygen barrier properties. Besides the experimergaipaign, a modeling work was
developed in order to analyze the experimental @da find the best layout for
composite membranes.

This work was completed at The University of TeaaAustin under the supervision
of Prof. Benny Freeman and Prof. Don Paul andpiis of a project funded by CLiPs
(Center for Layered Polymeric System) whose airtoifind the best structure for a

multilayer material that optimizes the barrier peniance against oxygen.

3.1 Experimental

3.1.1 Materials

The material used in this study is a block copoly®BS (styrene-butadiene-styrene)
(Fig. 3-2) that, due the presence of the doubledbionthe Butadiene phase, can
scavenge oxygen once doped with a proper catalyst.
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In Table 1-1 the materials object of the experimeoampaign are reported with their
composition, in terms of percentage of the two fdsgorms of butadiene (1,2 or 1,4
PB, Fig. 3-3). They were supplied by Eastman Chaht@mpany in the form of 20
%wt solution of the polymer in Cyclohexane; the satnmpany also provided some
commercial products in pellets with similar compiogsi but with the presence of
additives as antioxidant. The work was focused hpaom the so-called SBS Il that
contains 21 % wt of Polystyrene and for the Polgigne fraction is mainly
constituted of 1,4-PB form (90.7 % wt). For compan also some data regarding SBS
| samples (12.5 % wt of PS and 24 % wt of 1,4 m BB fraction) will be shown and

commented.

SB& Block Copolymer

Fig. 3-2: Molecular structure of SBS block copolymer.

AT

14-polybutadiene

1,2-palybutadiens (1,4-FB)

(1,2-PB)
Fig. 3-3: Molecular structures of the two forms of Polybutadi: 1,2-PB and 1,4-PB

Hlodk Ps Biadiene | 12PHED | J4PED | 5Hodk | BHoxk | S Hodc
Copoymer Wit Wit Wit W% MW MW MW
SEST 25 873 i) e oK) SN e
SBY IF 21 9 93 97 S 6 706 KX

Table 1-1 Polymers object of study.

The optimal procedure to form the membranes wasadyr established by previous
work on the same materials in the group [18]. lisists in pouring a 2 % wt solution
of the polymer in Cyclohexane into glass castimgsi The glass plates were then let

to dry under nitrogen for 24 hours and then moved a vacuum oven where they
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were kept overnight at 35°C under vacuum to coreptetemove the solvent and to

obtain the same initial condition for all the sag®plThe catalyst used was Cobalt in
the form of Cobalt Neodecanoate (Fig. 3-4) (Sheggndmical Company, Norwood,

OH), added in different amounts to the pre-casitgmis.

o]
Cott
8]

2
Cobalt Neodecanoate

Fig. 3-4: Molecular structure of the catalyst.

Indeed, the reaction of the polymer with oxygen toalse catalyzed either by UV light
or by a transition metal. Cobalt was chosen sinces ireported to have the best
performance [17]. The reaction is a radical oneiamdlves the butadiene fraction due
to the presence of the double bond. The mechamsismatiyet completely clear but one
possible reaction scheme was proposed by Beavéraftbis reported in Fig. 3-5 for
the case of 1,4 Polybutadiene (there is a simdaeme for 1,2-PB).

o—0 . 0—OH
H
Hy W Ha | [ Ha |
= + Oy —= c—-¢=C c—=c
B
|~ | o |
HC=——CHz HC=—CHz HZ=—CHz

j Crosslmking l ot

Bz_thL ‘ ﬁ

Seission of

alkoxy radicals Ha
-~

Hz )
¢—C—Cc=—cH
HC——CH; ut 2

CHz —CH

6

" +
%ﬁ_ Czﬁi %H? : % COO;
|

c—=C

HC=——CH;
1

Fig. 3-5: Reactionscheme of the oxygen scavenging action by 1,4 Redygliene [16].

The main reaction is catalyzed by the Cobalt satt ads to the consumption of
oxygen and to the formation of an alkoxy group (poment 6 in Fig. 3-5) and a new
radical that can continue the reaction. It is wartiting that there is also a parallel
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crosslinking reaction that consumes the double safdthe polymer and therefore
prevents further consumption of oxygen; this remacis not catalyzed and happens in
all conditions: for this reason it is really impamt to control the formation protocol of

the membranes.

3.1.2 Sorption measurements

Equipments

The oxygen uptake of the membranes was measurbdiiffierent techniques: besides
an analytical balance with a precision of’If) a non invasive headspace measurement
was used [18].

The OxySensg 200T [19] is a non invasive oxygen sensor that m@asure the
oxygen content inside a sealed, transparent cartaf schematic of the system is

shown in Fig. 3-6 while in Fig. 3-7 there is a pret of our set up.

OxySense? 200T Instrument

¥
1o 99 B
Y, ~~
] Infra-red Mason Jar
Computer Bifurcated Temperature
47 Fiber Optic Connector
Cables

Reader-Pen  gxyDot?

L Jack stand

Fig. 3-6: Schematic diagram of OxySefisgystem [18].

The oxygen content is measured through an optiehaod, using oxygen sensitive
sensors (OxyD®&) fixed inside a transparent container with silicabber. The system

is constituted by a reader-pen witHlilzer optic cable bundle that can illuminate the
OxyDot® and an integrated infrared temperature sensorrd4mer-pen can detect the

fluorescence energy released by the illuminateds@snthat is proportional to the
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oxygen partial pressure in the Mason jar wheresttleple is placed at the beginning of

the experiment.

0
"é - | Lightsource,
= \ Analyzer

i 1

Fiber-optic
reader

Data
acquisition

.
/ =YL
Tl b i

Oxygen-sensitive
sensor (OxvDot)

Fig. 3-7: Set up of the OxySen$system.

This instrument is very convenient for our purpsgece it allows the simultaneous
measurement of a large number of samples; mordbeesimple headspace analysis
from outside the jar avoids any possible contanonabf the original atmosphere
since, after the initial placement of the sampl¢hat desired partial pressure, the jar
remains sealed. In Table 3-2, the technical feataféhe OxySen§e200T system are
reported.

Specifications

In Gas In Liquid
Operating Range 0-30% 0-100%
saturation O,
Detection Limits 0.03%(300 ppm) 15 ppb (15u/L)
Accuracy Accuracy is 5% of the reading

even at low levels of oxygen,
(effectively the accuracy
improves at lower oxygen

concentrations)
Response Time <5 Second
Enclosure size 3.25”)@6.125”X6.25"

(8.2x15.5%15.8 cm)
Operating Temperature  32-140°F (0-60°C)
Power 100V-240V AC (50/60 Hz)

Table 3-2: Technical specifications for OxySefis200T [19].
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The decay of the oxygen partial pressure insidectbsed jar can be easily correlated
to the amount of oxygen that has reacted with tiignper or, in other words, that has
been consumed by the OSP. The number of molesyafeoxin the jar at every time
can be calculated from the partial pressure meddwyeghe OxySenSewith the ideal
gas law:

n= I:)02 I:qvjar _Vpol) (3 1)
RLT '

whereVjy is the internal volume of the Mason j&is the ideal gas constant and T the
temperature measured with the reader-pen. The mpike of oxygen by OSP

(usually expressed in gigme) can then be calculated by a simple mass balance:

(n, = n) MW
n%,pol

M = (3.2)

with MW being the molecular weight of Oxygen amgl,, the initial mass of polymer.
An example of the experimental output is reporteéig. 3-8, , where the pressure and
the correspondent mass uptake calculated troughtiegs (3.1) and (3.2) are plotted,
as a function of time.

200 grrr—

T 0.14
180 ° ) 4 0.12

160

(mbar)

140 ]
-1 0.08

120 .
-1 0.06

6/° O 6) axeidn ssep

100

O_ Partial Pressure

2
( JswAjod . Z

- 0.04
80 )
- 0.02
60

PO I W T T T T T I 0

600 800 1000 1200 1400 1600

Time (hours)

Fig. 3-8: Example of raw data collected by OxySéhaad correspondent calculated mass uptake curve.
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The measurement was performed every hour durin§rételay of the experiment and
less frequently in the following days, until a ctamg value of the partial pressure was
observed. In some cases the equilibrium was readfsdt several months of
experiment. All the parameters (temperature, gdaneessure, catalyst content,
thickness) were varied in order to study theiruafice on the reaction of oxygen with
the polymer, as it will be shown in the resultstieec

In the end, some solubility measurements on comlyledxidized samples were
performed with a Magnetic Suspension Balance (Fhesof) with a precision of 5
Mg, since the decay in oxygen partial pressure éngitk was no longer detectable with
the OxySense

Results

The experimental campaign involved the study ofdffect of all the parameters on
the oxidation process, with particular regard te #inetics of the process and the
equilibrium value of oxygen uptake. Using the OxyS& instrument, the effects of

the catalyst concentration in the membrane, ofetkgerimental temperature, of the
film thickness and initial partial pressure of orygwere studied.

First the concentration of cobalt neodecanoatehé1 SBS Il membrane was varied,
from 0 to 300 ppm in cyclohexane, to find the optiramount of catalyst to be added
to the polymer to obtain the best performance efattive membrane. The jars were
filled with air and stored at 30°C between the mea®ents. In Fig. 3-9 the results for
samples of SBS Il of equal thickness and diffecatalyst contents are reported. It can
be seen that, after two months of testing, thereisxidation when the concentration
of catalyst is equal to zero, while the highestieadf oxygen consumed at equilibrium
is obtained with the lowest concentration of colialestigated, that is 10 ppm. Then
the final mass uptake decreases toward the valuesgbpm to increase again for
higher values of catalyst. The curve obtained foramount of catalyst equal to 300
ppm was not reported in the plot since the membsaeved an anomalous behavior,
most likely due to an extensive crosslinking reattof the polymer. Since we were

not able to control and measure the number of inékssin the membrane, we cannot
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be sure that also in the other samples theplake observed was somehow affected by
this parallel reaction; however, the preparatioocpdure was accurately followed in
order to at least have reproducible data. The mpteke was certainly affected by the
crosslinking reaction, and a more accurate measmemould be necessary for a
deeper investigation of the kinetics of the oxidatthat is beyond the scope of this

study.

15_""I""I""I""I""I""I""

Mass uptake (g O 2/100 g polymer)

0 10 20 30 40 50 60 70
Time (days)

Fig. 3-9: Influence of catalyst concentration on the masakgbf SBS Il films: membranes thickness
was about 10Qum; all the experiments were performed at 30°Anfillthe jar with atmospheric air. All
the concentrations are expressed in ppm.

The lowest cobalt concentration studied was 10 ppwh no attempts were made to
decreases further the catalyst content becaussidéaffect that can be seen in Fig. 3-
10: with the lowest concentrations of cobalt (1@ &5 ppm) an induction period
appears before the reaction starts and it is neratge that the membrane becomes
active only after a period of exposure to oxygemceiour purpose is to have an
immediate consumption of the reactant. A good camse between the amount of
oxygen consumed by the film and the kinetics oflakbn process can be obtained by
using a catalyst content of 100 ppm; the followiagts were all carried on with this

value of catalyst concentration.
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L L i B e B i S i BB BB
- SBS I

Mass uptake (g O 2/100 g polymer)

Time (days)

Fig. 3-10: Earliest days data point for cobalt concentratigpegiments.

The second parameter studied is the experimentapamature: the samples were
stored, between the measurements, at the temperatuthe experiment, with the
exception of a small interval during which they edeept at room temperature, in
order to avoid problems with the automatic tempeeatorrection of the instrument.
All the experiments were carried on with samplesalbbut 100um, with a catalyst

concentration fixed at 100 ppm and within jarsefill with air. As expected, the
increasing temperature favors the kinetics of tkelagion reaction (Fig. 3-11): no
oxygen consumption can be detected for the samipleeds at -20°C (the initial

scattering in the data is below the experimentabrgrwhile, as the temperature
increases, the reaction becomes faster as demalstrg the Initial Oxidation Rate
(IOR), calculated as the slope of the mass uptakeec0.2 days of oxidation and
reported in Table 3-3. The final mass uptake setenie affected by temperature too,
and in particular it seems to increase with tentpeea However, this observation
could be affected by the fact that the reaction was complete after 60 days of

measurement.
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Fig. 3-11: Temperature effect on oxidation of SBS Il. All sdegppwere about 10@m with a Cobalt
concentration of 100 ppm and the jars were injtifilled with air.

T IOR

Q) (g O)/(100 g polymer day))
S 4.75

30 12.5

45 14.5

Table 3-3: Initial Oxidation Rate as slope of the mass uptakere at 0.2 days of oxidation in the
temperature experiments.

Another variable that can be controlled in the fation of the scavenging membranes
is the thickness; in this case the samples cordaatidhe same amount of cobalt (100
ppm), they were stored at 30°C and exposed tdfdlve mass uptake is reported as g
of oxygen consumed per 100 g of OSP (Fig. 3-12),fihal mass uptake seems to
decrease as the film thickness increases; oncéhinatass uptake is normalized on the
surface area of the sample, it is clear that al ¢brves overlap (Fig. 3-13). This

suggests the idea that the oxygen scavenging cgtgumdoes not occur in the entire

polymer at the same time but it is a heterogengoosess: the reaction front moves
inside the membrane and proceeds from the surfieite dilm to the bulk until all the

material has reacted.
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Mass uptake (g O /100 g polymer)
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Fig. 3-12: Thickness experiment on SBS II: Mass uptake nozedlion the initial mass of the sample.
Jars stored at 30°C, filled with air, sample wi€®Jpm of Cobalt.
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Fig. 3-13: Thickness experiment on SBS II: Mass uptake nomadlion the surface of the sample. Jars
stored at 30°C, filled with air, sample with 100nppf Cobalt.
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The last parameter studied was the partial pressuogygen inside the Mason jars at
the beginning of the experiment. The sample thiskneas around 100m, the cobalt
concentration 100 ppm and the storage tempera@fi@. he effect of initial oxygen
content seems straight forward: the higher the erygpncentration in the beginning,

the higher the final value of the mass uptake asvahn Fig. 3-14.

N BN N B BN BN R NN B

120%

1 16%

2

Mass uptake (g O /100 g polymer)

0 10 20 30 40 50 60 70
Time (days)

Fig. 3-14: Partial pressure experiment on SBS II. Film thidgn@00um, Cobalt concentration 100
ppm and storage temperature 30°C.

In order to check the real completion of the reacin all the samples, after 100 days
of oxidation the jar containing the samples that btarted with the lowest amount of
oxygen (4%) was opened and refilled with air. Astpoint the jar was resealed and in
Fig. 3-15 it can be seen that the oxygen contegaifb@gain to decrease (and therefore
the mass uptake in the polymer to increase) symgtiorof the fact that the reaction
had not been completed after the first 100 day$irsgigat 4% of oxygen. The apparent
equilibrium was observed only because the oxyggialiy present in the jar had been
completely consumed. This is rather important simcéhe usual applications these

systems would be exposed to atmosphere with nodgackygen in any moment.
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Fig. 3-15: Mass uptake curve for a sample with a 4 % of ihitiaygen in the jar. After 100 days of
oxidation the jar was replenished with air anddkiglation started again.
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Fig. 3-16: Comparison between SBS copolymer and the homopotymeported as grams of oxygen
per grams of Polybutadiene. Measurement performigttive OxySenseon sample exposed to air of
100um doped with 100 ppm and stored at 30°C. Data fPblybutadiene courtesy of Hua Li; data for
1,2 Polybutadiene courtesy of Keith Ashcratft.
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Another comparison that can be done is betweendpelymer and the homopolymers
that were tested by my colleagues. Since the pobsé cannot react with oxygen, the
oxygen consumption was expected to be relatedetdréction of butadiene present in
the copolymer and therefore lower than for the hpohgmers. Instead, if the oxygen
uptake is normalized on the mass of Polybutadi&ing3-16), the SBS Il exhibits a
higher consumption of gas probably due to bettgpeafision caused by the presence of
polystyrene. The kinetic for the copolymer reseralttee one for 1,4 Polybutadiene as
expected since the fraction of 1,4 is prevalerhis copolymer.

The comparison between a sample with and withotibxadant was also made with
experiments with an analytical balance. Since thal fgoal of the work is to build
effective layered structures that have to be madextrusion and therefore in the

presence of antioxidant, it is important to knosveffect on the reaction.

0.14 T I I r T
0.12 | No AntiOxidant -
_____ -
o— —— —
~ *
5 0.1 i
B
gg AntiOxidant
o 0.08 4
O
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Q
% 0.06 i
a
=]
a T=30C
= 0.04 Thickness 90 micron 7
[Co] =200 ppm
air
0.02 -
0 1 1 1 1

100 150 200 250 300
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Fig. 3-17: Oxygen consumption by SBS Il with or without antient. Samples exposed to atmosphere
and measured with an analytical balance. Datadimpde with anti-oxidant courtesy of Kevin Tung.

The oxidation in the sample with antioxidant waisiated with UV light after doping
the sample with benzophenone as photo initiatdrigh amount (10% wt). Fig. 3-17

shows that the oxidation level of the film with xidant remains lower compared to
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the sample without additives probably due to a homogeneous distribution of the
initiator and therefore to the presence of nottedspots in the material.
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Fig. 3-18: Comparison between mass uptake of SBS | and SB&riples in the same conditions.

In parallel to the experimentation on the SBSHg same experiments were conducted
on SBS | samples in which the butadiene part isilpaionstituted by 1,2 PB (Table 3-
1). In Fig. 3-18 only one comparison with SBS Filifns with 50 ppm of cobalt, 100
pm thick, jar filled with air and stored at 30°C) nsported showing that the higher
presence of 1,4 PB in SBS Il speeds up the reaesoexpected; most of the data on
SBS I will be reported in the next section and useitlustrate the model developed.

As a final issue, the oxygen uptake of a “compigtekidized membrane of SBS I,
doped with 10 ppm of Cobalt neodecanoate, was meg@suith a Magnetic suspension
Balance. The sample was let react for seven mdmthsre measuring the solubility
when no further oxidation was detectable with they®ens& measurement. The mass
uptake curve measured with MSB shows a non-Fickimavior that suggests a non-
complete reaction. This residual oxidation couldoahave been enhanced by the
experimental condition: during the sorption measwaet the sample was exposed to a

higher oxygen partial pressure than the other sasniplat can activate regions of the
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material that did not react before due to lackxfgen. For this reason the solubility
datum calculated in this way (7 &BTP/cni atm) has to be used with great care to

avoid wrong conclusions.

3.1.3 Permeation Measurements

Oxygen permeability was determined using a constaitme/variable pressure
apparatusThe measurement was performed to retrieve the gilififu coefficient of
oxygen in the oxidized polymer beside the permégbialue. A SBS 1l film doped
with 10 ppm of catalyst, already oxidized for seweanths, was exposed to vacuum
for one night on both the upstream and downstrearfaces. After degassing, the
system was tested for leakages; after a succdesikltest, the downstream volume
was sealed at vacuum and the upstream film sukf@seexposed to a pure gas at 1
atm. Gas permeability (5xI0 cn?(STP) cm/(cmhs cmHg)) was calculated from the
steady state pressure increase in the downstremmea@s follows:

p-dp V. (3.3)
dt pAR

where dp/dt is the pseudo-steady state rate of pressure irecrieathe downstream
volume, | is the film thickness (cm}) is the upstream absolute pressuxes the area
of the film available for transport () V is the downstream volume (@mandT is
absolute temperature (KRis the gas constant.
Form the transient curve of permeation, also tfffesion coefficient for oxygen in the
polymer was determined (1x20cnf/s); in particular the diffusivity was calculated
from the time lagg, of the experiment, that is the intercept of thegtnt to the
permeate curve vs. time on the abscissa axiswolmp

|2

D=— 3.4
% (3.4)

The permeation test was repeated several time$ tineti permeability value was

reproducible in order to be sure that the membteasbeen completely oxidized; in
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fact the use of pure oxygen in the upstream reatetvthe oxidation process even if
the membrane used for the test seemed already etetypbxidized in the OxySense
test. The diffusion coefficient was calculated frahe time lag and not from the
relation that holds true for Fickian transport aviten the solution diffusion model can
be applied P=DxS), because the MSB experiment did not show Fickimaviour
probably due to the non-complete oxidation of tamgle and therefore the value of
the solubilityS calculated in that way would lead to an underestion of D (~10"°

cnt/s).

3.2 Modeling

Beside the experimental activity, a modeling workswperformed in order to reduce
the amount of experimental tests needed and fuletstand the mechanism that rules
the oxygen scavenging. The achievement of the rggalrding the reduction of oxygen
permeation through the material, indeed, will l@gadexperimental times no more
practical for the investigation and therefore te tieed of a model that predicts the
performance of the packaging allowing decision alitssuapplicability in each case.
Two models were developed: one can describe thisorexperiments performed on
the SBS samples and can be used to retrieve soraen@i@rs not yet completely
available in literature; the second one is an gttetm describe a possible layout of a
real package considering a blend of the Oxygen &wing Polymer in a common
barrier material. In real application, in fact, t©&&P will not be used by itself due to
the lack of mechanical and optical characteristitat matters in the packaging
industry. After the oxidation has taken place, 8BS membrane appears brittle and
dark and therefore it has to be combined with othaterials in order to maintain the
packing intact and transparent. Furthermore, tksgrce of a metal catalyst will raise

issues about the toxicity of the entire film.
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3.2.1 Single Film model

As demonstrated by the thickness experiments @if3), the oxidation process is
heterogeneous and proceeds from the surface toutkeof the membrane. This is also
confirmed by images of the cross section of a fdfter several weeks of oxidation
taken both with an optic microscope and with a SE\. 3-19, Fig. 3-20). In both
pictures it is evident the presence of two regionthe membrane: the external region
has already reacted while the internal portionri@sseen oxygen yet. The thickness of
the oxidized layer is coherent with the experimemass uptake data collected.

Fig. 3-19:Image of the cross section of SBS | during xidat'mken with an optic microscope.
(Courtesy of Viktor Kusuma)

18.8kV b= ]%]
Fig. 3-20: SEM image of an SBS | membrane during oxidatiomui@sy of Viktor Kusuma)
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Physical description and mathematical formulation ¢ the model

The results of the experiments on the mass upthkixypgen Scavenger Polymer can

be modeled considering the geometry in Fig. 3-21.

Non reacted layer

CO Co

IR

-L/2 L/2

—>

-a a

Fig. 3-21:Schematic of an OSP membrane.

The film is considered immersed in a gaseous oxyyBrosphere. The concentration

at the film surface can be calculated from theiglapressure in the atmosphepg,
with the solubility coefficientS; of the oxidized material.

The reaction is faster than the diffusion processhe already oxidized layer that
grows at the external surfaces and this leads reaetion front inside the film that
moves while the reaction proceeds. Under thesarggguns, there is no oxygen in the
portion of film between the two reaction fronts gtlsorption process proceeds
symmetrically from the two surfaces, both exposedhe same atmosphere) and the
mass uptake due to reaction is prevalent while ghegsical contribution can be
neglected. When the reaction front reaches the Imigthn of the membrane, the
material is completely oxidized and there is no enaxygen uptake related to
oxidation but only a physical sorption.

To analyze the chemical sorption, a simple firgteorreaction can be considered and
through a mass balance between the volume variafighe oxidation layer and the
oxygen consumed, expressed through the Rate of édx@pnsumption (ROC), the

following equation is obtained:
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d __Roc
a(ADza)_ (3.5)
ROC=2 AKIQ 3 (3.6)

—L = L = =
X= C C(zj G=S0P (3.7)
X=a C=C39 (3.8)

wheref represents the amount of oxygen consumed per whinOSP, S is the

solubility coefficient of the completely oxidizedlymer andk is the reaction rate.
Equating the reaction at the front to the flux dfusing oxygen and using a pseudo-
steady state analysis:
N:Dpcls__—c(a):kC(a) (3.9)
L, -a
the concentration at the moving boundary becomes:

<, (3.10)

TR

Substituting the concentration at the reaction tfiarequation (3.6), we can calculate

C(a)=

the ROC and find the differential equation thattcols the variation of the position of

the reaction front with time.

2AKC, (1)

ROC=— (3.11)
1+Dp(%‘a)
da__ ROC_ C.(t) (3.12)

b e

Equation (3.12) should be integrated to determieptosition of the reaction front at

every time:
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2 %
a(t):% [“;TL]_(“ ;‘[‘) j;Cs(t)dt'J (3.13)

For the OxySen$eexperiments the oxygen partial pressure outsidentambrane is

decreasing during the experiment and the integnal(3.13) has to be solved

numerically.

The variation of mass absorbed can then be cadzilategrating the ROC.
dM, _ ROC= 2AKkG (1)

“ g (ba)

_ t G (1)
M, (t) = 2AK[ s
i )

In the case of gravimetric experiments, the pamp@ssure of oxygen outside the

(3.14)

dt’ (3.15)

membrane is constant and the integrals in equati®i8) and (3.15) can be easily

calculated:
b2
2
a=Dellq, K| [, 2CGT (3.16)
k 2D, BD,
%
2ALD 2
M, = ABD, 1+2k ca -1 (3.17)
k BD,

After the reaction front has reached the middlen miithe membranetE&t, ), where

the concentration i(a, t=1t)= C,, the physical sorption must be considered; the

concentration profile at the beginning of this pdris due to the previous chemical

sorption and can be approximated as:

C(t,)=C, +M X

0< x< |-2 (3.18)

_~ . 2C,-C) _
C(t)=C, 5 X /2 < x<0 (3.19)
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Applying the analytical solution suggested by Cr§2{ for sorption in a semi-infinite
sheet with a known initial condition, the concetitma profile for the following times
can be calculated:

MX O<X<L2
L

@ - 4D n*m’t
+EZ C. [eos(vr)-C, Bin( 2n77xj roxg —22o
TS L L

n
me'j dx}
L

43| . (2nmx 4D N1t | by .
+Izl:{sm( 3 j[éxr{—TJ EJ.O Ct )Elsv{
(3.20)

C(t>t)=C,+

From the concentration profile for>t,, the mass uptake associated to physical

sorption can be retrieved:

M, (t>t)= ZAIO% C(t>t)dx+ M, (3.21)

The results for the mass uptake as a functionmé tcan then be compared to the
experimental data.
The parameters needed by this model are the cgpaicithe OSPS, the diffusion
coefficient in the oxidized layeD,, the kinetic constant of the oxidation reaction
The capacity of the polymer can actually be catedarom the final experimental
mass uptake of the membrane only, considering thethchemical and the physical
contribution in the limit of very long times:

M, =ALB+ALS B (3.22)

The solubility coefficientS; of the oxidized material can be measured in atgorp

experiment; the value obtained with the Magneticsg@msion Balance (7
cm¥(STP)/cniatm) was used even if it was measured on only sample and is
affected by experimental errors.

The diffusion coefficientD, can be determined in a separate experiment on a

completely oxidized material (for example in a tilag experiment ~ I cm/s, see

previous section); in this case only the kinetiostant remains as a fitting parameter.
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In alternative, both the diffusion coefficient atttk kinetic constant can be used as

fitting parameter to adjust the model curve togRkperimental one.
A non dimensional group, the Damkdohler numt(e[ba) =kL/ DB,, can be defined in

order to compare the characteristic time of théudibn in the oxidized layer and the
oxidation at the reaction front, keeping in mina@ttthe model was developed in the

limit of fast reaction.

Results

The single film model was applied to both the SB&dl SBS Il experimental data.
Here only data for SBS | with different content@bbalt will be reported since the
data for SBS Il have already been shown and thals$rdor the two materials are
similar.

First the capacity of the membrane was calculateough the long time expression
(3.22) considering that the final value of the OsyS& experiments was the mass
uptake after reaction has reached its completiohusing the value measured with the
MSB for the solubility coefficient of the compleyebxidized polymer. It can be seen
in Fig. 3-22 that as the cobalt concentration iasithe membrane increases,

maintaining all other variables constant, thera idecrease in the capaagityof the

OSP, i.e. the moles of oxygen reacted per volunpolyimer.

In order to apply the model in a complete predetiay, information about the kinetic
of the oxidation reaction and the diffusion coeéffid¢ of oxygen in the oxidized
material has to be known. Since no values are ahailfor the kinetic constant of the
process, in the following it was always consideesda fitting parameter; for the

diffusion coefficient the permeation experimentsega value that was first used.
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Fig. 3-22: Capacity of the OSP membranes (SBS 1) varying titalgst concentration in the initial
casting solution.
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Fig. 3-23: Comparison between model curve and experimentaitgaionsidering only the kinetic
constank as fitting parameter.

As shown in Fig. 3-23, this value leads to a madele that is far away from the

experimental data. The model was then used withfittwog variables,k and D; an
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example of a fitting curve compared with experina¢points is reported in Fig. 3-24
for a SBS | sample but the model has been apphedl the data for both copolymers

and also to some data for the homopolymers.

0.1 Pr—-r—r—r—Tr—T-Tr-rTTTrTrTrrT—rTrrrrrr
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[ )
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2 006 -
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Q
X
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i T=30°C
= air i
0.02 B=3.72 mmollcm® =
D, = 2.7x10®° cm’/s
k = 3x10° cm/s
g 1l g 2 3 2 0 2 2 3 3 ] 3
0
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Fig. 3-24:Comparison between experimental and model cunieg tso fitting parameterk andD.

12 T T T T 1
T=30C
Thickness 190 micron
air
10 | ° -
®
—_ 8 .
@
IS
o L
o
A
x 6 | -
®
4 |-e® [ -
° ®
2 1 1 1 1 1
0 200 400 600 800 1000 1200

[Co] (ppm)

Fig. 3-25: Variation of the kinetic constant k with the Cobadihtent in the OSP film.
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In Fig. 3-25 and Fig. 3-26, the values of the patms obtained from the fitting
procedure applied to SBS | membranes with diffenttent of cobalt are reported.
No clear trend can be identified in the kinetic stamt while the diffusion coefficient
seems to decrease as the initial catalyst condmmtrimcreases. The procedure has to
be optimized after a deeper experimental investigadf the diffusion coefficient in
the oxidized material and of the actual kinetidleé process has been performed and
no conclusion can be drawn at this point. Anywaysiimportant to note that this
simple approach to the problem allows the detertiwnaof all the parameters needed
by other models to predict the performance of nameplex structures in which the
OSP could be inserted. An example of a model o kimd will be presented in the

next section.
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2 | -
®
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A
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Fig. 3-26: Variation of the diffusion coefficier in the oxidized layer with the Cobalt content desi

the OSP film.
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3.2.2 Blend films

There are many ways an oxygen scavenging polym&PJ@an be incorporated into a
barrier film or sheet. One of the most straightfarsv ways is to simply blend a
butadiene containing polymer with a matrix polyntike poly(ethyleneterepthalate),
PET, or polystyrene, PS; however, due to the imimigy of these polymers, the OSP
will form particles (spherical in the simplest cage the matrix which size can, in
theory, be controlled by rheology and compoundidditeons. Clearly there are many
variables to consider and a model [21] was developat describes the oxygen
transport in the blended film taking into accountiffiusion process in addition to
reaction kinetics [22-24].

Physical description and mathematical formulation ¢ the model

Blend films of interest consist of a matrix polyntbat is melt processable and shows
good barrier properties to oxygen (PET) into whpdrticles of a readily oxidable
polymer, such as one based on butadiene, are sespefhe size of the particles is

crucial for the properties and can be varied chamghe mixing conditions of the

components.
Cﬂ
patnx
C'[O) — palymer
'p:\__ OXEEN
3 sCavENZInG
particles
[pﬂz l i Lﬁnz ]1
gz
e.tut)]
ClL) == e >

Fig. 3-27: Schematic illustration of a blend film containingrficles of an oxygen scavenging polymer
in a matrix polymer.
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To simplify the model, all the particles are comsatl to be spheres of the same radius
R even if in reality there will be a distributiori €izes and shapes. A schematic of the

cross sectional view of the blend film is showrFig. 3-27.

The film is supposed to have been kept away frogger until ready for use: at time
t=0 the upstream surface is exposed to a partial pressf oxygen @ ), that in

most cases will be air (0.21 atm) considering tlannapplication that will involve this
kind of materials. The downstream of the film isim@ned at very low pressure,

which for simplicity can be considered negligib@xygen dissolves in the matrix at

the upstream boundary according to Henry’s law:
Ch(0)=S.( ) (3.23)

where C_(0) is the concentration of oxygen in the matrix potyrphase ak =0 and
S, is the effective solubility coefficient; oxygerfidises through the matrix following

Fick’s law

9C,, (3.24)
X

Flux=-D

m

During its diffusion, oxygen is consumed by thedizable particles and the kinetics of

this consumption can be described by a shrinkimg owodel illustrated in Fig. 3-28.

oxidized layer

unreacted coré

Fig. 3-28: Schematic illustration of the ‘shrinking core’ mddier oxygen diffusion and reaction within
an oxygen scavenging particle.

The reaction is assumed to be fast compared talithesion process in the oxidized

particle shell R > r > a) that at any given time will surround a completehoxidized
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core (@<r<0). For a particle located in the film at positionwhere the oxygen

concentration in the matrix i§_(x, t), oxygen will partition into the oxidized surface:

C,(R=G(x9/H (3.25)

whereC (R) denotes the dissolved oxygen concentration in shéized polymer,H
is a partition coefficient that can be calculatedl la =S/ S, with S solubility

coefficient for oxygen in the oxidized polymer. Atathere is a reaction front where
oxygen is consumed rather rapidly but with a fimagek . The amount of oxygen that
arrives on the reaction front is controlled by th#usion in the oxidized shell with a

diffusion coefficienD,. An important assumption of the model is that theygen

transport in the matrix is considered one-dimerai@voiding the consideration of a

very complex three-dimensional composition fieldward each particleC, is a

continuously varying function ok only for a given time. This hypothesis, along with
the shrinking core approach for the oxygen consianptithin particles, simplifies the
mathematical aspects of the model.

For any OSP patrticle at an arbitrary locattom the film, the reaction is considered to
be fast compared to the diffusion process in thelarshell so that when oxygen
reaches the surface of the core it reacts immdygiafeue to the reaction, the
scavenging material is consumed, and the radiubeofeactive core decreases with
time; meanwhile the shell of reacted material acotlme core becomes thicker.

A simple steady-state balance can be used to ajppatx the concentration profile
inside the shell of reacted material in the samamaaused for the film of OSP in the

previous section:
D dC
rzpdir(Ir2 drpj:0 (3.20)

where D is the diffusion coefficient in the oxidized OSRtdgrating (3.26) twice and

applying the boundary conditions shown in Fig. 3-28
C.(x1
H

C,=C,(R= atr= R

C,=C,(a atr=a

(3.27)
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the concentration profile in the shell can be ofgtdifor a given concentrati@n (R)

at the particle surface:

C,(r) :Cp(R)—%(l—?Rj (3.28)
=
a

According to Fick’s law, the radial oxygen flux wih the OSP is given by

&, G-G@AR
P dr

T

Assuming that the rate of reaction is fast relativehe rate of diffusion, the flux of

N=-D (3.29)

oxygen and reaction at the reaction front=@) can be equated to the rate of oxygen
consumption at =a which is approximated by a simple first order scefaeaction:

dc
-D,— " =-kC,(d) (3.30)
r

p

Combining equations (3.29) and (3.30), the conegintn of dissolved oxygen at the

reaction frontC (a), can be expressed as

C,(R
2
A=
DpR a

The Rate of Oxygen Consumption, ROC, for the sipglgicle can be determined as

C,(a)=

(3.31)

the product of the flux of oxygen and the surfasaatr =a
C.(R
ROC=4r& kG (3=4m & k 2"( )
kar ( R j
1+ —=
D,R\ a
A simple mass balance relates the time profilehef uin-reacted core radius to the
ROC:

(3.32)

d 4mra’ ROC
a(ppowmeij = _710 polymel (333)
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wheref takes into account the capacity of the particlednsume oxygen when fully

oxidized; this parameter is defined as the molesxgfien consumed per unit volume
of OSP and can be determined by experimentally ungesthe mass uptake of the
Oxygen Scavenger Polymer alone [18]. Combining goos (3.32) and (3.33) and
simplifying leads to the following dynamic equatiéor the radius of the unreacted
OSP particles

kC /
%: pZ(R) A (3.34)
dt ka (R j
1+ -
RDp a

It must be remembered thax (R) is a function ofx andt: it is implicitly assumed

that this model describes a situation were theigarboundary condition varies with
time.

It is now possible to consider the complete memd@msisting of particles dispersed
within the matrix as shown in Fig. 3-27. A contimuapproach, assuming that the
particles are sufficiently small, numerous, and Iwditpersed, is used where all
properties and variables are averages over a piartitilm volume. The transport of
oxygen through the membrane can be described arimgydthe Fickian diffusion in
the matrix and the consumption due to the reactitinin the particles. The latter term
can be calculated from the ROC of a single partideltiplied by the number
density,o, of particles in the film

_ 3y
P (3.35)

where @ is the volume fraction of particles of radiu®. The resulting diffusion
equation is given by

2 2 1
%~ p, 9 Cn_ 3 ey (Lmppy 4 K@ (B—lj (3.36)
at K R H] RO a

This equation must be solved simultaneously withftllowing equations describing the

decrease in the radius of the unreacted car@f scavenging particle for ak andt.
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-1
k C, ke (R
da _ ———Eﬁh—(—a 1}} fora=0 (3.37)

0 fora=0

This system of equations must be solved for thdoviohg initial and boundary
conditions, representing the typical transient pErtion experiment:
IC.: C,(x,t=0)=0, a(x,t= 0F R (3.38)

BC.: G,(0)=G,(x=0,0= §,B. G(D= G(* LJ=C (3.39)

The equations can be expressed in a more convamendimensional form by defining

the following dimensionless variables

=S 3=X a=8 =t (3.40)
C..(0) L R 1>/ D,
The differential equations plus initial and bourydeonditions become
= 9%C Da)A 3 -
a—cf=a~§— ( 2) S C (3.41)
of ox £*H 1+(Da)(é—éz)
IC.: C(%fT=0)=0 (3.42)
BC.: C(x=0,1>0)=1 C(& Lt> 0F ( (3.43)
Da)A ~
da G0 2) L —|C for &a=0
i L &H 1+(Da)(é— az) (3.44)
0 for a=0
IC.: a(xf=0)=1 (3.45)

where (Da) = kR/ D, is the Damkéhler number for the OSP particle, rit® between

the time scale of diffusion and the time scaleeazfction, s =R/ L is the ratio of the

radius of the OSP and the film thickness, @nd D,/ D,, is the ratio of the diffusion

coefficient of the OSP to the diffusion coefficiasftthe film matrix. The ternC_(0)is
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the concentration of oxygen in the matrix at thettgam surface of the membrane and
was define in equation (3.38).

1 1 1 1 1
Da = 20000
A=0.1
0.8 | /6 =60 -
®=0.1
S B = 4 mmol/cm ?
£
(@)
e 0.6 | -
S
o
K=l
g
= 0.4 |- -
Q
o
c
o
@)
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Position (x/L)

Fig. 3-29:Example of the oxygen concentration profile indige membrane.
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Fig. 3-30: Example of the OSP particle radius profile inside membrane.
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The non-dimensional equations (3.41) and (3.44)evemived numerically using an
explicit finite difference method. The equationsreveliscretized using a three point
central difference for the spatial derivatives @awd point forward difference for the
time derivatives. For this problem, the early tiansas well as steady state behavior
are of interest. The numerical solution utilizedriable time steps to capture the
behavior over the entire time span while keepingmatational times within practical
limits. While the numerical solution was developadVatLab for convenient matrix
manipulation, it did not rely on any specializedvets. When there are no reactive
particles in the matrix, the solution should redtc¢he classical transient diffusion in
a membrane film; the numerical results for the catle no particles was found to be
in excellent agreement with the analytical solugoren by Crank [20].

The solution of equations (3.41) and (3.44) prosidpace and time profiles for the
dimensionless oxygen concentrati6(ix, T) (Fig. 3-29) and the dimensionless radius of
the unreacted core of the OSP partick, T) (Fig. 3-30).

For barrier applications, it is important to knomettime evolution of the oxygen flux

and the cumulative amount of permea, exiting the downstream surface of the

barrier film. Both quantities can be derived frame itoncentration profile. The flux is

given by
_ dcC C_(0) dC
= = =- - = - —mr-/ — - 4
(Flux), = N(x=Lt)=-D, ; D= Orjm (3.46)
i = (Flux), :—d—? (3.47)
= (Flux), dx|,

where D,C,(0)/ L is the flux at steady state. The cumulative amadirgermeate is

given by
! L2 ¢« dC S
Q =, N, dt=( F'UX)SSD—m 0‘5~_10“:( FluY, 66, — N_ di (3.48)
Qt _aff dé s _~ff
————=6| —— di=6| -N| dt 3.49
(Flux).. 6, ) dx|, Jo~Na (3.49)
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where g, = L? / 6D,, is the diffusion time lag for the matrix withoutyaOSP. From the

dimensionless equations we see that is a function of X and f plus the

Flux
dimensionless parametegs C,(0)/ 3, A, £, H and(Da). Consequently—,((Fl ))t
UX) <

Q
(Flux)__6

ss 0

and are functions of and the same dimensionless parameters.

The dimensionless flux presented in the resulti@ewas obtained numerically from
equation (3.47) using the five-point backward ddéfece ak=1. The dimensionless
oxygen permeate was obtained numerically from egu#8.49) using the trapezoidal

rule of integration. Note that the dimensionlegssetiused in the derivation is defined as

f=t/(L2/Dm); however, for comparison with diffusion time saaleall graphs

presented in the result section uge), = 6f .

Results

The mathematical model developed for the blendsfitontains numerous parameters
that are listed in Table 3-4 and must be spectfiethake the model predictive.

The thicknessL , of typical barrier film would generally be in thange of 50 to 500
4#m. One can expect that polymer particles dispersedpolymer matrix prepared by
melt compounding and extrusion would have diameiterthe range of 1 to 1fm
[25]. The volume fraction of these particles in biend might be expected to be within
the range of 0.05 to 0.20.

A typical matrix polymer might be poly(ethylenetgtiealate), PET, which is used
extensively for conventional barrier applicatiohsteratures values ofS, and D,
[26] are shown in Table 3-4. Values for polystyrg@€], which is not such a good
barrier material, are also included in Table 3-4.tlfe moment there are no reported

values ofS, and D, for butadiene-based polymer (our Oxygen ScavenBuolgmer)

in the fully oxidized state, and all the followingalculations were based on the
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evaluations made on the experimental data colleatdg the single film model
illustrated in the previous section 3.2.1. The pweter § characterizes the ultimate
oxygen scavenging capacity of the butadiene-basdyiner and it has been found
experimentally to be in the range of 8 to 31% byghe

Parameter  Estimated Range Base Case for Ref
Calculations
L 50 to 500um 250um
R 0.5 to 5um 2.5um
¢ 0.05 to 0.20 0.1
S, 0.098 cm(STP)/cnt atm for PET 0.098 cmi(STP)/cni [26]
0.19 cni(STP)/cni atm for PS  atm [27]
D, 5.6 x 10° cnf/sec for PET 5.6 x 10° cnf/sec [26]
1.0x 10’ cnf/sec for PS [27]
S, measurements needed, probably0.098 cmi(STP)/cni
~S, atm
D, estimated to be ~(1 to 6) x 10 2 x 10° cnf/sec
cnf/sec
k estimated to be I0to 10° 8 x 10° cm/sec
cm/sec
J;; 2.5 to 10 mmol @cm® OSP 250 cni OSP/mol Q
oS 1 1
Sp
.-R 10°to 50 x 10° 10°
L
-0 107 to 100 2/5.6 for PET
= D_m
At 1
(Da) — kR O o 500 0

Dp

Table 3-4:Range of model parameters of interest.

The physical parameters described above were osestimate the range of values the
various dimensionless group in the model might Xgeeted to have. Table 3-4 also

lists the “base case” set of parameters that well Used to illustrate the model
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predictions; this case considers PET as the maftrtk uses mid-range values of the
geometrical parameters.

The diffusion time lag for a PET film with a thiokss of 25Qum without scavenging

2
particles would bef, = L
6D

~5.2 hours. For polystyrenef, at this thickness would

be only 0.3 hours.

It should be noted that in this model, the physeftdcts of the particles on the oxygen
diffusion process has been ignored. In the extrease, the particles might be
considered impermeable in which case Maxwell's &gqoa[28] would predict the

following relationship between the steady-statem@ability of the blendR, ., to that

of the matrix, P,

I:)blend — 1_§0 (350)

which for ¢=0.2 amounts to about an 11% reduction for the blerfds TS of no

consequence for the current considerations.

The model involves a considerable parameter spatkesstrategy is to use the “base
case” values and then systematically explore thads produced by varying each
parameter individually within the “estimated rangé&bwn in Table 3-4.

Fig. 3-31 explores the effect of varying the loagdaf oxygen scavenging polymer in a
matrix of PET; in Fig. 3-31(a) the results in terofsthe dimensionless cumulative
amount of oxygen exiting the downstream surfacehef film versus dimensionless

time (defined here ag/§,) for several values ofg all plotted on arithmetic

coordinates. After an initial transient period,irrelr asymptote is approached which
can be extrapolated to the time axis to defindithe lag & with scavenging particles.
Note that scavenging extends the time lag by seveoaisand-fold. However, such
plots do not give a full picture of what is happenfor time less thafi; as explained
earlier, the “leakage” through the film far< @ is of great interest. To see this, it is
useful to plot the oxygen flux exiting the film moalized by the steady state value on a

logarithmic scale versus time, also on dimensianlegarithmic scale, as shown in
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Fig. 3-31(b). In this case, the fluxes for tintes& area t least Ibtimes smaller that

the steady state values. However as seen latemty not always be the case.
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Fig. 3-31: Predicted transient permeation behavior for a bfdrmdcontaining various volume fractions
of oxygen scavenging polymer shown as (a) cumwaivmount of oxygen and (b) flux of oxygen exiting
the downstream film surface. All parameters séiaae case values except §gais noted.
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Fig. 3-32: Predicted transient permeation behavior for a bléiml containing oxygen scavenging
polymer with various oxygen reaction capacity shasn(a) cumulative amount of oxygen and (b) flux
of oxygen exiting the downstream film surface. pfirameters set at base case values except dsr
noted;Bis given in unit of millimoles gcm® OSP.
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Fig. 3-32 shows analogous plots as in Fig. 3-31revh@ is varied rather thamp.

Increasing the capacity of the oxygen scavengingnper to take up oxygen for a

fixed loadingg=0.10 by increasing8 has somewhat similar effects as increaging

Interestingly, the asymptotic solution illustrated Fig. 3-32 and Fig. 3-33, and
consequenthy@, are independent of the kinetics of the scavenggagtions and all the

parameters that affect the rate of reaction. TAUg, depends only on the capacity to
absorb oxygeng and g, and the solubility of oxygen in the polymer mator
C.(0). The method of Frisch [29] can be used to devétmpfollowing analytical

expression fo@/ 6,

91,3 (3.51)
& C.(0)
This equation can be derived from the combinatioaguation (3.41) for concentration
and (3.44) for radius:
aC 38 . d 9°C

an

D
—
@)
3
—
o
~
—

Integrating equation (3.52) from an arbitrary positalong the film,X, to 1 gives

) 3 s
[[| - @ 04 g, 0C 0C (3.53)
x| of C,(0) ot 0x|, 0%

Integrating again in space, now from 0 to 1, gives
j I {ac ¢ﬁ 07 }
0 m

The double integral in the left hand side can bepsfied to a single integral, by

j == d> (3.54)

reversal of the integration order:

O ey
Xi

J0C ¢ o9& | _0oC
- — |dx=
of C,(0) of x|,

- C(L1)+ C(Ot)-—?‘ +1 (3.55)

Integrating equation (3.55) over time results ia fibllowing:
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dt+ j dt (3.56)

e o L5

The time lag is determined at steady state, thexefdach term has to be evaluated as

time goes to infinity. At steady state the concatin profile becomes linear and the
radius, a, of the core of every oxidized particle approaclgsexcept at the
downstream boundary. Using the cumulative oxygemmpate defined in (3.49) and

evaluating each term, equation (3.56) becomes

11 o [/ R _ Qt,SS ~

jox(l %) dx+ . © jo XAy 6(Fqu)SSCm(O)+ t (3.57)
1.1 @ __ Q ss P
62C,(0 §Fu_C.0) (3.58)

The time lag is determined by finding the point vehthe steady-state asymptote of the
cumulative permeate crosses the time axis, i.eseftyng Q ;s =0 in equation (3.58),
and in this way expression (3.51) is obtained.

Fig. 3-33 shows how the time lag relative to theecaf no scavenging depends @n
and g for PET (Fig. 3-33(a)) and PS (Fig. 3-33(b)) nws calculated by numerical
solution of the model described above; these vadfigd/ g, are in excellent agreement

with those calculated by (3.51). These plots amedi and could be collapsed into

master plots for all matrix polymers using the dnsienless ratioC_(0)/ £ rather

than B as parameter, as predicted by equation (3.51) Nwit owing to the lower

solubility of oxygen in PET than PS, the extensiointhe time lag caused by
scavenging is greater for PET than PS by almoattaif of two.

What happens during the times less thércan be critically dependent on factors
affecting the rate of oxygen consumption. The raspe to the variation of the reaction
rate parametek are shown in Fig. 3-34; the parameter is varied nange of values

much lower than what experiments suggest would dssanable. For this case,

6/6,~1250 and all the plots of the cumulative amount of axygxiting the film
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downstream surface versus time would eventuallycgmh a single asymptote, except
of course for the case of no scavengikg-Q).
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Fig. 3-33: Predicted extension of the transient permeatior fimg, 6, caused by scavenging as a
function of gand S for (a) PET and (b) PS as the matrix polymer.gdtameters set at base case
values except as shown.
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Fig. 3-34:Predicted transient permeation behavior for a bféndfor different values of the oxygen
scavenging rate parameter shown as (a) cumulatineeiat of oxygen and (b) flux of oxygen exiting
the downstream film surface. All parameters sétaae case values except fas noted.

Clearly the approach to this asymptote dependsgymn k. This “leakage” is better

seen by examining the flux versus time using ldgaric scales. Such flux plots (Fig.
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3-34(b)) show two rapid rises; the first occurstiates of the order of§, and the

second at times of order &f with a plateau region between these limits. THaevaf

the flux relative to the steady-state case is laotherlarger the value df, that means
the faster is the scavenging reaction. Note theddlplateaus are only seen for values
of k that are at the least an order of magnitude less the expected range.

Fig. 3-35 shows for the base case, on a more egplatiche scale near~ ¢ and
beyond, how the size of oxygen scavenging polynaetigles, R, affects the flux of
oxygen exiting the film. For a given time, the flincreases as the particles become
larger owing to the coupling of mass transfer witkine particle with the reaction.

Clearly, there is some advantage to having the @®#y dispersed in the matrix

polymer.
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Fig. 3-35: Predicted effect of oxygen scavenging polymer plrtiadius on the flux of oxygen exiting
the blend film. All parameters set at base caseesaéxcepR as noted.
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L as noted.
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The variation of the overall membrane thickndssaffects the dimensionless flux at a
given dimensionless time as shown in Fig. 3-36i@aterestingly, the dimensionless

flux becomes larger as the film becomes thinnee tiime scale for diffusion is

proportional toL* but the time scale for reaction does not depend. cand thus, for
thinner film there is less time for the scavengnegction to occur before oxygen

breakthrough. However, in interpreting these dinisss plots it is important to

remember thafFlux) .~ L™* and g, ~ L*. As the value ok becomes lower the extent
of “leakage” in the time rangé, <t <@ relative to(Fqu)SS becomes more significant

and strongly dependent dn as illustrated in Fig. 3-36(b) fok =5x10" cm/sec for

various values ofL with all other parameters corresponding to theebemse. The

effect on the absolute flux leakage is even gresitee( Flux) .~ L.
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Fig. 3-37: Predicted effect of diffusion coefficient in theidized layer of the oxygen scavenging
particle on the oxygen flux exiting the downstresmmface of the blend film. All parameters set aeba
case values except fbr, as noted.

The effect of diffusion coefficient within the oxad layer of the butadiene containing

particles, D, over the expected range values (2 to 6) X @@f/sec turns out to be

very small as illustrated in Fig. 3-37 where thmelnsionless flux is plotted versus an
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expanded time scale in the vicinity éf. Reducing the values db, by an order of
magnitude to 2 x I8 cnf/sec produce a more noticeable effect but overylljs not

a very influential parameter in the barrier perfarmoe of blend films as represented by
this model.
As a final issue, the effect of varying the mapolymer is explored by comparing the

performance of membranes based on PS versus PHE asatrix; all the parameters

are kept a the base case values except for chargjnand D, to the value of PS.
Because of the higher oxygen solubility in PS, dm@ensionless time lad/ g, is
smaller for PS than for PET (Fig. 3-38(a)); becanfsthe higherD , of PS than PET,
the value ofg, is about 18 times smaller for PS. Consideringdfiect of both S
and D,,, the absolute value @ for PET is about 37 times that of PS. Furthermtbre,

slope of the dimensionless flux-time plots for PETmuch steeper than for PS in the
region of 8 (Fig. 3-38 (b)). PS is prone to show greater “tepK permeation in the
regiont <@ than PET.
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Fig. 3-1: Comparison of predicted transient permeation behaer PET versus PS as the matrix
polymer shown as (a) cumulative amount of oxygesh @) flux of oxygen exiting the downstream
surface of blend film. All parameters set at baasecvalues except as needed for Polystyrene.

The effects illustrated quantitatively above byuatthumerical solution of the model
equations can be understood qualitatively, witlgrtain limitations, by examining the
scavenging terms in the model, the last term iraggn (3.41) and equation (3.44). As

seen earlier@/ g, is a function ofg and C_(0)/ £ only, and they affect the outcome
in opposite directions. Increasing@,,(0)/ 5, which appears only in equation (3.44)
accelerates the rate of change of the shrinking cadius,a, and results in a decrease

of 8/6,. Conversely, increasing, which appears only in equation (3.41), accelerate

the rate of change of the oxygen concentratioB, and results in an increase of
6/8,. The constant factor
(Da)A krRD, 121 _ k&

#H " D,D, R H RO (O (859
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where (Da)eff is an effective Damkohler number, comparing thmetiscale of

diffusion in the matrix and the time scale of tieaation in the OSP, appears in both
equations (3.41) and (3.44) and plays a dominalet in the extent of leakage flux

prior to reaching the asymptotic steady-state flidowever the first defined

Damkohler number(Da), appears in the variable term in braces, and pdagsore

limited role since it is damped by tl(é—az)term. In general, the extent of leakage

flux prior to reaching the asymptotic steady-stitex can be reduced by making

choices (materials, formulation and geometry) thakimize the termp( Da)eff .

Conclusions

The interest in oxygen scavenging system is cotigtanrcreasing due the ability of
these systems to improve the barrier propertiesoaimon polymers that, for other
characteristics, are desirable materials for aerggdplications. The final goal of
obtaining a membrane almost impermeable to oxygadd to experimental times out
of reach. Hence, this study involved both experitaleand modeling efforts and it
explored the performance of SBS block copolymehwitygen. All the variables that
affect the reaction were taken into account to alisc their influence in the mass
uptake of the film and therefore have informationtloe oxidation reaction. In order to
describe the experimental data, a simple model dea®loped considering a single
first order reaction that is faster than the dikbasprocess in the oxidized material. The
application of this single film model to the dathows the determination of the
capacity of the oxygen scavenging polymer that ddpeon the catalyst concentration
in the membrane: furthermore the values for thetienconstant and for the diffusion
coefficient can be calculated through a fittingqadure that has to be optimized. The
accurate measurement of the diffusion coefficienthe oxidized materials and the
collection of more precise details on the reactinachanism can lead to a pure
predictive use of the model that has not been cetalyi tested up to date. In the end, a

model for predicting the oxygen barrier behavioraomore complex situation was
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presented: a blend of OSP in a common packagingriabtwvas considered with
particles capable of reactions with oxygen embeddea non-reactive matrix. This
geometry represents one of the possible solutimaiscan be developed to use the OSP
in the packaging industry. Some characteristichaf bxygen scavengers (like poor
mechanical and optical properties and the presehadoxic catalyst) inhibit their use
in pure form and the final goal is to find of thgtimmal way to incorporate them in the
packaging in order to obtain the best performancsonsuming oxygen. It is assumed
that the oxygen scavenging by the particles canldseribed by a “shrinking core”
model while the diffusion of oxygen in the matriancbe approximated as a function
only of the coordinate axis in the thickness dimtand of time. The model equations
have been solved numerically for the cases wheee niatrix polymer is either
poly(ethylene terephthalate) or polystyrene. Sogirgy extends the time lag], for
transient permeation by a factor that depends omlythe loading of the oxygen
scavenging polymer and its capacity to consume @xyglative to the capacity of the
matrix polymer to dissolve oxygen; the time lag easily be increased by factors of
thousands. However, for demanding applications, ftix of oxygen exiting the
downstream surface of the film on time scales efdhder of@ and less may be the
limiting criteria for the utility of this technolgg This model was used to estimate this
leakage flux fort <&, which depends on the factors that affect the ohtexygen
consumption relative to the rate of oxygen diffusand can be summarized in terms
of an effective Damkoéhler number.

Future work will focus on more detailed analysidha# kinetics of oxygen scavenging
by polymers based on butadiene, experimental uailaof the current model for

blend films, and extension of this approach to tegieolymer films.
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4 Water transport in short side chain PFSI

Perfluorosulphonic acid ionomeric (PFSI) membraaescapturing greater and greater
attention because of their high thermal and chdmesistance, and very peculiar
transport properties that make them appropriatdbg¢oused in many demanding
separation fields, such as in the chloro-alkaliustdy, and more generally in the
electrochemical field. The first perfluoroionomatafion®, was developed by DuPont
Company in the late 1960s as polymer electrolyt&infuel cell designed for NASA
spacecraft mission. Such materials are composadoofytetrafuoroethylene backbone
and perfluorinated pendant side chains terminayea fulphonate ionic group, and are
thus characterized by a hydrophobic backbone wigmyrhydrophilic ion domains
attached on it. This structure is responsible fartipular characteristics and many
types of PFSI have been synthesized and studiethéarion transport properties. In
the early 90s, it has been discovered the potégtal such membranes as electrolytes
in Proton Exchange Membrane Fuel Cells (PEMFC) .(HEid., [1]), devices that
convert chemical energy to electrical energy, mledi two feeds of humidified

hydrogen and oxygen.

PEM FUEL CELL
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Fig. 4-1: Schematic of a PEM fuel cell

Fuels are fed continuously to the anode and anaoxits fed continuously to the
cathode. At the surface of the anode catalystsfast converted into protons*jHand

electrons (8. The protons travel through a PEM, which prolsilgtectrons crossing, to
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the cathode side. The electrony @e forced to travel through an external wire and
deliver part of their energy to a ‘load’ on theiayto the cathode. At the cathode, the
transferred protons and the energy depleted electmmbine with oxygen to produce
water. Theoretically, any substance capable of ateroxidation that can be supplied
continuously can be used as a fuel at the anodkeofuel cell. More recently, fuels
alternative to hydrogen have been considered, & attractive for low temperature
processes being methanol, such as in Direct MetHaua Cells (DMFC). Similarly,
the oxidant can be any fluid that can be reducedsaifficient rate. Gaseous oxygen in
air is the most common choice for the oxidant beeatiis readily and economically
available. The electrochemical reaction takes péadee surface of the electrodes that
are attached to a carbon paper or carbon cloth.céhgon is conductive and porous
and allows the flow of gases and electrons thratighhe membrane, instead, allows
protons to travel through but inhibits the elecsdrom passing. The protons transfer
through the membrane by virtue of the electriadfieleated across the membrane. The
streams fed to the electrodes of the fuel cellstrbeshumidified since in fuel cell
operations the higher the water absorbed by the breeme, the higher the proton
conductivity, as show in many studies [2,3]. Theref the knowledge and
determination of water vapor transport parametargshe PFSI membranes is of
essential importance for determining the water ifgadnd controlling it during FC
operation. Other applications of this membrane iarghe separation of aqueous
solutions through pervaporation [4].

Hyflon® lon H [3,5] is a new PFSI membrane that has atshside chain compared to
Nafion®, that is still the leading material in this fiel@his feature gives peculiar
characteristics to the ionomer that makes it vempmetitive. For example the shorter
chain makes the material more stable at high teatyes, increasing the temperature at
which the first transitiond transition) occurs from 110 to 160°C and therefoekes

it suitable for high temperature fuel cell operaioMoreover the ionomer results more
crystalline at the same equivalent weight (EW esped as g@/mol SQH); therefore
lower EW (i.e. higher ionic content) membranes d&en prepared with the same
cristallinity that means the same mechanical prgzer
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The history of the membrane can dramatically infleeits properties and therefore the
effect of the different preparation procedures wtglied qualitatively with a Fourier
Transform Infrared-Attenuated Total Reflectance IFFATR) spectrometer and then
quantitatively through the water uptake of the afiéht membranes. The swelling
induced by the sorption process was also studiegratus temperatures on extruded
membranes. As a final issue, the water sorptiothém at 30°C for an extruded
membrane was measured with a Time Resolved FTIR-gddetrometer that has been
already applied [6] to the study of water transponother PFSI membrane (Naffon
117). The FTIR-ATR technique can provide a deepsight into the process of water
diffusion and absorption into PFSI membranes, bes#uallows to distinguish among
different classes of water molecules based on ttient of their hydrogen bond
interactions with the sulphonic groups, and to nwnisimultaneously the
concentration of the different populations overdinfihe total water uptake determined
with the FTIR-ATR method is in good agreement witlkevious data obtained on the
same membrane with a manometric method. Furthegrtieeavater solubility isotherm
was decomposed into the various contributions epoeding to the different
populations of water and the sorption behavior lmammodeled invoking a scheme of

equilibrium acid dissociation reactions.

4.1 Experimental

4.1.1 Materials

Hyflon-lon® H is a short-side-chain PFSI membrane that canskd as electrolyte in
Proton Exchange Membranes Fuel Cells (PEMFCs). iaterial consists of a
hydrophobic poly(tetrafluoroethylene) backbone wpirfluorovinyl ether short side
chains terminated by sulphonic acid (55D groups and its repeating unit is reported
in Fig. 4-2.
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Fig. 4-2: Molecular structure of Hyflohlon H.

Studies have shown that, during hydration of PF8mimranes, two phases separate
inside the polymer, an hydrophobic one, made bypiluorinated chains, and an
hydrophilic one, made by the sulphonic acid groampd by the water molecules (Fig 4-
3) [7]. The number, size and shape of the wateraitosnaffect dramatically the water

transport properties.

..Q g
MR

Fig. 4-3: Schematic molecular structure of hydrated Hyfléon H [1].

The sulphonyl fluoride (S§F) form of the polymer is obtained from the fredical
copolymerization of tetrafluotoethylene (TFE) andrfluorosulphonylfluorodevinyl
ether (SFVE) [3]; after synthesis, the materiaramsformed to an ionomer converting
the -SQF groups to —SgH. This conversion is usually performed in alkalagueous
solutions at medium temperature (80°C) and therpttgmer is finally treated with a

strong acid solution.
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The ionomer was provided by Solvay Solexis S.piAyarious forms: first a 15Qm
thick extruded membranes with an equivalent weadl800 go./mol SGH, was used
for the dilation experiments and for FTIR-ATR wasarption measurements. In order
to study the effect of the formation procedure be mass uptake, the results for
extruded membranes were compared to experimentalfdiacast film obtained from
two different solutions: one contained water, metha H-Galdeff and dimethyl
acetamide (DMA) (EW 1000 ,g/mol SGH) while the other one was an
hydroalcoholic solution with only water, n-proparwid isopropanol (EW 80Q,gmol
SGsH). The solution was cast at atmospheric condibiora quartz crystal for the QCM
measurement (with resulting thickness arounan) and on a glass plate for the quartz
spring and pressure decay measurements. After etapo of the solvents, the films
were dried in a vacuum oven at 160°C for 1 houd #ren at 120°C overnight to
completely remove any residual solvent. The exwludembranes for the dilation
experiments were evacuated in the cell at 120°C4fdnours before the test to
completely remove water, while the samples for RiéR-ATR sorption experiments

were evacuated at the experimental temperature.

4.1.2 FTIR-ATR spectroscopy

FTIR-ATR spectroscopy is a powerful analytical toetently applied to the study of
mass transport in polymers; due to the microscopsight achievable from the
spectroscopic analysis, this methodology allowseapér inspection of the sorption
processes with respect to the classical techniglregarticular, the FTIR-ATR
methodology is extremely convenient when multi-comgnt diffusion needs to be
monitored [8] or when the diffusion is accompangdstrong interactions between the
polymer and the penetrant (e.g. hydrogen bondirghemical reactions) [9-15].

The technique is based on the fact that a lightrbraveling in a medium interacts
with the medium and alters its path; the radiatcan be reflected, refracted or
selectively absorbed by the different chemical coomuls present in the material.

Spectroscopy is the science that studies the oiters between matter and light [16-
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19]; in infrared spectroscopy the energy sourcanisnfrared light beam. Absorption
involves variations of the vibrational energy oétmolecules that form matter, since
every chemical bond in a molecule vibrates aroumequilibrium state with a fixed
energy and can jump from one state to anothehiéstenough energy [16,20].

From a macroscopic point of view, there is a rel&hip between the chemical bonds
present in a molecule and the wavelength of that ligcan interact with. Any given
functional group absorbs energy almost at the sameenumber (the inverse of
wavelength) regardless of the structure of the sésthe molecule. The spectrum of a
component, that is the trace left in the lightyetated to the chemical structure and
practically unique. The IR spectrum can be thudguserecognize compounds in a
mixture of unknown composition or to evaluate tlw®incentration in a known solution
[16,17]. With the development of modern computed éimanks to the Fast Fourier
Transform (FFT) algorithm introduced by J.W.Coolayd J.W. Tukey [21], this
technique became practical and the FFT is now tesptbcess the dat@2,23].

A general limitation of this powerful analysis tosl that infrared spectroscopy can
detect only those elements that interact with ligidl absorb it; atoms or monoatomic
ions that have no vibrational motions are invisilale well as those element that do not
absorb infrared light as for example,ND, and other simple symmetric molecules.
Spectroscopy can fail also in the analysis of cexphixtures, since the spectra often
have many overlapping bands. A specific limitasiari the FTIR spectroscopy is that
it is a single beam technique: the background spect which measures the
contribution of the instrument and of the envirommés taken at a different time than
the spectrum of the sample. If something changeéwdem the acquisition of the
background and of the sample spectrum, spectifdcs can appear as, for example,

absorption bands of GQr water vapor.

ATR sampling

A simple scheme of an FTIR-ATR spectrometer is shawFig. 4-4; the light beam
arrives to an interferometer that modulates thé&tligAn example could be the

Michelson’s interferometer [19that consists in four arms: one containing thers®u
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of light, one with a stationary mirror, another omgh a moving mirror and the last
open in the direction of the sample and of the adeteIn the middle of the four arms
there is a beam splitter that transmits half thigatéon that interacts with it and reflects
the other half. The light is split into two beanmsitt are reflected by the mirrors and
recombine in the beamsplitter after having traveied different distances, and thus
interferes in different ways related also to theavelength. The light passed through
the interferometer is thus modulated and its intgrnis a periodic function of the
optical path differenceg, that is determined by the position of the mowuimgror. The
intensity of the light beam can be plotted for @oan, which is a complete translation
back and forth of the moving mirror. The plot, edllinterferogram, is a sinusoidal
wave if the light is monochromatic (with a singl@awelength), but, for a normal light
beam where many wavelengths are present, it has@complex form and is a sum of
sinusoidal functions, each related to a determmaeklength.

Evanescent wave
¥

IR Beam

N .

. ATR Crystal
Sample
/

L
( AN -_h-:u—.%b_; . h
%

Interferometer

Detector
]

»

FTIR Spectrometer

Fig. 4-4: The ATR sampling technique: the modulated lightvieg the spectrometer is focused in the
ATR crystal with a suitable angle to obtain theeintl reflection. At each reflection the evanescent
wave propagates in the sample which is in contéitt the crystal and acts as the rarer medium. After
multiple reflections the beam leaves the crysta isnfocused on the detector to give an interfeangr
and then the spectrum [26].
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After the interferometer, the modulated light beamaches the sample: in normal
transmission spectroscopy the spectra are caldulade the transmitted light that has
physically passed through the sample; in attenutatiad reflection (ATR) a different
feature is exploited [24]. When total reflectioncaors at the interface between two
media an evanescent wave [24,25] propagates inatiee medium (that has a higher
refractive index), and can be absorbed by the coepis present in it. The modulated
light in ATR is focused on a crystal where it rengentrapped due to the occurring of
a total reflection process (Fig. 4-4). In eacheetbn inside the crystal an evanescent
wave propagates into the optically rarer medium mndbsorbed by the functional
groups typical of the sample. When the beam reaitteesther end of the crystal, it is
allowed to leave the ATR element and is focusedhendetector that registers the
interferogram that is then processed by using tberiér Transform to obtain the
single functions from their sum so that the spewtoan be built.

The ATR technique can be considered a surface siatyethod since the evanescent
wave decays rapidly inside the specimen and ondepth of few microns of the
material is effectively investigated. The good emmhtbetween the sample and the
crystal is very important to obtain an effectivesatption of the light from the rarer
material, and it becomes particularly critical witgrantitative analyses are made.

The spectrum is usually plot as the ratio betwéenintensityl of the beam entering

the detector and the intensity of the beam incident to the sample. For quantiati

analysis the absorbanag, related to the intensity through [16-19]:

A=-log,, (I—J (4.1)

IO

is often considered since it is proportional to ¢bacentration of a given species in the
sample. The Beer-Lambert law states that the absorpf electromagnetic waves is

related to the quantity of absorbing material:

dl =aldz=-¢Cldz (4.2)

where a is the absorption coefficients the molar extinction coefficient of the

functional group considered; is the concentration of the absorbing speciehat t
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position z and | is the beam intensity integrated along the absamgiand of interest.

Integrating equation (4.1) on a thicknésgives:

A=|—-dz (4.3)

that reduces to a linear relationship when bethand C are constant through the
sample.

It is well known from the optics principles that @ha light beam propagating in a
given medium strikes the interface between thisamteanother uniform medium, it is
partially reflected from the interface and partiallansmitted in the second medium.
The law of reflection and the Snell law for theraetion allow to evaluate the direction
of the reflected and transmitted beams in the plafeincidence. From the
electromagnetic theory of light it is also possitdenave information about the energy
of the reflected and transmitted light and it isgible to evaluate the amplitude of the
electric field (E) associated to each polarized waves forming thiet Ibeam (both
reflected and transmitted) through the Fresnel [@425,27,28]:

The energy is related tg :

| =constOF (4.4)

where | is the intensity of the light, that is the enempr unit of time and area of a
given beam and the constant is related to the mediwhich the wave propagates.

There is a limit for the light beam incident angiefined as critical angle

(g, =arcsin(n/n) with n and n, refractive indexes of the two media, the one

containing the incident light, and the one contagrtihe transmitted beam respectively)
beyond which the transmitted beam travels paratiethe interface and its energy
vanishes and the process of the total internalecgfin occurs. No energy is
transmitted but the continuity of the tangentigo#lic field at the interface implies that
there should be however a transmitted wave. Thestelmagnetic field decays
exponentially as it penetrates in the medium anmd,average, does not carry any

energy:

E= Eoe_%p (4.5)
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where E, is the amplitude of the electric field of the ient beam,z is the distance
from the interface and | is the penetration depth of the evanescent wafieedeas:
A

d = 4.6
" omsitg- @ /ny o

Even for angles of incidence greater th@n the electric field propagates across the

interface between the two media and can thus berladd by the rarer medium. The
reflection is no more total, but attenuated andehergy of the reflected beam is not
equal to that of the incident ray, but shows irspgectrum the typical absorption bands
of the less dense medium.

When an attenuated total reflection takes place~tiesnel laws continue to hold and
are theoretically able to describe the processtarestimate the absorption occurring
in the rarer medium because of the evanescent wawpagation. However an
approximated approach can be used limiting therge®smn to those cases in which
only a low absorption takes place with intensitssles not exceeding 10% [24,25]. The
approximation consists in treating the ATR speetsatransmission spectra in which
the light beam passes through a sample of thickn@sstead of being reflected on the
surface of it. If the reflection losses are negdcthe intensity decreases exponentially

so that:

II— =g 4.7)

Therefore, an effective thickness can be definedhasthickness of a theoretical
sample that should be used in a transmission expatito obtain the same absorption.
In the assumption of weak absorption and considethat the real thickness is much
grater of the penetration depth, the effectivekihgss can be expressed as:

“ n EO d,
oo 5

o o8 (4.8)

de = nlco

where E is the evanescent field given in equation (4.%) @where the values of both

E, andd, can be assumed equal to those of non-absorbingmed
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The parameters that affect absorption in the astiexutotal reflection process are the
penetration depth, the refractive indexes of the media, the angle of incidence and
the electric field amplitude at the interface whitre ATR takes place. It can be shown
that the only key parameters to control the intgwacbetween the evanescent wave
and the sample are the refractive indexes of tleerhedia involved in the reflection,

n, and n,, and the angle of incidenag of the light on the reflecting surface. Since

the rarer medium is the sample inspected, its ct¥@ index cannot be varied and
there are three parameters that can be practidadigged with the experimental set up:

n, and 8, plus the number of reflectiond| , occurring inside the ATR crystal. In fact

when multiple reflections experiments are considehe effective depth of penetration
will be N times the value obtained from equation (4.8). Tiederial of the internal

reflection element determines the refractive ingigxand can influence the angle of
incidenced , while the shape and dimension of it allows toldoth & and the number
of reflection N . For a given optical path outside the crystalactfd depends on the

relative position of the reflecting surface wittspect to that in which the beam enter
the crystal, as well as on the angle of inciderfdegbt on this latter surface.

Commercial ATR cells are designed for crystals given shape and dimension, and
also the angle of incidence is generally fixedhsd the choice of a given cell allows to
set all the parameters but the refractive indethefcrystal. The various materials used
for the crystal differs not only in the value oktrefractive index but also in the range

of wavenumbers in which they can be used and irclieenical properties.

Application to the study of mass transport in polyners

For the Beer-Lambert law, the absorbance of a ge@mponent is related to its
concentration in the sample inspected, so thattheoretically possible to monitor the
changes of penetrant content in the polymer duandiffusion process simply by
observing the time evolution of the absorbance pégbical of the solvent, in the ATR

spectra of the polymer itself. From a quantitatwalysis of the progressive increasing
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solvent absorbance peaks area, it is possibleala&e both diffusion coefficient and

solubility of the considered penetrant in the padym

Penetrant(s)
\l Wate[* A \l
>l ||
Gisket Polymer membranf
IR path Water v 4 T
Aluminum foil
L e L e

Fig. 4-5: Schematic of the ATR cell: the polymer is attacbetb the ATR crystal, the penetrant
enters from the ducts in the upper part of the aalll diffuses in the film. The IR beam is
entrapped in the crystal so that only the diffupedetrant can be detected from the instrument
[26].

A scheme of the experimental ATR cell used durhmg éxperiments is shown in Fig.
4-5; the polymer film is placed on a trapezoidaistal while the penetrant comes from
the special duct provided on the upper part otctle A gasket prevents every possible
contact between the penetrant and the ATR crystdhat only the species that had
diffused into the sample are detected from thetspeter. The cell is also provided
with a heating system that allows temperature obrihirough the use of circulating

water. To effectively use the ATR technique, thénemion between the internal

reflection element and the sample must be insuhedmost common solution consists
in directly casting the polymer on the ATR crydt@m a solution but this technique

can be used only when the polymer can be dissol@tder methods are the hot
pressing of the polymer on the crystal [29] or tme of the same penetrant to
pressurize the chamber [30].

The dilation of the sample can also be detectedtdube decrease of the absorption

peaks typical of the polymer [14,15,30,31]. Duridiffusion the polymer swells to
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accommodate the incoming penetrant, as a consegukacthickness of the sample

increases and parts of the polymer that interautgld the evanescent wave at the

beginning of the experiment cannot be detected angrirom the spectrometer when

the equilibrium is attained.

To obtain a quantitative description of the pemdti@ncentration in the sample, the

Beer-Lambert law (equation (4.2)) can be usedjrtegration of such equation is not

trivial since both intensity and concentration space dependent. The behavior of the
intensity, that is related to the electric fieldncbe obtained directly from equation

(4.5) describing the evanescent wave in the raeshiim, so that equation (4.4) can be

rewritten as:

| =E; exp(—%jdz (4.9)

p

The absorbance cannot be considered simply propaitio the concentration of the
absorbing species but the relationship can beyealsihined if only weak absorption is
assumed [24]:
|I_ =e "= (1- AIn10) (4.10)
0
so that
dl =-1,In10dA (4.11)

Substituting equation (4.11) in equation (4.2) asohg (4.9) one obtains:

L 2
A= %Eexp —2_2 dz (412)
JIn10 1, d

p

where N is the number of reflections inside the ATR crystal

To calculate the relationship between absorbanek camcentration with equation
(4.12) it is necessary to know the concentratiafilerin the film. As far as the mass
transport problem is concerned, the system canobsigdered one-dimensional and
therefore, assuming Fickian diffusion, the concaian of the diffusing componer@

can be described with:
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2
oc _, &C

e g 4.13
at "oz (4.13)

where D, is the effective diffusion coefficient considerembnstant with the

concentration. In the case of the ATR cell, thertoiary and initial conditions are:

C=0C, z=L Ot

a—C=0 z=0, 0Ot (4.14)
0z

C=C, O<z< L t=0

where L is the thickness of the filnC,, is the concentration in the membrane when

the equilibrium is attained.
The concentration profile in the film during magsnsport determined through
equation (4.13) can thus be substituted in equadoh?) to obtain the relationship

between absorbance and concentration profile icdlse of Fickian diffusion [31]

exp@, )[ f, ex;(— kl‘} €1 Lzﬂ
8 = dp dp
2 .
-0 (2n+1)(d2+ fHZJ
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Ay
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[E—
=

p

(4.15)

where A, represents the initial absorbance of the peakideresd andg, and f, are

described by the following relationships:

; _-D,(2n+1f 7t

| AL (4.16)
; _(@n+Dm

"L

In an ATR experiment, the refractive indexes of poéymer and of the crystal as well
as the geometry of the system are given, so tlebtity unknown is the effective
diffusion coefficient that can be estimated frone ttomparison between the model

(4.15) and the experimental data.
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Considering now the evaluation of the solubilityisiworthwhile to notice that all the
data obtained in the FTIR-ATR spectroscopy are @iaswes. While the kinetic
analysis can be conducted directly through theaigbe dimensionless variables, to
obtain the solubility of a given penetrant in aypoér a calibration is requird@2].

Once the relationship betwee@ and A is known, the value of equilibrium
concentrations and thus the solubility isotherm bandirectly calculated from the
equilibrium values of the absorbance in the FTIRRA&Xxperiments. For long times,
when the equilibrium between polymer and penetianattained, the value of the

concentration in the sample is no longer a funatibspace and equation (4.12) can be

NeC,, E; d, 2L
= ——|1-expg —— 4.17
A In10 1, 2[ F{ d H (4.17)

The value of the molar extinction coefficiefitcan be easily obtained with a sufficient

directly integrated:

number of equilibrium data for both absorbance a@odcentration in the same
experimental conditions arttien equation (4.12) can be integrated at any giviag

the calibration curve during all the diffusion expgent. Anyway, the simpleA, vs.
C,, plot is usually sufficient to know the equilibriumalue of the solubility in any

experimental condition assuming the linearity @& talibration curve due to a constant
molar extinction coefficient.

When more complex phenomena are concerned andifthsi@h involves multiple
penetrant the equation describing the mass tranppocess have to be rewritten for
each component and the generative terms due torghetion have also to be
considered leading to a non linear system of mleltjifferential equations.

The spectrometer available in the laboratory iISAMfATAR spectrometer (Nicolet
Instrument Corporation) with a horizontal, temperaicontrolled ATR cell
manufactured by Specac. Inc.; a liquid nitrogenkeddVvercury-Cadmium-Telluride
detector is used with 32 scan per sample at autsolof 4 cnt and a multiple
reflection trapezoidal zinc selenide (ZnSe) crystath 45° beveled faces. The
automatic data acquisition of time evolving speeti@s possible through a software

(OMNIC) that was also used to process the results.
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4.2 Results and discussion

A spectrum of the Hyflofilon H extruded membrane is reported in Fig. 4-Gtogr
with a spectrum of a Nafiéh117 extruded membrane of similar thickness ({89,
both collected at room temperature and humiditghawavenumber interval of 820 -

1500 cmt', in which the peaks characteristic of the polyarerlocated.

120 7T T T

1.00 | -1
[| —— Hyflon lon H

0.80 H Nafion 117

0.60

Absorbance

0.40
0.20

0.00
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1440 1360 1280 1200 1120 1040 960 880

Wavenumber (cm ™)

Fig. 4-6: Spectrum of Hyflofi lon H and Nafiofi 117 at 30°C, collected with a ZnSe crystal as
background, membrane evacuated at sampling teruperat

The two spectra are quite similar and in both casds easy to recognize the
characteristic and fairly intense bands at waverermi155 and 1220 c¢hthat are
related to the stretching vibrations of CF bonlisaaly reported in literature [33,34].
Another distinct feature of the spectra is a sheuldround 1300 cthdue to the
asymmetric stretching of the $Cbonds (as the band at 1060 Ynthat tends to
increases with water sorption. The other distingeisband at 970 cfris associated to
the stretching modes of the C-O-C and CF bondghege
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4.2.1 Effects of solvent on the water sorption

In the case of Nafion 117, literature data [35]wglibat the water transport properties
can be very different for cast or extruded membsatre order to study the effect of
formation conditions on the water sorption behawibHyflon® lon films, the water
solubility isotherms of the solution-cast films wetompared to the ones relative to
extruded films. All the data were collected afteta@iating the membrane at the
temperature of the experiment even though it iswknahat the membrane is
completely dry only after evacuating at 120°C [38fst a membrane cast from the
solution containing H-Galdéhand DMA was considered: it was observed that the
amount of water absorbed is lower than that medsarnethe “as received” extruded
film. The measurement on the cast film was firstfggened with a quartz crystal
microbalance (QCM) [37]. The data obtained witrs ttechnique usually match well
with data from other techniques after being treatéd the Sauerbrey’s equation [38],
that relates the mass uptaken to the measured frequency shif and to the
polymers and quartz crystal parameters:
2nF3

12 .12
A Q Q

AF =- Am (4.18)
with n order of harmonicF, base frequency of the crystah area of the electrode,
P, and 4, respectively density and shear modulus of thetakyls can be seen in Fig.

4-7 that the mass uptake measured for cast menshraitt the QCM [39] is
significantly lower than the one observed for edtdd membranes; the measurement
was also repeated with a quartz spring balancex¢tude that the behavior is due to

the specific experimental technique.
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Fig. 4-7: Effects of DMA on the mass uptake at 35°C of cast extruded membrane of HyflBron.

In order to explain the experimental results, fkelue to the different solvent
treatment experienced by the two samples, expetsmgare performed on extruded
samples pretreated with DMA vapor or after immersio DMA liquid and also these
data are reported in Fig. 4-7. It is clear that IMA affects the sorption capacity of
the ionomer lowering it also in the case of extdideembrane: this could be related to
a permanent modification induced on the polymarcstire by the solvent. In order to
check this hypothesis, the IR spectra of all thendas used in the sorption
experiments were collected at room temperatureFign 4-8 the spectra for the
membrane cast from the solution with DMA and foe ttas received” extruded
membrane are compared: in the solution cast filo twore peaks appear at a
wavenumber of 1460 chand of (1020 cni that are clear sign of a modification of
the polymer structure induced by the DMA. A spectrof a film cast from the
hydroalcoholic solution is also plotted in Fig. 4e8show this is indistinguishable from

the extruded sample as far as the spectra aredevadi.
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12 Cast film from a solution with DMA ]
|| — — Extruded film
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Fig. 4-8: Effects of DMA on the spectrum of Hyfl8rion H cast membranes. Also the spectrum of an
extruded membrane is reported for the sake of casgra

4.2.2 Dilation

The swelling behavior of ionomers employed in foell is really important since it
can affect the overall performance of the systeamfact, an excessive dimensional
variation of the membrane is not desired sinceit esult in the buildup of stresses
during transitory hydration states (as start uptut down).

The dilation of extruded membranes (EW 80@/mol SGH, 150 pm thick) was
measured at three different temperatures (35, €@5120 °C) in the cell already used
for the bending beam measurements (see Chaptéollbyying with the micrometer
the relative position of two points of the film. Bee the experiments the samples
where evacuated at 120°C for 4 hours to removethal water adsorbed by the
membranes due to atmospheric humidity. It is indeell know [36] that Hyflof? lon

H (as Nafioff 117) is completely dry only after being evacuaaedhis temperature,
while treatments at room temperature leave appratdly one molecule of water

bonded to every sulphonic group. The swelling waasared in both main dimensions
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since the behavior was expected to be differenttatiee extrusion process. In Fig. 4-9

it is clear that the dilation is higher in the ditien perpendicular to extrusion.
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Fig. 4-9: Dilation in the two main dimensions of a Hyffdton extruded film (15@um); data collected
at 35°C

8.0 N T T T T 8.0 r T
: 3
[ (@
70 F (@) o7 ] 70| o]
- s
. 7’ 7 e
- 7 4 6.0 4
6.0 P . P
[ 4 Ve
[ 7’ s
50 | Ve - 50 | », ]
L 7 7
X P ~ g 40 e
° =° - 7 ]
= 4.0 | P ] s Js
< r 7z ;(
L / 3 3.0 | / ]
T / s
[ / g
20F / ] 20F 7/ ]
T ’ z
I 1
10F 2 y ] 1.0 |1 —&— Direction parallel to extrusion ]
N y/ = Direction parallel to extrusion / -£1— Direction perpendicular to extrusion
0 OLE -£1— Direction perpendicular to extrusion ) 0.01 ! |
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15
Activity Activity

Fig. 4-10:Dilation in the two main dimensions of a Hyffoton H extruded film (15@m); data collected
at 95 (a) and 120°C (b).

In Fig. 4-10 the data for other temperatures apented; at 95 and 120°C the activity

range inspected is narrower, due to condensatioblgms in the tubes that did not
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allow to further increase the water vapor presdarghe cell. It is still evident,
however, that the swelling is different in the tdicections and, as expected, lower in

the direction of extrusion that has already besstdted during the formation process.
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Fig. 4-11: Comparison between volumetric swelling on extrugieembrane of Hyflofi lon H at
different temperature.

The volumetric dilation of the samples can alsocompared (Fig. 4-11); in order to
calculate the overall swelling of the membrane, dhesotropy of the film has to be
considered, and assuming the dilation in the tréskndirection £) equal to the one
perpendicular to extrusion, the relationship is:

AV _Ax Ay

=S =042 (4.19)
VO XO yO

wherey is the direction perpendicular to the extrusior.on

The increase in temperature dramatically affeatsaverall swelling of the membrane
even at low values of water vapor activity and thas to be taken in account since the
desired operation temperature for fuel cell usualyhe highest possible in order to

have the highest proton conductivity.
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4.2.3 Water sorption with FTIR-ATR spectrometer

The FTIR-ATR spectrometer has been used not onlghtracterize the membrane
before performing the sorption measurements inra@pparatuses, but also to measure
the water diffusion and sorption in situ. The expents were carried out on extruded
membranes and since the intimate contact betweercrystal and the polymer is
crucial in this kind of test, a different method| [@ad to be used to guarantee the
adhesion of the ionomer onto the crystal. Beforergwdiffusion experiment, a
background spectrum of the ATR crystal was collgcTnen a wet sample of Hyfl8n
lon H, precut in the hydrated condition, was placetb the crystal and the cell was
tightened. The sample was dried flowing dry airroight, and then evacuated for 4
hours at the test temperature, 30°C. The water rvgaatial pressure was then

increased stepwise allowing for the attainmenhefaquilibrium after every increase.
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Fig. 4-12: Spectra of Hyflofi lon H in the stretching (2400-3800 ¢jrand bending (1500-2000 &
regions of the hydrogen bonding at increasing wateatent

The portion of the spectra related to water sompisobetween the wavenumbers 1500
and 3800 critwhere there are the regions for the bending vibmati{1500-2000 cih)
and for stretching vibrations (2400-3800 Hnof hydrogen bonds [12,13]. In Fig. 4-12
this region of the spectra of the polymer is repadrafter each differential hydration
step. It can be seen that increasing the waterenbim the membrane, the spectrum
undergoes some modifications with the increasénefitands related to the hydrogen
bonds and the decrease of a large band centeredda®¥20 crit: this decrease could

be related to the dissociation of —450n presence of water but could also be the result
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of an Evans window that is a local decrease ofral v the spectrum due to the rapid

increase of other bands in this case caused by wpatake [33,34].
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Fig. 4-13: Calibration curve between absorbance and waterectration in the polymer for the FTIR-
ATR experiment

To estimate the water uptake of the membrane alilmgqum after every step, the
region of the stretching vibrations of water molesu (2400-3800 ci) was
considered but the same calculations can be dortkeoregion of bending vibrations.
As already said, the data measured by the spedizome in terms of absorbance and
a calibration curve is needed in order to obtaevthlue of the water concentration in
the sample after each step. Two experiments ordtfferent samples were performed
and then compared. In Fig. 4-13 the calibratiorvewsed to relate the absorbance
value to the concentration for all the data is regm it was calculated using sorption
data collected on the same material in a pressaaydapparatus at 35°C. The sorption
isotherms, obtained using the calibration curve,raported in Fig. 4-14 together with

the pressure decay data used to obtain the coondesstor.
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Fig. 4-14: Water sorption isotherms for an extruded Hyfldon H membrane (EwW=800,gmol -
SGO;H) collected with an FTIR-ATR at 30°C and compaweth data from pressure decay experiment.
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Fig. 4-15: Average diffusion coefficient of water in an extasiHyflor” lon H membrane (EW=800
gpo/mol -SQH) collected with an FTIR-ATR at 30°C and compaseith data from pressure decay
experiment.
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If the transient data for the same spectrum regrenconsidered, the average apparent

diffusion coefficient of water in the membrane fevery step can be estimated as
illustrated in Section 4.2.1. In Fig. 4-15, theulesire compared to values obtained in

experiments on similar membranes carried out wittprassure decay and the

agreement is rather good, with a maximum in thdusiity for an average

concentration in the membrane of 2.5 megDHmMol SQH.
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Fig. 4-16: Fitting of the spectra with 4 different peaks: ¥ f6GQH and 3 for water bonded with
different strength. (a) initial spectrum of Hyffdfon H membrane evacuated at 30°C, (b) spectruen aft

hydration at 5% RH at 30°C.
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Fig. 4-17: Fitting of the spectra with 5 different peaks: ¥ f6SQH and 4 for water bonded with
different strength; spectrum taken after hydratibri0% RH at 30°C.
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In order to evidence the contributions of the défe “populations” of water to the
total water uptake, a specific analysis in the oegdf the stretching of the hydrogen
bonds (2400-3800 cm) was carried on. In particular, a fitting procesluran be
performed using a software for the decompositioncomplex spectra in their
components (Fityk). The band shape were fixed @¢oGhussian function while all the
other parameters were allowed to vary. Four dfielbands can be identified in the
initial spectra of the ionomer (Fig. 4-16): one 220 cni that has no easy
interpretation, and three related to water moleculat show a different degree of
interaction with the sulphonic groups at 3000, 3ZBLY0 cni, with the strength of the
bond decreasing with the increasing wavenumber. Jéak at 2720 cthcould be
related to the sulphonic groups and, inverselyth®ofraction of water more strongly
bonded to —S€H groups, that can be only removed by increasiegemperature. The
peak related to the sulphonic groups would decrepsa hydration not only for the
rapid dissociation of these groups in presence afewbut also due to the high
swelling of the membrane that lowers the signahefpolymer bands in the spectrum.
Another interpretation of this band [33] considiérelated to an Evans window that is
due to the increase of other bands attributed ttemsorption which cause a local
minimum in the spectra. Due to the not completdBarc nature of the band, the
swelling of the membrane was not determined froeséhdata; in principle it can be
calculated from the decrease in intensity of thedsaat 1155 and 1220 €nthat are
related to the CF bonds and thus are not affecteddier sorption. However, the
intensity of the CF signal was too high to obtahable data.

The other three bands (3000, 3280, 3470"coan be associated to populations of
water bonded to the sulphonic group with decreasitensity. The less bonded water
is at higher wavenumber as confirmed by the faat, tifi the hydration is increased, a
new population appears at 3515tas it can be seen in Fig. 4-17.

If we use the same calibration constant betweearbhsce and mass uptake for all the
water species, we can decompose the water sorpsiotherm into the four
contributions (Fig. 4-18). It can be noticed thag¢ fourth population appears only in
the second step (activity 0.1). In this plot theadaere corrected to account for the

presence of residual water using previous expetiaheresults [36]; the values
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determined with the spectrometer are thus compatabdorption data obtained with a
pressure decay on membrane cast from the hydradicatolution and evacuated at
120°C (also reported in Fig. 4-18). The data argdod agreement confirming again
that the formation process (i.e. casting or extmjsdoes not affect the water sorption
capacity of the membrane as already suggestedebypiictra of the two materials (see
Section 4.2.1).
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Fig. 4-18: Water sorption in Hyflofilon H membrane. Experimental total mass uptakecanttibution
of the different populations of water. Data for ttast membrane courtesy of Jacopo Catalano.

With the same method we can monitor the variatibrthe various species uptake
along time. In Fig. 4-19, the kinetic behavior dfetabsorbance of the water
populations together with the one for the sB(eak is reported for an increase in
water vapor activity from 0.05 to 0.1. In this rangf activity four water populations

can be indentified and followed in their increa3te peak at 2720 c¢m on the

contrary, decreases (Fig. 4-19 (a)).
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Fig. 4-1: Kinetic behavior of the different bands.
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The equilibrium data for the different water pogigdas can be described with a model
that considers the equilibrium constants of thesatigation of hydrogen bonds. The
underlying physical idea considers consecutive rlaye water molecules that are
bonded to the sulphonic group with decreasing gtrernThe first molecule is bonded
irreversibly to the sulphonic group while the faellmg reactions are supposed
reversible. The reaction scheme considered isaifenfing:

-SQH+ H,0OB.-SQH H ¢
-SQ H H,d+ HOdHr - SQ H H &
-SQ H H,d,+ 028> - SQ H H § (4.20)

-sQH[ H,d_ + HOIEr-SQH H

Each water population concentration at equilibrisnnelated to the preceding family

and can be described through a Langmuir isothe@h [4
- - ]
G = C—sQ H[ qu - Klm Giti

- - 3y
& =CsoHmnd, = K21+K2aw G
(4.21)

The dissociation constants are fitting parametetsis model and have to be adjusted
on the experimental data for the different popoladi In this case only the first three
constant were fitted to the data while from therfiouhe value of the constant was
fixed at 1 as already reported for the case of yqigtene sulphonates studied by
Glueckauf and Kitt [41]. The adjustable variablegshe model are then four: the first
three kinetic constants and the number of wateeoubés that can be bonded to each —
SGOs;H group.

The results obtained with the FTIR-ATR spectromater compared to the model with
n Langmuir isotherms in Fig. 4-20. The fourth popoia observed in the spectra was

considered the sum of all the-8) populations predicted by the model after thst fi

147



Chapter four

three. The agreement is pretty good consideringdhly four adjustable parameters
are present (reported in Table 4-1) and at leasthen low activity range here
investigated the different group of water molecutes be identified and described
with this model. The shape of the Langmuir isothean describe the data of water
sorption at low water partial pressure but woultladtow to predict the behavior of the
material at higher activity since usually the issth for this kind of material change its

concavity and the solubility increases dramaticatlfigh activity.

K1 69
Ko 19
Kz 19
n 20

Table 4-1 Parameters used in the model

Total water uptake (exp)
First population (exp)
Second population (exp)
Third population (exp)
Fourth population (exp)
Total water uptake (model)
— — First population (model)
1 Second population (model)
= — Third population (model)
1----- Fourth population (model)

X o > O o

3

2

A (mol H_O/mol SO _H)

Activity

Fig. 4-20: Comparison of the contribution of each populatiortite mass uptake as measured with the
spectrometer and as calculated through the modsbfability.
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Conclusions

Hyflon® lon H is a perfluorosulphonated material that baremployed as electrolyte
in fuel cells. Therefore the behavior in presentavater is a really interesting and
crucial topic that has already been largely ingadéd for similar material with a
longer side chain (Nafion 117) since the water ennbf the membrane dramatically
affects the characteristic of the membrane ancetber the performance of the fuel
cell. In this work, the possible effect of diffetdnrmation procedure has been studied,
showing that the water sorption is significantldueed by a high boiling solvent such
as dimethylacetamide, while no difference has béaumnd between extruded
membranes and the ones cast from a hydroalcohdlitiean. The excessive swelling
of ionomers during fuel cell operation can causgblgms due to excessive stress and
has to be avoided. It is reported that this co@dalbne lowering the equivalent weight
of the membrane [3]; therefore the dilation behawbextruded membranes of EW
800 gpol/mol-SGH has been studied up to temperature comparabiieet@peration
temperature of DMFC. The swelling, even at low watapor activity, that is low
water content, is dramatically increased by heat ls@nce caution has to be paid in
application. As a final issue, the water diffusimmd sorption has been studied with a
FTIR-ATR spectrometer that allows to distinguishoamm different populations of
water bonded to the terminal sulphonic group of dlte chain of the ionomer with
decreasing strength. The isotherm can be decompoededr contributions that can be
model considering Langmuir isotherms, with only four adjustable paeters.
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Conclusions

The present work focused on the study of diffesgrgtems where the diffusion of a
low molecular species in a polymer is accompaniedther processes that modify the
mass transport problem. The influence of dilatimsertion of particles and reactions
was analyzed, first with an extensive experimewctaracterization of the various
systems; then suitable models were developed tlaiexihe particular circumstances
and were used to process and understand the exgpeaimesults.

The bending beam technique was used to test thetefdf the dilation and the stress
induced in the polymer by penetrant diffusion. Téxeperimental results for the
bending of a cantilever coated with a test polymere collected over time during the
diffusion of a penetrant; at the same time alsatidih data were collected. The
measured data were processed considering themolotia simulation model which
accounts for the calculation of the deformation amess profiles due to swelling. The
model is based on a simple layer models for conpasaterials and can predict both
the equilibrium value of the deflection of the cmtcantilever and the kinetic of
bending once the appropriate dilation relationsitaken into account. From the same
model also the stresses that rise in the systemtaube sorption process can be
calculated.

Mixed matrix membranes based on fluorinated, hige fvolume matrices show
attractive separation performances but there iseal for deeper investigation of the
influence of inorganic filler on selectivity propes of polymeric materials. MMMs
based on amorphous Teffomand fumed silica were experimentally characteriteed
evaluate solubility, diffusivity and swelling due two model penetrants. A new
procedure that allows to predict solubility of evgrenetrant on the basis of data for
one vapor was tested on the experimental data.niéteod has proved to be useful
also for the determination of the diffusion coea#fit and for an estimation of the
permeability in the composite materials. The ev#bmaof the contributions of the
permeability can hence be used to determine thal idelective behavior of the

composite membrane.

155



Conclusions

Oxygen scavenging systems can overcome lack ofiebgoroperties in common
polymers that, for other characteristics, are aéér materials for certain applications.
The final goal of obtaining a membrane almost impEable to oxygen leads to
experimental times out of reach. Hence, all theakdes affecting the process were
first studied experimentally for SBS block copolysieThen a simple model was
developed in order to describe the transport ofjeryin the film, considering a single
first order reaction that is fast compared to thiusion process in the oxidized
material. Furthermore, a model for predicting theygen barrier behavior of a film
formed as a blend of OSP in a common packaging rraht®as built, considering
particles capable of reactions with oxygen embeddednon-reactive matrix.

Hyflon® lon H is a perfluorosulphonated material that baremployed as electrolyte
in fuel cells and therefore the behavior in presewné water is crucial for the
performances of the device. In this work, the passeffect of different formation
procedure was studied, showing how solvents canpommse the structure of the
material and therefore the water sorption capadiyen the swelling due to the
sorption process was measured since the excesegighing of ionomers during
operation can cause problems due to excessives sire$ has to be avoided. As a
finally issue, the water diffusion and sorption wasidied with a FTIR-ATR
spectrometer that can give deeper information enbibnd between water molecules
and the sulphonic termination of the side chairthef material and therefore on the

structure of the hydrated polymer.
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