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Abstract
This thesis work presents the results of experimental studies on the gas transport properties of three polymer-based membrane systems: (i) amine-modified
epoxy resins, (ii) epoxy resin nanocomposites containing Few Layer Graphene
(FLG) nanoplatelets as dispersed fillers and (iii) nanocellulose-based membranes.
The gas transport properties of the present membrane systems were studied by gas
phase permeation techniques changing sample temperature and penetrant molecules; results were discussed in the framework of the free volume theory of diffusion,
using information on the samples’ free volume structure as experimentally obtained
by Positron Annihilation Lifetime Spectroscopy (PALS). Results evidenced that the
transport properties of small penetrant molecules are controlled by the membranes’
free volume structure, which determines, in fact, the penetrant diffusion kinetics.
The free volume of epoxy resins was changed by changing their crosslink density but maintaining same chemical environment for penetrant molecules: it was
observed that, reducing the free volume structure, the gas diffusivity decreases but
no relevant changes in the gas solubility occurred. The experimentally obtained
fractional free volume values permitted to reproduce the measured diffusivity values and their variation with temperature, using equations provided by the free
volume theory of diffusion.
Increasing the amount of FLG fillers in epoxy-based nanocomposites, we observed a progressive gas permeability decrease, which was accompanied by a progressive reduction of their free volume. This correlation was attributed to the formation
of constrained, gas-impermeable polymer regions at the filler-matrix interfaces. The
thickness of these regions was evaluated by the reduction of the nanocomposites’
fractional free volume with respect to the free volume of the pure polymer matrix;
its value permits to reproduce quantitatively the experimental permeation data of
the nanocomposites at all examined temperatures, filler concentrations and test
gases.
Few micrometers thick nanocellulose films deposited on polylactic acid substrates act as impermeable barriers for CO2 , O2 , and N2 and reduce the D2 (deuterium)
and He permeation flux by a factor of ∼ 103 . Penetrant transport through this biopolymer is controlled by the solution-diffusion mechanism and barrier properties
are due to the extremely low penetrant diffusivity. The free volume in the nanocellulose coatings consists of interconnected elongated cavities with sub-nanometer
iii
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ABSTRACT

cross-sectional size where the selective transport of the small size penetrants is due
to sieving effects. D2 and He diffusion has thermally activated character and occurs
in configurational regime.

CHAPTER 1

Introduction
Membranes are thin layers able to control the transport of chemical species in
contact with them (Baker, 2004). Membrane systems are widely used in technological molecular separation processes as, for example, water purification/desalination,
gas separation and pervaporation processes (Baker, 2009; Semiat and Hasson, 2009;
Van der Bruggen, 2009). Membranes can be classified according to different criteria: their geometry (symmetric vs. asymmetric membranes, planar vs. cylindrical
membranes), structural factors (porous vs. dense membranes), the membrane material (polymeric, ceramic, metallic membranes), the origin of the material (natural
vs. synthetic membranes) and their application (gas barrier, gas separation).
The topic of this thesis is gas transport through polymer and polymer nanocomposite (PNC) membranes. Gas transport through polymers is generally controlled
by the solution-diffusion mechanism (Baker, 2004) (see Figure 1): gas molecules
are absorbed in the side of the membrane exposed to the gas (solution process) and
migrate to the opposite side driven by a concentration gradient (diffusion process).
The gas solubility S and the penetrant diffusivity D are parameters determining
the gas flux J through the membrane. These parameters show an Arrhenius type
temperature behavior and their value depends on the specific polymer-penetrant

Figure 1. Permeation in a dense membrane through the solutiondiffusion process. When one side of the membrane is exposed to
a gas (a), the gas absorbs in it and diffuses down a concentration
gradient (b), until it reaches the opposite side of the membrane,
where it desorbs (c).
1
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Figure 2. Graphical representation of free volume in polymers.
Holes are evidenced by the red dashed lines.

system. Gas diffusivity D is related to the structure and dynamics of the sites
where penetrant molecules are hosted and migrate (Matteucci et al., 2006).
In dense polymeric membranes, penetrant molecules are hosted in cavities formed by thermal fluctuations of the polymer chains, see Figure 2 (Baker, 2004).
These cavities (called free volume holes) have size in the sub- nanometer range and
form the polymer free volume. Free volume holes have temperature- dependent
size and their thermal redistribution in the polymer allows the migration of penetrant gas molecules which diffuse, in fact, by successive jumps between adjacent
holes (Vieth, 1991). When the interactions between the penetrant molecules and
the polymer are negligible, then the free volume structure of the polymer, which
is described by hole size distribution and hole number density, is the key factor
controlling the penetrant diffusion process (Matteucci et al., 2006).
In microporous polymers, holes have size larger than in dense polymers and are
rigid, that is do not fluctuate in position and size. These holes are generally called pores and, when interconnected, form preferential diffusion paths for penetrant
molecules (Baker, 2004). Depending on the ratio between the size of the penetrant
molecule and the size of the pore, diffusion in microporous polymers occurs by
Knudsen mechanism or in configurational regime (see Figure 3) (Burganos, 2010).
Knudsen diffusion occurs when the mean free path of the gas molecules in the interconnected pores is limited by the collisions between molecules and pore walls:
gas diffusivity is proportional to the average thermal velocity of the molecules and
to the pore size. When the pore size becomes comparable to the size of the penetrant molecule, then sieving effects and configurational diffusion processes define
the penetrant transport. Gas molecules with size larger than that of the pore are
excluded, whereas smaller molecules interact with the surface of the pore walls, lose
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Figure 3. Diffusion mechanisms in microporous and dense polymer membranes.
their gaseous state and migrate with a thermally activated mechanism very similar
to the surface diffusion process (Burganos, 2010; Baker, 2004).
In this thesis, we present our activity on the preparation, structural characterization and functional analysis (gas transport properties) of three kinds of polymer
membranes:
(1) membranes made of amine- modified epoxy resins;
(2) membranes made of tightly packed nanocellulose fibril assemblies;
(3) nanocomposite membranes obtained dispersing filler nanoparticles in the
amine- modified epoxy resins and in the tightly packed nanocellulose assemblies.
Epoxy resins are synthetic crosslinked polymers with dense structure having
different technological applications (Pascault et al., 2012). Their structural properties, including the free volume structure, can be easily tuned by changing their
crosslink density without altering the chemical environment for penetrant molecules
(George and Thomas, 2001; Lin et al., 2005).
Nanocellulose is a biopolymer consisting of rod-like cellulose crystals (fibrils).
Such fibrils self- assemble forming highly packed layers with rigid cavities between
the nanofibrils (Fukuzumi et al., 2011). Crystalline fibrils are gas impermeable
(Aulin et al., 2010) and nanocellulose films are thus of great interest for applications
in packaging technology (Dufresne, 2013).
PNC membranes (also called mixed matrix membranes, MMM) are produced
by dispersing filler nanoparticles in a polymer matrix. PNCs are attracting great
interest in the membrane technology because they have the potential to surpass the

4
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Figure 4. Left: Robeson plot for CO2 /N2 separation. Circles
represent polymer membranes. Their CO2 /N2 selectivity is plotted
against CO2 permeability. All polymer membranes’ performances
lie below the upper bound line. Reproduced from (Robeson, 2008)
with permission from Elsevier. Right: a PNC membrane. The
yellow symbols represent molecular sieve fillers allowing transport
of small penetrants, while blocking bigger molecules.

performances of pure polymeric membranes (Robeson limit, (Robeson, 1991, 2008),
see Figure 4) both in gas separation and gas barrier applications (Paul and Robeson, 2008; Basu et al., 2010; Aroon et al., 2010). In fact, porous fillers dispersed
in the polymer matrix can improve its selectivity by selectively allowing transport
of small penetrants (Moore et al., 2004) while impermeable fillers can hinder molecular transport, thus enhancing the gas barrier properties of the pure polymer
(Cui et al., 2016). Their performances are defined not only by the gas transport
properties of the matrix and filler material, but also by the chemical-physical properties of the filler-matrix interface layers. Extended defects can form here, see
Figure 5, influencing the transport properties of the nanocomposites (Aroon et al.,
2010; Chung et al., 2007). We prepared gas barrier polymer nanocomposites by
using the previously studied polymers as matrices and Few Layer Graphene (FLG)
nanoplatelets and TiO2 nanoparticles as gas-impermeable fillers (Cui et al., 2016;
Zhou et al., 2009).
We used the described membranes to examine the correlation between gas
transport properties of the pure polymers and of the polymer nanocomposites and
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Figure 5. Filler-matrix interface structure. a) ideal morphology:
the polymer matrix wets the filler particle and polymer interface
layers maintain their bulk gas transport properties; b) interface
voids, formed as a consequence of poor polymer-filler adhesion; c)
polymer rigidification: mobility of the polymer chains in contact
with the filler particles is hindered; d) pore blockage (occurring
only for porous fillers): polymer chains partially enter the fillers’
pores, clogging them (Aroon et al., 2010; Pal, 2008).

their free volume structure, to gain a deeper fundamental knowledge on the phenomena governing mass transport processes. To this task: i) we prepared pure
and nanocomposite samples with systematically different free volume structure by
changing the crosslink density and the nature and content of filler nanoparticles,
ii) we studied their gas transport properties at different temperatures by gas phase
permeation techniques (Checchetto et al., 1995) using different gas molecules and
iii) we examined the free volume structure of the membrane samples by Positron
Annihilation Lifetime Spectroscopy Consolati and Quasso (2010). The main results
of this thesis work are:
(1) Changing sample temperature and crosslink density, the analyses evidenced a clear correlation between diffusivity values and free volume structure
of the epoxy resins and their nanocomposites. No correlation was, on the
opposite, observed in porous nanocellulose films.
(2) We elaborated a model providing an equation which permits to evaluate
the fractional free volume of the samples (defined as the ratio of the specific
free volume to the specific volume of a polymer) and its variation with
temperature using PALS and thermomechanical data as input parameters.

6
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(3) We reproduced the measured transport parameters in the epoxy membranes using equations provided by the free volume theory of diffusion with
the fractional free volume value obtained by our model as input parameter; the apparent Arrhenius behavior of the diffusivity and permeability
data was explained by a linear increase of the fractional free volume with
temperature.
(4) We demonstrated that the improved gas barrier properties after dispersion of FLG nanoplatelets in the studied polymer matrix are consequence
of the formation of rigidified polymer regions surrounding the filler particles. The quantitative analysis of PALS data permitted to evaluate the
thickness of the rigidified regions and quantitatively reproduce the permeability reduction of the nanocomposites as a function of the filler content
at each examined temperature.
(5) We demonstrated that the well known gas barrier properties of nanocellulose coatings are consequence of their free volume structure, which consists
of rigid elongated cavities where penetrant diffusion occurs in configurational regime. PALS analysis allowed to measure the size of these cavities
explaining the preferential transport of small size penetrant molecules as
a consequence of sieving effects.

This thesis work is presented in the following chapters:
Chapter 2 provides theoretical notes on the gas transport in polymers and
describes the solution-diffusion model. Equations describing the relation between
the gas flux through a planar membrane and the gas solubility S and diffusivity
D will be obtained and discussed. This chapter also provides a description of the
free volume in polymers and defines the fractional free volume parameter. Notes
on the free volume theory of diffusion will be then presented, to obtain equations
describing the penetrant diffusivity as a function of the fractional free volume.
Chapter 3 provides information on the polymers and PNC preparation procedure and information on the results of their structural characterization.
Chapter 4 describes the experimental techniques used for the study of the gas
transport properties and the analysis of the free volume structure. Gas transport properties were studied by gas-phase permeation technique using specifically
home-built systems; the procedures to evaluate D and S thanks to the equations
developed in chapter 2 will also be presented. The free volume structure was studied
by Positron Annihilation Lifetime Spectroscopy technique, using laboratory-scale
apparatuses (fast-fast coincidence lifetime setup, Department of Physics and LNESS, Politecnico di Milano, Milano, Italy) and facilities (NEPOMUC positron
source, Universität der Bundeswehr (Munich) und Institut fur Angewandte Physik
und Messtechnik, Neubiberg, Germany).

1. INTRODUCTION
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Chapter 5 presents the results of the studies carried out using pure epoxy resin
membranes. Results in this chapter will quantitatively clarify the correlation between sample free volume structure and gas transport properties using experimental
data obtained at different temperatures and with different molecular penetrants.
Chapter 6 presents the results of the studies carried out using epoxy based
nanocomposites with few layer graphene nanoplatelets as a dispersed phase. Data
obtained from PALS measurements will clarify the role of the fillers in the observed
reduction of the gas transport rates outlining the role of the interface layers.
Chapter 7 presents the results of the gas transport measurements carried out
on nanocellulose and nanocellulose composite coatings deposited on PLA support.
Composites were obtained by the dispersing TiO2 nanoparticles in the nanocellulose
layers. PALS analysis of the free volume structure is also presented to explain the
observed gas barrier properties.
Appendix A presents the results of a study on the water vapor and gas transport
properties of membranes made with polypropylene-carbon nanotube nanocomposites. This is a collaborative work carried out with colleagues of the Foundation for
Research and Technology-Hellas at Patras and the University of Patras (Greece).
In this appendix we mostly outline the author’s contribution to this research work.

CHAPTER 2

Theory of gas transport in polymer membranes
In this chapter, we will discuss the physical processes controlling gas transport
through dense membranes and we will discuss the solution-diffusion model. The
quantities that characterize the system composed by polymeric membrane and permeant, most notably solubility S and diffusivity D, will be introduced and it will
be explained how they can be determined from experiments.
In order to understand the following discussion, it is useful to simply describe
the phenomenology of permeation, thus introducing the most relevant terms and
allowing the reader to visualize the process. In all gas transport experiments and
applications, the membrane is thin (meaning that its thickness is much smaller than
the lateral size) and separates two chambers. The penetrant gas flows through the
membrane from an upstream fluid phase to a downstream fluid phase, i.e. from
one chamber to the other. The side of the membrane facing the chamber in which
gas pressure is larger is called high pressure side (HPS) or upstream side, whereas
the opposite, downstream side is called low pressure side (LPS). We will thus say
that molecules move through the membrane from the high pressure side to the low
pressure side.
In the following discussion, we will use a frame of reference in which the membrane is at rest and its surfaces are perpendicular to the x axis. In particular,
the upstream surface of the membrane is a portion of the plane x = 0 and the
downstream surface is a portion of the plane x = `, where ` is the thickness of the
membrane.
2.1. The solution-diffusion model
The solution-diffusion model describes molecular transport through dense membranes as a combination of three different processes. (i) Molecular sorption: gas
molecules are absorbed in the surface layers of the membrane which are exposed
to the gas (upstream surface), (ii) molecular diffusion: gas molecules diffuse to the
opposite side of the membrane (downstream surface), under a gas concentration
gradient established in the membrane and (iii) molecular desorption: gas molecules
at the downstream surface layers return in gas phase.
The model assumes that equilibrium conditions between molecules in gas phase
and molecules absorbed in the membrane surface layers are rapidly set: this hypothesis is verified in almost all membrane processes because the diffusion process is
9
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much slower than gas absorption and desorption at the membrane surfaces. Consequently, the sorption process can be described using the equilibrium Henry’s law
(Baker, 2004), which permits to calculate the gas concentration at the membrane
surfaces and describe the concentration gradient in the membrane.
Fick’s first law for diffusion establishes a relation between the gas concentration
gradient in the membrane and gas transport rates.
2.1.1. Sorption of gases in polymers. In this section, we will describe the
sorption of gases in rubbery polymers, whereas sorption in glassy polymers will
be discussed later (section 2.1.5). According to Henry’s law, for rubbery polymers
immersed in a gas, the concentration c of the gas dissolved in the polymer at equilibrium is directly proportional to the pressure p of the gas phase, the proportionality
coefficient being the solubility S:
c=Sp

(2.1.1)

Although this is just an approximation (which holds for low gas pressures), linear
isotherms are observed for light gases at essentially all pressures of practical interest
and are characteristic of gas sorption in rubbery polymers (Paul, 2010; Matteucci
et al., 2006).
In section 2.2, a more detailed analysis of the processes involved in gas sorption
will be given, providing a microscopic interpretation of the parameter S.
2.1.2. Fick’s laws for diffusion. Diffusion is the process by which matter
is transported between different regions of a system by random molecular motions.
The first quantitative description of this phenomenon was given by Fick, who noticed the similarity between mass transport and heat conduction (Crank, 1979). For
single component diffusion in a isotropic medium (e.g. a single gas diffusing in a
polymer), Fick’s first law can be expressed as
J = −D∇c

(2.1.2)

where J is the flux of the diffusing species, c is its concentration inside the medium
and D is the diffusion coefficient or diffusivity (Vieth, 1991). When the concentration gradient ∇c lies on a specific direction x̂, Fick’s first law can be expressed in
the following way:
dc(x)
(2.1.3)
dx
The time evolution of the concentration of the dissolved gas is given by Fick’s
J = −D

second law. To obtain it, it is necessary to introduce the continuity equation
∇·J =−

∂c
,
∂t

(2.1.4)

which follows from the conservation of mass. We can calculate the gradient of the
flux using Fick’s first law:
∇ · J = −∇ · (D∇c) = −∇D · ∇c − D∇2 c

(2.1.5)

2.1. THE SOLUTION-DIFFUSION MODEL
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If D is uniform, ∇D = 0 and we can obtain Fick’s second law by combining the
two equations above:
Or, restricting to the x axis,

∂c
= D∇2 c
∂t

(2.1.6)

∂c
∂2c
=D 2
∂t
∂x

(2.1.7)

2.1.3. Permeation. We will now apply all the above results to the process of
diffusion of gases through a dense membrane, down a concentration gradient. We
will first discuss the simplest case of a rubbery polymer membrane, since glassy
polymers need some further remarks that will be discussed later in this chapter.
In gas separation, a gas mixture at pressure pHPS is applied to the feed side
(HPS) of the membrane, while on the other side permeated gas at pressure pLPS 
pHPS is removed. To a first approximation, we can discuss the situation in which
only one gas is present, thus neglecting the influence of other gases on the diffusion
of the component under study. There are two interfaces to be considered: the gasmembrane interface at x = 0 and the membrane-gas interface at x = `. Since we
are assuming that at these interfaces, equilibrium is immediately reached between
the gas and the polymer, Henry’s law always applies at both sides of the membrane:
and

c(0) = S pHPS

c(`) = S pLPS

(2.1.8)

The above equations are the boundary conditions which allow us to solve Fick’s
second law in stationary transport conditions (stc), i.e. when the gas concentration
c(x) does not change in time. In fact, with this hypothesis, equation (2.1.7) becomes
D

∂2c
=0
∂x2

(2.1.9)

which can be solved giving the gas concentration profile across the membrane:
c(x) = S pHPS + S

pLPS − pHPS
x
`

(2.1.10)

With the above expression for c(x), it is straightforward to solve Fick’s first law
(equation (2.1.3)), obtaining the flux J stc in stationary transport conditions:
J stc =

D S ∆p
`

(2.1.11)

with ∆p = pHPS − pLPS ' pHPS .
Let us now consider a more general case, in which the gas concentration in the
membrane changes in time. We will consider the typical gas permeation experiment,
in which the membrane is initially under vacuum and thus the concentration c(x)
of dissolved gas is zero throughout the whole membrane. The membrane is exposed
to the gas at t = 0, so that, for every t ≥ 0, c(x = 0) = SpHPS is constant. The
boundary conditions are therefore:
c(x = 0, t < 0) = 0

c(x = `, t < 0) = 0

c(x = 0, t ≥ 0) = SpHPS

c(x = `, t ≥ 0) = SpLPS ' 0

(2.1.12)

12
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Figure 1. A qualitative plot of the permeant concentration
throughout the membrane at different times. The color of the
curve shifts for increasing time from orange to red.
With these conditions, Fick’s equations can be solved giving the flux of the gas
emerging from the downstream surface of the membrane, J(t) = −D(∂c/∂x)x=`
(Crank, 1979):
"

#
∞
2 2
X
D S pHPS
D
n
π
t
J(t) =
1+2
(−1)n exp −
.
`
`2
n=1

(2.1.13)

From a phenomenological point of view, we can say that at t = 0, gas starts
dissolving in the membrane’s first layers. Its concentration increases with time in
the bulk of the membrane and for t → ∞, the system reaches stationary transport
conditions, in which c depends linearly on x. A graphical representation of the
concentration profiles c(x) in a membrane at different times t is given in Figure 1.
From equation (2.1.13) we can observe in fact that, for t = 0, J(t) = 0 and
that for t → ∞ the flux becomes constant and we obtain again equation (2.1.11).
The permeability

1

P of a membrane is defined as the gas flux J stc normalized by

the trans-membrane pressure ∆p and its thickness `:
P = J stc

`
∆p

(2.1.15)

From equations (2.1.11) and (2.1.15), it is clear that this quantity equals the product
of solubility and diffusion coefficient:
P = SD.

(2.1.16)

1Permeability is usually expressed in barrer or in [ml(STP) µm m−2 day−1 kPa−1 ] (Li and

Chung, 2008):
1 barrer := 10−10

ml(STP) cm
ml(STP) µm
mol
= 6.48 × 10−2 2
= 3.35 × 10−16
cm2 s cmHg
m day kPa
m s Pa

(2.1.14)
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Often, the dynamics of permeation are expressed in terms of the quantity Q(t)
of gas permeated through a membrane of unit area at time t. Q(t) is the integral
Rt
of J(t): Q(t) = 0 J(τ )dτ .




∞
D S pHPS
`2
` S ∆p X (−1)n
D n2 π 2 t
Q(t) =
t−
−2
exp −
. (2.1.17)
`
6D
π 2 n=1 n2
`2
Typical plots for J(t) and Q(t) are shown in Figure (2). The Q(t) curve can be

(a)

(b)

Figure 2. Typical curves for gas flux (a) and quantity of permeated gas (b) as functions of time. The dashed line in panel (b) is
the fit of the Q(t) curve in stc (i.e. for t → ∞) to a straight line.
thought as being divided in two parts. The first is the transient part, which occurs
for t . 5 θ, where θ =

`2/6D

is called timelag and its origin will soon be cleared.

During this period of time, the concentration of the gas in the membrane varies until
it reaches the stationary conditions (second part, t → ∞), when Q(t) becomes a
straight line. Indeed, in stationary transport conditions, equation (2.1.17) simplifies
to



D S pHPS
`2
P pHPS
Q(t) =
t−
=
(t − θ)
(2.1.18)
`
6D
`
which is a straight line which intercepts the time axis at t = θ, see Figure 2. It is
now clear that, once Q(t) is measured, the permeability can be obtained from its
slope and the diffusion coefficient from θ: this method is called time lag technique.
2.1.4. Selectivity. The ability of a membrane to separate a binary mixture
∗
of gases 1 and 2 is measured by the membrane’s separation factor α1/2
∗
α1/2
=

Y1/Y2
X1/X2

,

(2.1.19)

where Xi and Yi are the mole fractions of gas i in the retentate stream (at the
upstream side) and in the permeate stream (at the downstream side), respectively.
In can be shown that, when the downstream pressure is negligible with respect to the upstream pressure, the separation factor can be expressed as the ratio
between the permeabilities P1 and P2 (Ghosal and Freeman, 1994):

14
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P1
(2.1.20)
P2
It is worth to note that, in the general case, for a given membrane, the permeα1/2 =

ability Pi measured by single-component permeation measurements can differ from
the permeability Pi∗ measured when i is a component in a gas mixture. In general,
in fact, the presence of other gases can influence the permeability of the membrane
to gas i, for example by inducing plasticization of the membrane material (Baker,
2004; Baker and Low, 2014).
Using equation (2.1.20) and remembering equation (2.1.16), one can write
α1/2 =

S1 D1
·
,
S2 D2

(2.1.21)

The first term on the right-hand side of the above equation is called solubility
selectivity, whereas the second term is called diffusivity selectivity.
2.1.5. Glassy polymers. For the sake of completeness, we will now describe
some peculiarities of permeation in glassy polymers. For glassy polymers, sorption isotherms are usually different from what is observed in the case of rubbery
polymers. In fact, one finds that the sorption isotherms for glassy polymers are
steeper for low gas pressures and have a negative second derivative. This behavior
is explained in the dual sorption model. The basic assumption of this model is that
gas sorption in a polymer can occur in two kinds of sites. In rubbery polymers,
molecules are dissolved in the polymer matrix, filling the equilibrium free volume
of the polymer itself (we will call the concentration due to this contribution cD ,
dissolved). In glassy polymers there is another contribution. These polymers are
characterized by the presence of non-equilibrium free volumes (also called unrelaxed
volumes), in which the permeant packs with liquid-like density. We will refer to the
concentration of this part of the permeant as cH , where H stands for “holes”. Thus,
the isotherms are described by the sum of two terms: the Henry term resembles the
behavior described by equation (2.1.1), while the so-called Langmuir term describes
condensation of the permeant in non-equilibrium free volumes.
c = cD + cH = kD p +

c0H b p
1 + bp

(2.1.22)

where kD , c0H and b are parameters of the model. kD is the proportionality coefficient
for the Henry term, it is analogous to solubility in the case of rubbery polymers.
c0H is called hole saturation constant and b is called hole affinity constant (Baker,
2004; Vieth, 1991; Paul, 2010). A qualitative plot of the two contributions is shown
in Figure 3.
It is legitimate to expect that, as in the case of sorption, even diffusion occurs
in different ways. We can thus write the flux as a sum of two components:
J = −DD

∂cD
∂cH
− DH
∂x
∂x

(2.1.23)
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Figure 3. An illustration of the two contributions to sorption in
a glassy polymer.
We now want to express permeation from the point of view of the two different
populations D and H of permeant molecules. Starting from equation (2.1.22) we
define solubilities the parameters that connect pressure to the concentrations cD
and cH :
SD =

cD
pHPS

= kD

and

SH =

cH
pHPS

=

c0H b
1 + b pHPS

(2.1.24)

Assuming the downstream pressure to be zero, permeability can be expressed in
the following way:

P = SD DD + SH DH = kD DD

FK
1+
1 + b pHPS



(2.1.25)

where F = DH/DD and K = cH b/kD (Paul, 2010). From the above equation, it is clear
0

that in glassy polymers permeability decreases with increasing pressure (although
flux is still an increasing function of pHPS ). We point out however that, at the low
pressures used for the experiments carried out in this thesis work, linear sorption
isotherms were always observed and penetrant condensation in unrelaxed volumes
was never detected.
2.1.6. Temperature dependence of S and D. We will see in section 2.3
that the dependence of diffusivity on temperature can be quite complicated, because D depends on the temperature through the free volume. Nevertheless, the
temperature dependence of the diffusion coefficient can be described in the following
way:

D = D0 exp

−ED
RT



(2.1.26)
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where D0 is a pre-exponential factor, ED is an apparent activation energy for
diffusion, R is the gas constant and T is the temperature. According to the “zone
theory” for diffusion by Barrer, the activation energy ED corresponds to the energy
needed to create an “activated zone” near to the penetrant molecule, allowing it
to take a diffusive jump. According to Meares (1954), the activation energy is
proportional to the polymer’s cohesive energy density and to the volume of the
activated state, i.e. to the square of the penetrant’s kinetic diameter multiplied by
the jump length (Freeman, 1999; Zheng et al., 2007).
Solubility has a thermally activated behavior described by the relation


−∆HS
S = S0 exp
(2.1.27)
RT
where ∆HS is the enthalpy of solution (or enthalpy of sorption) of the penetrant
in the polymer while S0 is a temperature-independent pre-exponential factor. the
enthalpy of solution is given as the sum of two terms:
∆HS = ∆HC + ∆HM ,

(2.1.28)

where ∆HC is the enthalpy of condensation of gas into liquid phase and ∆HM is the
enthalpy of mixing (Matteucci et al., 2006). Condensation is an exothermic process
(∆HC < 0) and the enthalpy of condensation ∆HC is related to the enthalpy of
vaporization by the relation ∆HC = −∆HV . From P = DS one easily obtains a
similar formula for the dependence of permeability on temperature.




ED + ∆HS
−EP
P = D0 S0 exp −
= P0 exp
RT
RT

(2.1.29)

where P0 is still a temperature-independent pre-exponential factor and EP is the
apparent activation energy for permeation.
2.2. Permeation at a microscopic level
In this section, we will start from the laws governing gas solution and gas
diffusion in polymers, to understand in more detail the phenomena underlying gas
transport in polymer membranes at a microscopic level. We will describe the process
in analogy with the treatment proposed by Wang (1936) for metals, by separating
in the following steps the sorption and desorption of gas molecules at the surfaces:
(1) the gas molecules collide on the surface of the membrane and get adsorbed;
(2) the opposite process can also happen, and gas molecules desorb from the
surface of the membrane;
(3) gas molecules adsorbed on the surface of the membrane get absorbed to
the membrane bulk;
(4) the opposite of the point (3) occurs, gas molecules pass from the bulk to
the surface of the membrane.
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The gas flow J ads described by the process of point (1) is given by
J ads = αm (1 − ϑ)µp

(2.2.1)

where αm is the adsorption probability of the incident molecules, ϑ is the effective
fractional surface coverage, defined in analogy with the case of gas adsorption on
metals, p is the pressure of the gas in contact with the membrane surface and
µ = (2πM kB TM )−1/2 , so that µp is the number of gas molecules colliding on a unit
surface per unit time. In the definition of µ, kB is Boltzmann’s constant, TM is the
gas temperature and M is the molecular mass of the gas.
The desorption flux J des described by the above point (2) is
J des = δϑ

(2.2.2)

where δ is the rate constant for desorption. The gas flow for molecules passing from
the surface to the bulk (J abs ) and vice-versa (J dsb ) are given by
J abs = γϑ

(2.2.3)

J dsb = β(1 − ϑ)c

(2.2.4)

and

where γ and β are proportionality constants and we remark that the concentration
c is that of the gas dissolved in the membrane material in close vicinity to the
surface.
The processes just described occur both at the HPS surface of the membrane, in
contact with gas at pressure pHPS , and at the Low Pressure Side of the membrane,
in contact with gas at the pressure pLPS . Since in the most common experimental
conditions pLPS  pHPS , we will assume pLPS = 0 in the following.
Inside the bulk of the membrane, the diffusion J d of gas molecules obeys Fick’s
first law given by equation 2.1.3. The process is schematically represented in Figure
4. In stationary transport conditions, the gas flux J stc through the membrane is
constant in time and uniform (it does not depend on x). Therefore, we can describe
the processes depicted in Figure 4 with the following equations:
J stc

=

Juads − Judes

=

αm (1 − ϑu )µpHPS − δϑu

(HPS, adsorption)

stc

=

Juabs

(HPS, absorption)

J stc

=

J
J

stc

=

J

stc

=

Jddsb
Jddes

−

Judsb

=

γϑu − β(1 − ϑu )cu

Jd

=

u
−D cd −c
`

− Jdabs
− Jdads

=

β(1 − ϑd )cd − γϑd

(LPS, absorption)

=

δϑd

(LPS, adsorption)
(2.2.5)

(bulk)

where we used the index u for the parameters relative to upstream side of the
membrane and the index d for the downstream side. In the last equation of the
system, we neglected the term J ads = αm (1 − ϑd )µpLPS because we are assuming
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upstream
surface

downstream
surface
Jddsb = β(1 − ϑd )cd

Gas
(p = pHPS )

Vacuum
(p = pLPS = 0)

Juabs = γϑu

u
J d = −D cd −c
ℓ

Juads = (1 − ϑu )αm µpHPS

Jddes = δϑd

Jdabs = γϑd
Judsb = β(1 − ϑu )cu

Judes = δϑu

x=0

x=ℓ

Figure 4. Schematic representation of the different contributions
to gas flux in a polymeric membrane.
pLPS = 0. The above system of equations can be solved giving
αm µpHPS =

stc
2δJ stc (γ + δ) − `β
(J stc + δ)(J stc − δ)
DJ
stc
(J − δ)(J stc − γ)

(2.2.6)

The above equation makes it clear that the flux J stc remains finite also for infinite
pressures pHPS . Indeed, the pressure increases with increasing J stc but it diverges
when J stc approaches γ or δ, whichever is smaller. From a physical point of view,
the fact that J stc has to be smaller than γ means that the gas molecules can only
get absorbed in the bulk of the membrane at a finite rate, whereas the meaning
of the limit J stc < δ is given by the last equation of system (2.2.5): the effective
surface coverage ϑd cannot be larger than 1.
Let us now assume the flux J stc to be much smaller than both δ and γ, so that
it can be neglected when compared to them. In this case, equation (2.2.6) becomes


2(γ + δ) `β δ
αm µpHPS = J stc
+
(2.2.7)
γ
Dγ
which can be rewritten as
J stc =

β
γ

D
αm µpHPS
h `
i
D
δ + 2 `β
(γ + δ)

If the membrane is thick enough, so that

D
`β

(2.2.8)

becomes negligible, the above equation

becomes
J stc =

D γ
αm µpHPS
` βδ

(2.2.9)

We see from the above equations that, for J stc  γ and J stc  δ, the gas flux is
directly proportional to the upstream pressure pHPS . From equation (2.2.9), we can
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Figure 5. Diffusion of gas molecules in amorphous polymers: the
molecule occupies a nanocavity (a) until a new one forms adjacent
to the diffusing molecule, by means of thermal fluctuations of the
polymer matrix (b). When this happens, the molecule can jump
to the new nanocavity (c).
also obtain an expression of the solubility S which highlights the role of microscopic
phenomena involved in gas sorption:
S=

γ
αm µ
βδ

(2.2.10)

2.3. Gas transport and free volumes in polymers
In this section a model will be introduced, which describes the correlation between permeant diffusion and the structure of the polymer. This approach is based
on the concept of free volume, i.e. the volume of the polymer that is not occupied
by polymer chains and can therefore be occupied by the diffusing molecules.
2.3.1. Diffusion through free volumes. According to the free volume theory, motion of molecules in the volume of a polymer occurs through jumps between
thermally generated nanovoids in the polymer matrix. Diffusing molecules occupy
small cavities between polymer chains, in which they can move over distances smaller than the diameter of the cavity itself. These cavities are called free volume
elements (FVE) or “holes”. Due to chance thermal motions of the polymer chains,
free volume elements continuously form and disappear. When a nanovoid forms
adjacent to the diffusing molecule and is large enough to contain it, the molecule
can jump into it, where it will remain until another favorable polymer chain thermal motion occurs. The process has been represented in Figure 5. The sum of all
the voids in an amorphous polymer is called free volume, as opposed to occupied
(by the polymer chains) volume. Molecule diffusivity depends both on the size of
the gas molecule and on the total amount of volume available for diffusion (Duda
and Zielinski, 1996).
A first model for transport regulated by free volumes has been developed by
Cohen and Turnbull (1959). Although their model was initially believed to be
suitable only for liquids that can be considered as composed by rigid spheres, the
greatest impact of their development has been on describing mass transfer in solutions consisting of long polymer chains mixed with small solvent molecules. In the
Cohen-Turnbull model, the liquid is assumed as composed by N molecules, each of
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them having volume V ∗ . The free volume elements are continuously redistributed
in the liquid. The average free volume per sphere is given by V f , so that the total
volume of the liquid is VL = N V ∗ + N V f . In this case, the self diffusion rate of a
hard sphere is proportional to the probability to find a hole of volume V ∗ or larger
adjacent to the sphere. Cohen and Turnbull estimated this probability, finding the
following expression for the self-diffusion coefficient:


V∗
D = Ag exp −γof f
V

(2.3.1)

where Ag is a constant related to the gas kinetic velocity, γof is an overlap factor
between 0.5 and 1.0 which prevents double counting of free volume elements (i.e.,
free volumes shared by adjacent molecules) and V ∗ is the minimal hole size in which
the diffusing molecule can jump Duda and Zielinski (1996).
Vrentas and Duda started from the Cohen-Turnbull theory for self diffusion to
develop a model describing diffusion in polymers. They assumed that the volume
occupied by a polymer can be ideally divided in three parts: core volume, interstitial
free volume and hole free volume. The core volume is that occupied by the polymer
chains, it is also called occupied volume. The interstitial free volume requires a
large redistribution energy and is not implicated in diffusion. The hole free volume,
on the opposite, is easily redistributed by thermal fluctuations and it determines
the transport properties of the polymer system. To extend the Cohen Turnbull
model for self diffusion in liquids to the case of diffusion in polymers, Vrentas and
Duda introduced the concept of jumping unit, which allowed to take into account
the fact that polymer chain motion occurs stepwise, through the motion of one
segment (jumping unit) at a time (Duda and Zielinski, 1996). This means that not
only the size of the diffusing molecule, but also the size of the polymer’s jumping
units determines the diffusion coefficient.
A further modification to the model of Cohen and Turnbull was proposed by
Macedo and Litovitz (1965) and Chung (1996), who suggested that jumping units
and diffusing molecules need to overcome an energy barrier to take a diffusive
step, meaning that the sole presence of a neighboring free volume element with
sufficient size is not enough. The diffusing molecule needs in fact to overcome the
attractive forces with adjoining groups prior to take a diffusive step. This condition
is implemented in the dependence of the pre-exponential factor on temperature.
At this point, it was necessary to give an expression of the binary mutual
diffusion coefficient instead of the self diffusion coefficient. The binary mutual
diffusion coefficient D∞ for an infinitely diluted penetrant in a polymer can be
obtained using an approximated relation connecting self-diffusion coefficient and
mutual binary diffusion coefficient. Nevertheless, if the gas sorption isotherm in
the polymer is linear (as in the case of low gas concentration in rubbery polymers),
the self diffusion coefficient equals the mutual diffusion coefficient (Ganesh et al.,
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1992). With these considerations, the diffusivity for an infinitely diluted gas in a
polymer can be written (Lv et al., 2009):

D

∞

!


E∗
ξ V̂2∗
= D0 exp −
exp −
RT
V̂FH

(2.3.2)

where D0 is a pre-exponential factor whose dependence on temperature is much
weaker than that of the exponential terms (Macedo and Litovitz, 1965; Ricci et al.,
1977), E ∗ is a measure of the activation energy the molecule needs to get free
from the interaction with neighboring polymeric groups, V̂2∗ is the specific hole free
volume needed for a diffusive step of a jumping unit of the polymer, V̂FH is the
specific hole free volume of the polymer and ξ is the ratio of the critical molar
free volume required for a diffusive step of the diffusant to that for a diffusive
step of a polymer jumping unit. E ∗ is usually very small and it can often be
considered zero to a first approximation (Vrentas and Vrentas, 1989). It should be
noted that the above equation is a simplified version, obtained for infinite dilution,
of the expression for the mutual binary diffusion coefficient for the system under
investigation. For a more detailed treatment, see (Duda and Zielinski, 1996).
Equation (2.3.2) is often expressed in a simplified form (Lin and Freeman, 2006;
Lin et al., 2007; Thornton et al., 2009):


BD
D = AD exp −
f

(2.3.3)

where AD and BD can be considered independent of temperature and penetrant
concentration. AD depends on the diffusant’s volume and shape, BD is proportional
to the ratio between the penetrant molecule’s volume and the minimum volume of
the FVE required for the displacement of a polymer jumping unit. BD is expected
to decrease with the size of the penetrant molecules and the chain stiffness (Thran
et al., 1999; Vrentas and Duda, 1977). f is the fractional free volume, defined as
the ratio between the specific free volume VF and the macroscopic specific volume
V of the polymer:
VF
V − Vo
=
(2.3.4)
V
V
= V − Vo , i.e. as the difference between the

f=
where the specific free volume VF

specific volume of the polymer and the specific volume Vo occupied by the polymer
chains (Lee, 1980; Matteucci et al., 2006).
2.3.2. Free volume in glassy and rubbery polymers. It is found that
fractional free volume is typically larger for glassy polymers than for rubbery polymers. We can try to understand this by analyzing the structure of a polymer
above and below its glass transition temperature Tg . Above Tg , the polymer is
in its rubbery state: polymer chains are relatively free to move and free volume
originates from their imperfect packing. In rubbery state, hole free volume gives
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Figure 6. The different contributions to a polymer’s volume as a
function of temperature.
a large contribution to the total free volume. Free volume decreases with decreasing temperature until Tg is reached (see Figure 6). Cooling the polymer below
its glass transition temperature “freezes” the polymer chains, which can no longer
rotate freely. Because of the greatly reduced mobility of the polymer chains, the
free volume elements are also frozen into the polymer matrix: excess free volume
elements are therefore trapped in the polymer volume and the polymer is not in
an equilibrium state. The magnitude of the excess free volume in the glassy state
depends on how fast the polymer is cooled from the rubbery to the glassy phase
(Ganesh et al., 1992). As the temperature is further reduced, the voids between polymer chains remain approximately the same, while occupied volume decreases due
to the reduced amplitude of vibration of the elements composing the chains (Baker,
2004). At this point, it is necessary to note that, although the density fluctuations
of a glassy polymer are strongly reduced with respect to that of a rubber, they are
not completely eliminated. On much longer timescales, free volumes redistribute
also in glassy polymers, which reach equilibrium undergoing a densification process
(also referred to as aging of the polymer) in which the material reaches equilibrium
and loses the excess free volume. This process occurs usually in the timescale of
weeks to years and depends also on the size and shape of the polymer sample (Duda
and Zielinski, 1996; Huang and Paul, 2007).
2.4. Diffusion in porous membranes
In the previous sections, we have described the diffusion mechanism for a gas
molecule dissolved in a polymer. In the case of diffusion in a porous membrane,
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the gas molecules are contained in fixed pores and do not enter the bulk of the
membrane material. In the following, we will discuss the two transport mechanisms
of interest for this thesis, i.e. those which occur when the size of the pore is smaller
than the gas molecules’ mean free path.
2.4.1. Knudsen diffusion. Knudsen diffusion occurs when the kinetic diameter σk of the diffusing molecule is smaller than the diameter dc of the pore
(σk /dc . 0.5) Xiao and Wei (1992). In Knudsen diffusion, molecules move in
vacuum with their thermal velocity given by
r
8kB T
u=
(2.4.1)
πM
where M is the molecular weight of the penetrant. When molecules collide with
the pore’s wall, they are assumed to be momentarily adsorbed on the surface and
to subsequently leave it in a completely random direction.
In these assumptions, and if the pores can be approximated with infinitely
long cylindrical channels with radius dc , then the Knudsen diffusivity is given by
Burganos (2010)

1
udc
(2.4.2)
3
We note that Knudsen diffusivity is not thermally activated. In fact, it depends
DK =

on the square root of the temperature. The dependence of DK on the square root
of the gas molecular mass M is the basis for gas separation in membranes through
which transport occurs in Knudsen regime (this relation is called Graham’s law for
diffusion (Baker, 2004)).
2.4.2. Configurational diffusion. Configurational diffusion occurs when the
size of the pore is similar to that of the diffusant. It is thermally activated and occurs
when the diffusing molecules, inside the pores, lose their gaseous state and adsorb
on the pores’ surface, vibrating harmonically (with frequency ν) in equilibrium
positions in potential wells given by the interaction with the surface. When the gas
molecules accumulate enough energy to surpass the potential well (which is much
higher than kB T ), they can jump to one of the neighboring sites. In this model,
assuming that the gas concentration is low and the adsorbed molecules do not
interact with each other, the diffusivity is given by (Xiao and Wei, 1992; Gavalas,
2006):



1 2
−ED
Dconf = νls exp
(2.4.3)
z
kB T
In the above equation, z is the coordination number, i.e. the number of sites
adjacent to the one in which the molecule resides; ls is the distance between adjacent
sites and ED is the activation energy (i.e. the depth of the potential well).

CHAPTER 3

Materials
For the present thesis work, the following materials were studied:
(1) amine-modified epoxy resins;
(2) nanocomposites consisting of Few Layer Graphene (FLG) nanoplatelets
dispersed in an epoxy resin;
(3) nanocellulose films and nanocellulose films with dispersed TiO2 nanoparticles, deposited on polylactic acid (PLA) supports.
The epoxy and epoxy nanocomposite membranes were prepared by the author
of this thesis, whereas the nanocellulose-based membranes were prepared by the
Nanolab Research Group of the Department of Physics of the University of Trento.
Samples (1) are a set of four epoxy resin membranes in which the crosslink
density was systematically varied by using crosslinkers with different polymeric
chain length. The crosslink density is expected to be correlated with the free
volume structure of the material. In this study, we used such a set of samples
to study this correlation as well as the role of free volume on the gas transport
properties of the epoxy resins.
Samples (2) are FLG nanocomposites based on one of the epoxy resins of the
above described set. A set of nanocomposite membranes was prepared with different
filler loadings, to study their gas barrier properties and the influence of the matrixfiller interface structure on gas transport.
Samples (3) are nanocellulose-based membranes. Nanocellulose is a highly crystalline material well known to have excellent barrier properties. Nevertheless,
the specific mechanism underlying gas diffusion in such material is still unknown.
This mechanism was the topic of the study, carried out using sets of samples with
different thicknesses. Moreover, nanocellulose membranes with dispersed TiO2 nanoparticles were prepared to study the influence of the fillers on the properties of
the membranes.
In this chapter, we will only describe the sample preparation procedure and
the results of their structural characterization, whereas experiments and results on
the free volume structure and gas transport properties of the membranes will be
described and discussed in specific chapters.
In appendix A, we will separately present a work on polypropylene/multiwalled
carbon nanotube composite samples carried out in the framework of a collaboration
with the Institute of Chemical Engineering Sciences, Foundation for Research and
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Figure 1. The curing reaction between an epoxide and a crosslinker.
Technology-Hellas, (Patras, Greece) and the departments of Chemistry and Chemical Engineering of the University of Patras (Greece). Preparation and structural
characterization of the samples, as well as their gas transport properties, will be all
discussed in appendix A.

3.1. Epoxy resins
Epoxy resins are crosslinked polymers obtained from the reaction of two components, called epoxide and crosslinker, the latter also being called hardener or
curing agent. The epoxide is a molecule that contains a cyclic ether (epoxide or
oxirane group), as shown in the leftmost part of Figure 1. The crosslinker is a
molecule with groups able to react with the epoxide functional group, usually hydroxy groups or primary and secondary amines (Ebewele, 2000). The polymerization
process consists in opening the epoxide group and bonding with the crosslinker’s
amine or hydroxy group as shown in Figure 1 (Mack and Smith, 2005).
For the preparation of the samples used in this study, we used diamine crosslinkers. There are two important quantities which characterize the reagents needed
for the preparation of such epoxy resins: epoxides are characterized by the epoxy
equivalent weight (EEW), defined as the quantity of epoxide (grams) containing
one equivalent of epoxide groups; amine crosslinkers are characterized by the amine
hydrogen equivalent weight (AHEW), i.e. the quantity of crosslinker that contains
one equivalent of N-H groups (molecular weight of the hardener divided by the
number of active hydrogens per molecule).
The polymer is prepared by mixing epoxide and amine in the correct proportions and submitting the obtained solution to a heat treatment. A completely
crosslinked resin is obtained when the ratio between crosslinker and epoxide equals
the ratio AHEW/EEW (Hoa, 2009).
3.1.1. Epoxy membrane preparation. The epoxy resins used in this work
are based on an aliphatic epoxide, NeoPentyl Glycol Diclycidyl Ether (NPGDE,
molecular weight=216 g/mol, EEW 145 g/eq.) purchased from Sigma Aldrich Srl
(Italy). We used four crosslinkers with different chain length, in order to systematically vary the crosslink density (number of crosslink sites per unit volume)

3.1. EPOXY RESINS

27

Figure 2. Chemical structures the epoxy neopentyl glycol diglycidyl ether and polyether diamines.

of the epoxy resins and hence tune their free volume structure. The used crosslinkers were: α, α-diamino terminated polyoxypropylene polyether diamines Jeffamine D-230 (molecular weight = 230 g/mol, AHEW = 59 g/eq.), D-400 (molecular weight = 400 g/mol, AHEW = 107 g/eq.) and α, α-diamino terminated poly(oxypropylene)-block-poly(oxyethylene)-block-poly(oxypropylene) triblock
polyether diamines including Jeffamine ED-600 (molecular weight = 600 g/mol,
AHEW = 156 g/eq.) and Jeffamine ED-900 (molecular weight = 900 g/mol, AHEW
= 220 g/eq.), procured from Huntsman Chemical Co. The chemical structures of
the epoxide and the polyether diamines are shown in Figure 2. The epoxy and
amine hydrogen equivalent weights have been determined from standard titrimetry
methods (Durbetaki, 1956).
To prepare the membrane samples, NPGDE and the amines have been weighed
and mixed in stoichiometric proportions to obtain a 1:1 ratio between the number of epoxide groups and amine hydrogens, as described above, and vigorously
hand-stirred for at least 10 minutes, to get a homogeneous mixture. Samples with
thickness of the order of 0.1 mm were obtained by casting the mixture on a glass
surface, whereas samples with thickness & 0.5 mm were prepared in stainless steel
molds.
The curing process for all the samples was carried out at 323 K for 4 hours and
353 K for the next 12 hours. In the following, the epoxy-Jeffamine D-230 and epoxyJeffamine D-400 will be referred to as NPGD-230 and NPGD-400, respectively,

28

3. MATERIALS

Figure 3. Photograph of a cured NPGED-230 membrane sample.
while the epoxy-Jeffamine ED-600 and epoxy-Jeffamine ED-900 will be referred
to as respectively NPGED-600 and NPGED-900. The membrane samples for gas
transport experiments were prepared in form of disks (18 mm diameter, ∼ 100 µm
thickness) using a self-designed cutting tool, see Figure 3.
3.1.2. Structural and morphological characterization. The structural
and morphological properties of the samples were studied by Fourier Transform
InfraRed (FTIR) spectroscopy, Differential Scanning Calorimetry (DSC) and Scanning Electron Microscopy (SEM) analysis. We will also discuss the correlation
between structural properties of the materials and their crosslink density X. In
completely cured samples, this parameter can be calculated using the following
equation (Wang and Zhou, 2002; Patil et al., 2013):


w1 (a − 2) w2 (b − 2)
X=%
+
NA
M1
M2

(3.1.1)

where % is the mass density of the polymers; w1 and w2 are the weight fractions of
the epoxide and of the diamines, respectively; a is the functionality of the epoxide
and in our case a = 2; b is the functionality of the diamines, in our case b = 4;
NA is Avogadro’s number. The obtained values are X = 1.67 sites/nm3 for NPGD230; X = 1.42 sites/nm3 for NPGD-400; X = 1.15 sites/nm3 for NPGED-600;
X = 0.90 sites/nm3 for NPGED-900.
3.1.2.1. Fourier Transform InfraRed spectroscopy. Fourier Transform Infrared
Spectroscopy analysis was carried out using a Bruker Optics TENSOR 27 instrument in Attenuated Total Reflection mode and spectra were acquired in the
400-4000 cm−1 range with a resolution of 4 cm−1 . FTIR analysis was performed to
verify the complete curing of the samples. To do so, spectra of the pure epoxide
and of the polymer samples were compared. Figure 4 shows the spectra acquired
for the pure epoxide and all the cured epoxy resins. In Figure 5, the detail of the
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Figure 4. FTIR spectra of the NPGDE epoxide and of the cured
epoxy samples.
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Figure 5. FTIR spectra of the pure epoxide and of the cured
NPGD-230 and NPGED-600 samples in the 600-1500 cm−1 region.
FTIR spectrum of NPGDE, together with those of a high crosslink density sample
(NPGD-230) and of a low crosslink density sample (NPGED-600) are reported for
the wavelength interval between 600 cm−1 and 1500 cm−1 . In these spectra, the
completeness of the curing process is confirmed by the decrease of the intensity
of the peaks at 757 cm−1 (rocking -CH2 of the epoxide group), 838 cm−1 (C-O-C
stretching of the epoxide group), 908 cm−1 (C-O stretching of the epoxide group).
The intense peaks at 1097 cm−1 present in all samples are attributed to the (C-OC) stretching of the ethers (Starner, 1997; Gonzàlez et al., 2012). The details of the
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Figure 6. FTIR spectra of the pure epoxide and of the cured
NPGD-230 and NPGED-600 samples in the 2200-3800 cm−1 region.
spectra at higher wavenumbers are reported in Figure 6. The peak at 3054 cm−1
due to C-H stretching in the (-CH2 ) of the epoxide group disappears upon curing,
confirming the consumption of the epoxide groups despite its low intensity (Gonzàlez et al., 2012). The peaks relative to the amine and hydroxide bonds appearing
during the epoxide ring opening reaction are found between 3100 and 3600 cm−1 .
As often observed, they merge in one broad peak around 3440 cm−1 (Gilbert et al.,
1991).
The analysis presented here thus shows that the membrane samples were completely cured, so we can be confident on the correctness of the X values as calculated
by equation (3.1.1).
3.1.2.2. Differential Scanning Calorimetry. The thermal properties of the polymer samples were analyzed by Differential Scanning Calorimetry (DSC). The
employed instrument was a DSC 8500 Hyper-enabled double-furnace Differential
Scanning Calorimeter calibrated with an Indium standard. This instrument allows
cooling rates up to 750 K min−1 and a data readout of 100 points/s. The scans
were performed on samples weighting ∼ 6 g under dry nitrogen atmosphere. Before
acquiring the scans, the samples were cooled to their glassy states. The scans were
then performed with a heating rate of 5 K min−1 . An empty DSC pan was taken as
a reference in all measurements. DSC analysis was performed to measure the glass
transition temperature Tg of the studied epoxy resins and analyze the correlation
between the crosslink density X and the glass transition temperature of the cured
polymers. Figure 7 shows the DSC scans for all samples and the relative Tg values.
The curves show that the Tg decreases with decreasing crosslink density (i.e. with
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Figure 7. DSC scans of the cured samples. For each curve, the
respective Tg is reported.
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Figure 8. Glass transition temperature Tg as measured by DSC
as a function of the crosslink density X of the four epoxy resin, as
calculated by equation (3.1.1).

increasing chain length of the crosslinker) and that the samples were in rubbery
phase at temperatures larger than 273 K.
Figure 8 shows a plot of the glass transition temperature Tg as a function of
the crosslink density X of the studied epoxy resin, as detected by DSC analysis.
The glass transition temperature shows an almost linear increase with the crosslink
density.
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Figure 9. Scanning electron micrographs of NPGD-230 and
NPGED-600 membranes.

3.1.2.3. Scanning Electron Microscopy. The cross-sectional and surface morphology of the epoxy membranes was studied by Scanning Electron Microscopy
using a JEOL JSM-7001F Field Emission Scanning Electron Microscope. Crosssectional images were acquired after cracking the samples in liquid nitrogen. No
metallization was needed for the presented low-magnification images. In Figure 9
(upper panels), micrographs of the surface of a high crosslink density membrane
(NPGD-230) and of a low crosslink density membrane (NPGED-600) are shown:
the micrographs show uniform morphology without specific structures or imperfections such as pinholes or cracks. The cross sections of the same samples, reported
in the lower panels of Figure 9, also show uniform morphology. No morphological
difference in the surface or in the cross section can been detected in samples with
different crosslink density X. A low-magnification micrograph of the cross section
of a NPGED-900 membrane is reported in Figure 10: this image shows that the
procedure used allows the preparation of samples with uniform thickness.
3.1.2.4. Thermomechanical analysis. The volumetric thermal expansion coefficient αV was measured for all samples using a TA Instruments DMA Q800 under
tensile configuration in the temperature range of 273 to 373 K at 6 K s−1 .
The thermal expansion curves for NPGD-230 and NPGED-600 are reported in
Figure 11. The slope of the curves gives the linear thermal expansion coefficient
αL , while αV is given by αV = 3αL . The analysis of all samples resulted in indistinguishable values with average αV = (5.6 ± 0.1) × 10−4 K1 , where the uncertainty is
given by the semi dispersion of the values.
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Figure 10. Cross section of a NPGED-900 membrane.
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Figure 11. Linear strain (∆L/L) as a function of temperature
for NPGED-600 (blue solid line) and NPGED-230 (red solid line).
The dashed lines represent the linear fits of the experimental data.

From the data obtained from the structural characterization, some conclusions
about the samples can be drawn:
(1) the preparation procedure gives rise to complete crosslinking between
epoxide and crosslinker and permits the formation of defect-free samples;
(2) increasing the crosslinking density increases the glass transition temperature of the samples without affecting their morphology;
(3) the crosslink density does not influence the thermal expansion coefficient.
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3.2. Epoxy-FLG nanocomposites
Graphene can be defined as a monolayer of graphite (Yoo et al., 2014), a perfect
2D material which has not only high transparency (Nair et al., 2008) and excellent
mechanical properties (Lee et al., 2008) but is also gas-impermeable (Leenaerts
et al., 2008). However, the production of high surface, non-defective graphene
sheets is an expensive and complicated process (Cui et al., 2016).
Few Layer Graphene (FLG) nanoplatelets are graphene-derived materials consisting of stacks of graphene sheets which can be obtained via a top-down process
as, for example, graphite exfoliation (Novoselov et al., 2012). These nanoparticles
have thickness of few nm and a lateral size of the order of 1-10 µm. Thanks to
their high aspect ratio and their impermeability, they are appropriate fillers for the
production of PNC membranes with enhanced gas barrier properties (Yoo et al.,
2014; Cui et al., 2016). Moreover, their high specific surface makes FLG nanoplatelets suited for a detailed study of the structural peculiarities appearing at the
polymer-filler interface in nanocomposites and their influence on the gas barrier
properties.
For the preparation of the epoxy-FLG nanocomposite samples, we decided to
use the epoxy resin NPGED-900 (described in the above section) as a matrix. The
low crosslink density of this polymer is accompanied by an open structure between
the polymer chains, permitting high transport rates of penetrant gas molecules.
This polymer is hence the best playground to study the possible effects of the FLG
nanofillers on the penetrant transport process.
3.2.1. Epoxy-FLG nanocomposite preparation. Filaments of expanded
graphite were obtained by submitting expandable graphite flakes provided by Faima
srl (Italy) to thermal shock (750 ◦C, 3 mins). FLG nanoplatelets were fabricated
by sonicating the filaments in acetone (C3 H6 O) for 30 mins at room temperature.
Finally, FLG powders were obtained after drying in air the resulting suspension.
Details on the preparation procedure can be found in Ref. (Carotenuto et al., 2014).
For the preparation of the nanocomposites, the FLG powders were firstly dispersed in acetone. The suspension was then stirred for 30 mins at 100 rpm using a
mechanical stirrer, then it was sonicated for 20 mins using a horn sonicator. The
epoxide was added in the desired amount and the obtained suspension was stirred
for 3 more hours and left overnight. The hardener (Jeffamine ED-900, see section
3.1.1) was added in stoichiometric proportions to ensure complete crosslinking. The
obtained solution was stirred for 30 mins and then cast on a glass support. Curing
was carried out for 4 hours at 50 ◦C and for the following 12 hours at 80 ◦C.
Nanocomposite samples with different mass fractions of FLG were prepared,
i.e. 5 wt. %, 7.5 wt. % and 10 wt. %. Given the mass density of 1.1 g cm−3 for the
polymer matrix and 2.1 g cm−3 for the FLGs, these values correspond to volume
fractions of 2.8 vol.%, 4.3 vol.% and 5.7 vol.%, respectively.
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Figure 12. SEM micrograph of a FLG platelet
3.2.2. Epoxy-FLG nanocomposite characterization. The structural characterization of the epoxy-FLG nanocomposites was performed using SEM, X-ray
diffraction (XRD) and DSC to study (i) the morphology of the samples; (ii) the
degree of dispersion of the FLG nanoplatelets in the nanocomposites; (iii) their
orientation and (iv) the influence of the fillers on the glass transition temperature
of the polymer matrix.
3.2.2.1. Scanning Electron Microscopy. SEM images have been acquired using
a JEOL JSM-7001F Field Emission Scanning Electron Microscope. To observe the
cross section of the membranes, they were fractured in liquid nitrogen.
Figure 12 shows the morphology of a FLG nanoplatelet. It has irregular shape,
lateral size of approx. 10 µm and a smooth surface. In Figure 13, we show micrographs of the surface of a pure NPGED-900 membrane (Figure 13(a)) and of three
nanocomposite samples with 2.8, 4.3 and 5.7 vol.% filler loading (Figures 13(b),
13(c) and 13(d), respectively). The surface of the pure NPGED-900 membrane
displays a uniform morphology, free from defects such as pinholes and cracks. In
the nanocomposite samples, the presence of fillers below the first polymer layers
can be observed. The FLG nanoplatelets appear uniformly dispersed and oriented
with their surface parallel to the surface of the membrane.
The cross section of the samples is shown in Fig 14 for 2.8 vol.% filler loading.
The filler particle can be distinguished from the surrounding polymer matrix, its
shape and size are the same as the ones observed for isolated platelets (despite
the sonication), and the particle has its surface parallel to the membrane surface.
The inset of Figure 14 shows the cross section of a pure epoxy membrane: its
morphology appears uniform and free from structures or pores.
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Figure 13. SEM micrograph of the surface of a pure epoxy membrane (a) and of nanocomposite samples with 2.8 (b), 4.3 (c) and
5.7 vol.% (d) filler loading.

Figure 14. SEM micrograph of the cross section of a nanocomposite sample with 2.8 vol.% FLG concentration. In the inset, the
cross section of a pure epoxy membrane.
3.2.2.2. X-Ray Diffraction. To study the size and orientation of the FLG particles in the nanocomposites, X-Ray Diffraction was used. Experiments were carried
out in the Bragg-Brentano configuration using the Cu Kα radiation (λ = 1.54 Å)
using an XPert Pro Panalytical diffractometer. In Figure 15, we show the XRD
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Figure 15. XRD spectra of the nanocomposite samples with 2.8
vol.% and 5.7 vol.% filler concentration.
spectra of the nanocomposite membranes with 2.8 vol. % and 5.7 vol. % filler
loadings. The reflections of the g-C structure are evident in the (0002) and (0004)
peaks at 2θ ' 26.6° and 2θ ' 57.8°, respectively. The intensity of the peaks increases with the filler content. The broad reflection peak at angles between 2θ ∼ 10°
and 2θ ∼ 30° is due to the amorphous polymer matrix.
From the XRD spectra, the following information can be obtained:
(1) Since only the (0002) and the (0004) are visible, the FLG platelets are
oriented with their surface parallel to the surface of the membrane (Checchetto et al., 2014; Dimovski et al., 2004), as it was observed in the SEM
micrographs;
(2) the average thickness of the nanoplatelets, as estimated by the analysis
of the FWHM of the (0002) peak with the Debye-Scherrer equation, is
w = (10 ± 1) nm;
(3) no ordered phase is induced in the polymer matrix by the addition of
fillers.
3.2.2.3. Differential Scanning Calorimetry. DSC analysis was carried out on
the pure and the nanocomposite samples to study the influence of the addition
of FLG particles to the glass transition temperature. The analysis was performed
using a DSC 8500 Hyper-enabled double-furnace Differential Scanning Calorimeter
on samples weighting approx. 7 mg and with a heating rate or 5 K/min under nitrogen flow. Figure 16 shows the thermographs in the temperature range of 218-242
K. No significant variation in the glass transition temperature of the nanocomposite
samples was observed, with respect to the pure polymer.
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Figure 16. DSC thermographs of the pure NPGED-900 and the
FLG nanocomposite samples with 2.8 vol. %, 4.3 vol. % and 5.7
vol. % filler loading.
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Figure 17. A graphical description of the structure of cellulosic
fibers, from plants down to the chemical structure of the cellulose
crystals. Reproduced from (Lavoine et al., 2012) with permission
from Elsevier.

3.3. Cellulose nanofibers
Cellulose is considered the most abundant polymer on Earth (Dufresne, 2010;
Siqueira et al., 2010). It is a structural polymer conferring its mechanical strength
to higher plant cells and making up for approximately half the weight of wood
Dufresne (2013). Its basic structural components are Cellulose Nanofibers (CN):
rod-like crystalline cellulose domains with the structure shown in Figure 17, and
having a dimer called cellobiose as a repeating unit (Lavoine et al., 2012). These
crystalline domains, in plants, are linked to one another by amorphous regions
forming longer microfibrils, which are packed in larger fibers called microfibrillated
cellulose (MFC). These are immersed in an amorphous phase consisting mainly in
lignin and hemicellulose, forming the cellulosic fibers which, on turn, make up for
the plant cell walls (Dufresne, 2013; Lavoine et al., 2012).
Cellulose nanofibers can be obtained from wood pulp in several ways. A mechanical treatment can be used to isolate cellulose fibers from the lignocellulosic
fibers. This procedure provides microfibrillated cellulose, having an amorphous
fraction and actually consisting of aggregates of individual, crystalline nanofibers.
MFC fibers have widths in the range of 20 to 60 nm and length of more than 1 µm
(Lavoine et al., 2012; Chirayil et al., 2014).
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As an alternative route, acid hydrolysis can be used to attack the amorphous
parts of the cellulose fibers and break them in highly crystalline nanofibers with
cross sectional diameter of approx. 5 nm and length of the order of 100 nm (Dufresne, 2013). This is however a hydrolytic procedure, thus it has low yield and it
strongly decreases the fiber length to 100 -150 nm (Saito et al., 2007).
For this work, another method has been used to separate the individual cellulose nanofibers by preventing the formation of hydrogen bonds between them.
2,2,6,6-Tetramethylpiperidine-1-oxyl radical (TEMPO) -mediated oxidation was
first reported by Saito et al. (2007) and it allows to convert the primary hydroxyls
on the nanofibers’ surface to carboxylate groups. A subsequent mechanical treatment allows to obtain individual TEMPO-Oxidized Cellulose Nanofibers (TOCNs)
with widths of 3 - 4 nm and high aspect ratios (Fukuzumi et al., 2013b).
In the following, we will present in detail the preparation of the TOCN films
and their structural, morphological and optical characterization. The gas transport
properties of TOCN were studied using bilayer membranes consisting of few µm
thick TOCN coatings on polylactic acid (PLA) foils which acted as a mechanical
support. For the purposes of this study, PLA proved to be a well suited substrate
for the cellulose nanofiber coatings because its hydrophilic character allowed to
deposit uniform CN films by the casting technique described in the following (in
fact, before the deposition, the cellulose nanofibers are in aqueous solution).
Nanocomposite TOCN films with dispersed TiO2 nanoparticles were also prepared and studied, to investigate the influence of the fillers on the optical and
gas transport properties of the films. TiO2 nanoparticles were chosen as a filler,
given their well known antimicrobial properties, which make them interesting for
applications in food packaging technology (De Azeredo, 2009).
3.3.1. Cellulose fibers oxidation. To prepare the cellulose nanofibers (CN)
films, a method described by Saito et al. (2007) was used. TEMPO -mediated oxidation of cellulose fibers at alkaline conditions and room temperature was performed
to convert primary hydroxyls into carboxylate groups and obtain carboxylated cellulose nanofibers. 1 g of cellulose pulp, provided by SCA-Ostrand (Sweden) was
suspended in 100 ml of water and kept under constant stirring for 1 h. Catalytic
amounts of TEMPO (0.16 mg) and NaBr (0.1 g) were added to the slurry. 3.1
g of NaClO were then added to the mixture, which was stirred at a pH between
10.5 and 11.0 by adding NaOH (1 M) until no further decrease was observed in the
pH. Then, the pH was lowered to 7.0 by washing the obtained slurry at least 10
times with high-purity water (400 ml). An ultrasonic tip with diameter of 13 mm
(Bandelin Sonopuls HD2200) was used to sonicate 45 ml of the slurry for 4 mins
at 20 kHz and an output power of 100 Weff delivered in the sample’s volume, to
finally obtain a transparent suspension of TEMPO-Oxidized Cellulose Nanofibers
(TOCN) having a density of 2.7 mg ml−1 (Bettotti et al., 2016).

3.3. CELLULOSE NANOFIBERS

41

3.3.2. Film preparation. To obtain few micron thick coatings, the TOCN
suspension was casted by directly pouring it on PLA disks having thickness of
(23 ± 1) µm and diameter of 3 cm. These PLA foils, on turn, were laid on a polydimethylsiloxane (PDMS) substrate providing a hydrophobic surface able to confine
the aqueous CN suspension. Drying was performed in an oven at 60 ◦C for 24 h. No
surface treatment was performed on the PLA substrates thanks to the hydrophilic
nature of this polymer which favored the formation of uniform coatings. In the
following, we will call TOCN/PLA bilayer membranes the samples obtained as just
described. Self-supporting TOCN films were prepared as well by casting the TOCN
suspension on Petri dishes. The films were peeled off the dishes after annealing.
The thickness `TOCN of the TOCN films was evaluated starting from the analysis of their UV-Vis transmission spectra as described in detail in the following.
In this way, a calibration was obtained, which allowed to predict the film thickness
knowing the amount of the poured TOCN solution. TOCN films with thicknesses ranging from ∼ 2 µm to ∼ 12 µm were obtained by casting amounts of TOCN
suspension per unit substrate surface in the range 0.4-2.4 mg cm−2 .
The density %TOCN of the films was measured by preparing 7 films having a
surface of (4.0 ± 0.2) cm2 and measuring the thickness of each film as an average
over three measurements performed on different regions. This allowed to evaluate the volume and hence the mass density of each film. The density %TOCN =
(1.57 ± 0.06) g cm−3 was obtained as the average density of the 7 films.
3.3.3. Nanocellulose-TiO2 nanocomposite preparation. Nanocomposite
TOCN:TiO2 films were prepared by adding TiO2 nanoparticles to the CN dispersion. Degussa Aeroxide TiO2 p25 nanoparticles having diameter of approx. 21 nm
(EVONIK Industries, 2015) and a combination of rutile and anatase crystal structure were purchased from Evonik (Essen, Germany) and dispersed in the TOCN
solution to obtain a weight fraction of 5 % of TiO2 nanoparticles in the cellulose nanofibers films. TOCN:TiO2 /PLA bilayer membranes were prepared by casting the
obtained solution on PLA foil with thickness (23 ± 1) µm as described in the case of
pure TOCN. Given the TiO2 /TOCN weight ratio, the mass density %TOCN of the
cellulose nanofibers and that of the TiO2 nanoparticles %TiO2 = 3.9 g cm−3 (EVONIK Industries, 2015), the volume fraction of TiO2 nanoparticles in the TOCN:TiO2
layers is ϕTiO2 = 2%. The thickness `TOCN:TiO2 of the coatings was calculated knowing the amount of solution casted and ϕTiO2 , based on the calibration made for
pure TOCNs.
3.3.4. Nanocellulose film characterization.
3.3.4.1. Atomic Force Microscopy. The morphology and the dimensions of isolated TOCNs and of the TOCN films were observed by a digital AFM microscope
(Solver NT-MDT) operating in semi contact mode. Isolated TOCNs were obtained
by depositing a drop of TOCN solution, suitably diluted with water, on a silicon
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Figure 18. AFM images of (a) isolated cellulose nanofibers deposited on a silicon substrate; (b) surface of a TOCN coating deposited on a PLA substrate.

Figure 19. SEM micrographs of: (a) the surface of an uncoated
PLA substrate; (b) the surface of a TOCN coating and (c) the
surface of a TOCN:TiO2 coating
substrate and drying it at 60 ◦C in an oven (Bettotti et al., 2016). To visualize and
analyze the obtained data, the Gwyddion package was used (Neas and Klapetek,
2012). An AFM micrograph for isolated cellulose nanofibers deposited on a silicon
support is reported in Figure 18 (a). A statistical study carried out on similarly
prepared samples (Bettotti et al., 2016) revealed that the TOCN under study have
an average diameter of 4 nm and lengths in the range of 50 - 300 nm. Figure 18 (b)
shows the AFM image of the surface of a TOCN coating. The fibers appear oriented with their main axis parallel to the coating’s surface and they form a densely
packed network.
3.3.4.2. Scanning Electron Microscopy. The morphology of the membranes’
surfaces and cross sections was studied by field emission scanning electron microscopy using a JEOL JSM-7001F microscope operating at 2 kV. The samples
were metalized and, to observe their cross section, freeze-cut in liquid nitrogen.
Figure 19 shows SEM micrographs of the surface of an uncoated PLA foil (a),
of a TOCN coating (b) and of a TOCN:TiO2 coating (c). All membranes show
a uniform morphology, free from imperfections such as pinholes and cracks. TiO2
nanoparticle aggregates can be seen in Figure 19 (c). Figure 20 shows the cross
section of a TOCN/PLA bilayer membrane (a) and of a TOCN:TiO2 /PLA bilayer
membrane (b) fractured in liquid nitrogen. The coatings can be distinguished by
the substrates, the micrographs reveal the uniformity of their thickness. A SEM
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Figure 20. Cross sections of a TOCN/PLA bilayer membrane (a)
and a TOCN:TiO2 /PLA bilayer membrane (b)

Figure 21. SEM micrograph of the cross section of a TOCN:TiO2 coating.
micrograph of the cross section of a TOCN:TiO2 layer at higher magnification
is shown in Figure 21. This image allows to distinguish individual TOCNs and
clearly evidences that they are aligned parallel to one another and their main axis
is parallel to the surface of the coating. The image also shows an agglomerate of
TiO2 nanoparticles, with size of the order of 100 nm. Larger agglomerates are also
found, mostly located at the interface between PLA and the coating.
3.3.4.3. Optical characterization. The absorption spectra of bilayer membranes
and self-supporting TOCN films were acquired using a Varian Cary 5000 UV-VisNIR spectrophotometer operating in transmittance mode at wavelengths between
190 and 900 nm, with a resolution of 1 nm. From the spectra, the thickness `TOCN of
the self-supporting TOCN films was obtained using the following equation (Poelman
and Smet, 2003):
`TOCN =

N
1
p
4(k2 − k1 ) n2 − sin2 θ

(3.3.1)
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Figure 22. Optical transmittance spectra of a (23 ± 1) µm thick
PLA foil (black line), a TOCN/PLA bilayer membrane with coating thickness of (2.5 ± 0.1) µm (red line) and a TOCN:TiO2 /PLA
bilayer membrane with coating thickness of (2.5 ± 0.1) µm (blue
line).

where k1 and k2 are the maximum and minimum wavenumbers of the interval
taken into consideration, N is the number of fringes in this interval, θ is the angle
of incidence and in our case it holds θ = 0 and n is the refraction index of the film
material, it is n = 1.58 in our case and we considered it constant in the examined
wavelength range (Nogi et al., 2005).
In Figure 22, we report the optical transmittance (OT) spectra of a (23 ± 1) µm
thick PLA foil, of a TOCN/PLA bilayer membrane with TOCN coating thickness
of (2.5 ± 0.1) µm and a TOCN:TiO2 /PLA bilayer membrane with coating thickness
of (2.5 ± 0.1) µm. The OT of PLA is almost zero in the low UV range and increases
gradually at wavelengths λ around 225 nm. At λ = 300 nm, the OT is 86%, and it
increases in the visible range, reaching values of ∼ 95% at λ = 600 nm. The TOCN
coating only slightly reduces the transparency of the membrane, which remains
highly transparent to visible light: the OT is ' 90% at 600 nm. These data
confirm the uniformity of the TOCN films and the lack of pores or structures which
could reduce their OT by scattering light. Light transmission is more markedly
reduced by the dispersion of TiO2 nanoparticles both in the UV and in the visible
range. TiO2 absorbs indeed UV light due to its bandgap at 3.0 - 3.2 eV (Chen and
Mao, 2007), whereas the reduction in the OT in the visible range can be attributed
to light scattering from the TiO2 nanoparticle aggregates detected by SEM (see
Figure 21) (Caseri, 2000).
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Figure 23. Optical transmittance of self-supporting TOCN (red
symbols) and TOCN:TiO2 layers (blue symbols) as a function of
the thickness ` of the films. Open symbols refer to the OT values
at λ = 300 nm and solids symbols represent values measured at
λ = 600 nm. The experimental points and the error bars represent
the average values and standard deviations of at least 4 measurements.
Figure 23 shows the OTs of self-supporting TOCN and TOCN:TiO2 films as
a function of their thickness and at two different wavelengths, 300 nm (UV) and
600 nm (Vis). At 600 nm, the pure TOCN films maintain OT values of almost 90
% even for thickness `TOCN > 10 µm. In the UV, at 300 nm, the OT of TOCN
films is (72 ± 2) % with a 12 µm thick coating. The presence of TiO2 nanoparticles,
instead, reduces light transmission, especially in the UV, where it drops to less than
10 % for film thicknesses of ∼ 10 µm.
If the light scattering due to the interface between the TOCN films and the air
can be neglected, the OT spectra obtained with self-supporting TOCN films with
different thicknesses `TOCN allow us to evaluate the optical absorption coefficient
αλ by Lambert’s law (Young, 2000):
I ' I0 (1 − R)2 exp(αλ `TOCN )
OT (%) = 100

I
I0

(3.3.2)
(3.3.3)

where I is the intensity of the light beam transmitted through a film of thickness
`TOCN , I0 the intensity of the incident beam and R is the reflectivity of the films,
for normal incidence of the light beam. αλ and R can be obtained, respectively,
from the slope and from the intercept of the straight line which best fits values
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α300 nm (µm−1 )

TOCN

TOCN:TiO2

(25 ± 1) × 10−3

(61 ± 3) × 10−3

α600 nm (µm−1 ) (1.0 ± 0.4) × 10−3
R300 nm
R600 nm

(36 ± 5) × 10−3

(4.2 ± 0.2) × 10

−2

0.0 ± 0.1

(5.0 ± 0.2) × 10

−2

(7.7 ± 0.9) × 10−2

Table 1. Measured optical absorption coefficients αλ and reflectivity R (see equation (3.3.2)) of the TOCN and TOCN:TiO2 films.

of ln(100/OT ) plotted as a function of `TOCN . The obtained values are reported in
Table 1.

CHAPTER 4

Methods
In this chapter, we will describe the techniques used for the determination
of the gas transport properties of the studied membranes and their free volume
structure. For the gas transport measurements, two different techniques were used.
In the following, we will describe them in detail to make clear their advantages and
drawbacks and to clarify why each technique was chosen for the specific membrane
samples under study.
Subsequently, we will describe the PALS technique and the coincidence setup
used for the free volume studies in the epoxy-based membranes, as that is the most
common setup for Ps lifetime experiments in polymers. A different experimental
technique has been used for the free volume study of nanocellulose films: details on
it are given in the relative publication by Roilo et al. (2017) and references therein.
Nevertheless, the physics underlying the experimental technique is the same and it
is described in this chapter.

4.1. Gas transport experiments
In this section, we will describe how the quantities J(t) and Q(t) given by
equations (2.1.13) and (2.1.17), respectively, can be measured and how the gas
transport parameters P , D and S can be obtained from the experiments.
In this thesis work, two home-built apparatuses were used for the gas transport measurements, based on the same working principle. In these setups, the
studied membrane separates two vacuum chambers, which are evacuated to their
background vacuum before each experimental run. At time t = 0 (trigger time
of the experiment), the High Pressure Side (HPS) of the membrane is exposed to
the permeant gas at a fixed pressure pHPS . Gas molecules permeate through the
membrane and reach the analysis chamber facing the Low Pressure Side (LPS) of
the membrane, where the pressure pLPS increases in time as described by (Redhead
et al., 1993):
I(t) = V

dpLPS (t)
+ SP pLPS (t).
dt

(4.1.1)

where I(t) is the gas stream (expressed as [volume]×[pressure]/[time]) entering the
analysis chamber, V the volume of the analysis chamber and SP the pumping speed
of the pump evacuating it. The gas flux expressed as a quantity of matter per unit
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He

H2

D2

H2 O

N2

O2

CO2

Tc (K)

5.19

33.2

σk (Å)

2.60

2.89

38.2

647

126.2

154.6

304.2

2.89

2.65

3.64

3.46

3.3

Table 1. Critical temperature Tc and kinetic diameter σk of the
gases used in the studies presented in this work (Redhead et al.,
1993; Breck, 1974; NIST, 2017; Hoge and Lassiter, 1951).

time and unit area is given by
J(t) =

I(t)
ARTa

(4.1.2)

where R is the ideal gas constant, A is the membrane surface exposed to the gas
and Ta is the temperature of the gas in the analysis chamber.
One of the two apparatuses used for the experiments works at constant volume
(CV), meaning that the analysis chamber is isolated from the pumping system just
before each experimental run, making SP = 0 in equation (4.1.1). As a result,
during the tests the permeation flux J(t) is proportional to the time derivative of
pLPS . In the second apparatus, working under constant pumping (CP), the analysis
chamber is constantly evacuated and the term V

dpLPS (t)
dt

in equation (4.1.1) can be

neglected. In this case J(t) is proportional to pLPS .
Test gases having different kinetic diameters and condensability properties have
been used to study the gas transport properties of the membrane samples. The
kinetic diameters σk and the critical temperatures Tc of all gases used in this work
are reported in Table 1.
In the following sections, we will give all details on the apparatuses and how
the recorded signals are analyzed to obtain the gas transport parameters.
4.1.1. Permeation experiments at constant volume.
4.1.1.1. Experimental apparatus. The experimental apparatus used for the gas
phase permeation measurements in constant volume is schematically represented
in Figure 1. A photograph is shown in Figure 2.

The apparatus was built using

standard ultra high vacuum stainless steel components. It consists of three main
parts: a gas feed line, which also acts as a high pressure side chamber, a sample
holder, and an analysis chamber where the permeated gas is detected.
The gas feed line is made of standard copper pipes (6 mm external diameter)
and is evacuated by a molecular drag pump (TP2) backed by a rotary vane vacuum
pump (RP2) to a vacuum in the 10−1 Pa range. During the experimental run, the
pressure in the gas feed line (i.e. the pressure of the gas in contact with the HPS of
the membrane) is measured by a Baratron Gauge (BG2, MKS 626) with full-scale
reading of 105 Pa. A variable leak valve (VL) allows to fill the pipes between valves
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Figure 1. A schematic of the apparatus used for the permeation
measurements at constant volume.

Figure 2. A photograph of the CV apparatus.
VL, BV1 and BV2 with pure gases from high pressure cylinders at the desired
pressure.
The sample holder is schematically represented in Figure 3. It consists of a
standard CF70 flange, on which a cylindrical tube with wall thickness of 3 mm
has been welded. The tube contains two heating cartridges, a stainless steel pipe
which is connected to the gas inlet line and feeds the gas to the membrane and a
thermocouple to measure the sample’s temperature. A properly designed flange in
AISI 316 L stainless steel is welded to the opposite side of the tube, see Figures 3 and
4. Samples are placed between this flange and a cap. A Viton O-ring ensures high
vacuum sealing between the sample and the sample holder. To avoid mechanical
failures of the membrane samples due to the different pressures between HPS and
LPS, a disc of porous steel was placed between the sample and the cap. The gas
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Figure 3. A schematic diagram of the sample holder.

Figure 4. Photographs of the sample holder, with removed cap
and porous steel disc (left) and with assembled cap (right)
permeability of this highly porous steel (0.5 µm rejection grade) is much larger than
that of the examined membranes and does not affect the measured permeability
value of the examined polymeric membrane.
The analysis chamber has a volume V of 3.0 × 10−3 m3 and is evacuated by a
turbomolecular pump (TP1, Leybold Turbovac 360), which is backed by a rotary
vane vacuum pump (RP). The background vacuum in the analysis chamber is in the
10−5 Pa range. The analysis chamber can be separated from the turbomolecular
pump using a gate valve (GV). The pressure increase in the analysis chamber due
to the permeating gas can be measured by a Baratron pressure gauge (BG1, MKS
627B) and a spinning rotor pressure gauge (SRG, MGS SRG-2) with a full-scale
reading of 102 Pa and 1 Pa respectively.
4.1.1.2. Procedure. The experimental procedure for permeation measurements
consists of the following steps:
(1) first of all, both the gas inlet line and the analysis chamber are evacuated
to their background vacuum;
(2) using the variable leak valve VL, the volume between valves VL, BV1 and
BV2 is filled with test gas from the cylinders;
(3) the gate valve GV of the LPS is closed;
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(4) the experiment is triggered at t = 0 by opening the BV1 valve, to feed
the gas to the membrane.
The pressure p0LPS in the analysis chamber is recorded as a function of time at
fixed time intervals. As will be discussed in detail later, the total pressure p0LPS of
the gas in the analysis chamber is in general slightly larger than the partial pressure
pLPS of the permeated gas.
The experiments end when p0LPS reaches the full-scale value of the measuring
instruments: the duration of the experiments thus depends both on experimental
parameters such as sample temperature and pHPS value as well as the permeation
properties of the membrane material. In our experimental runs, the pressure pHPS
in the gas feed line (i.e. in the high pressure side chamber) was always constant
within less than 1% during the whole experiment. Furthermore, since pressure
p0LPS in the low pressure side was always negligible with respect to pHPS (at least
104 times smaller), the trans-membrane pressure ∆p = pHPS − pLPS was effectively
coincident with pHPS .
4.1.1.3. Detected signal and gas transport parameters. For the tests performed
at CV, the pressure signal pLPS (t) is directly proportional to the quantity Q(t)
of gas permeated through a membrane of unit area at time t. Indeed, since the
valve (GV) is closed during the experimental runs, the term proportional to SP
in equation (4.1.1) vanishes. In this case, remembering also equation (4.1.2) and
integrating it in time from 0 to t, we see that
Z t
Q(t) =
J(τ )dτ = pLPS (t)
0

V
,
A R Ta

(4.1.3)

where A is the membrane surface, R is the perfect gas constant and Ta is gas temperature in the analysis chamber (thermal equilibrium conditions between permeated
molecules and analysis chamber are immediately set by collision processes with the
chamber walls). The comparison of the experimentally obtained Q(t) curve with
equations (2.1.17) and (2.1.18) allows to calculate permeability and diffusivity as
described in section 2.1.3.
It is worthy to note that the pressure increase in the analysis chamber during
the measurements presents a background signal due to outgassing processes (mostly
gas release from the internal walls of the chamber). Consequently, the measured
total pressure p0LPS is actually the sum of two contributions:
p0LPS (t) = pLPS (t) + pbck (t)

(4.1.4)

where pbck (t) is the partial pressure of outgassed gas, called background pressure. In
order to subtract pbck (t) from p0LPS (t), the background signal needs to be measured.
The following procedure is used:
(1) with the HPS chamber evacuated to its background vacuum, the analysis
chamber is evacuated to the final background pressure;
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(2) the gate valve GV is closed and the pressure increase in the analysis chamber is monitored as a function of time to evaluate the

dpbck
dt

background

signal.
In the present experimental apparatus, the outgassing process gives rise to
a linear increase of the pressure in the analysis chamber: by fitting pbck (t) to a
straight line, for the experiments presented here, it was found that the outgassing
rate is always lower than

10−8 kPa/s as measured by both pressure gauges.

The background

is measured before each experimental test. The

dpbck
dt '
signal dpdtbck

signal to noise ratio SNR of the permeation measurement, defined as


−1
dpLPS
dpbck
SNR =
dt
dt

(4.1.5)

was always larger than five for the experiments discussed in this work.
Due to the use of a total pressure gauge as a detector, a high permeation signal
to noise ratio is needed to obtain accurate measurements with this technique. The
CV technique is therefore used mostly for membranes having relatively high permeability. In this thesis work, it was used to analyze the gas transport properties
of epoxy-based membranes and polypropylene-based membranes.
4.1.2. Permeation experiments under constant pumping.
4.1.2.1. Experimental apparatus. The apparatus schematically represented in
Figure 5 was used to carry out the permeation measurements with constantly pumped analysis chamber (CP conditions). A photograph is shows in Figure 6. This
setup is home-built and was described in detail by Checchetto et al. (1995). For
the present work, it was slightly modified to accommodate polymer membranes.
The analysis chamber is an electropolished AISI 304 L stainless steel vessel with
2 × 10−2 m3 volume. It is evacuated by a turbomolecular pump (TMP, Adixen model ATP 150), backed by a molecular drag pump (MDP) and a diaphragm pump to
a background vacuum in the 10−7 Pa range. The system does not contain elastomers, apart from the Viton O-rings providing gas-tight support to the membrane
inside the sample holder. A Bourdon pressure gauge (BG Wika, full scale reading
5 × 102 kPa, resolution 5 kPa) and a thermocouple pressure gauge (TG, Varian model 0531, full scale reading 10−2 kPa) allow to measure the pressure pHPS of the
gas in contact with the HPS of the membrane. The gas in the analysis chamber
can be detected by an ionization gauge (IG, Varian model 850), a spinning rotor
gauge (SRG, MKS model SRG-2) and a quadrupole mass spectrometer (QMS, Balzers model QMG 420) with an electron impact source and a secondary electron
multiplier detector.
The sample holder is schematically represented in Figure 7, photographs are
shown in Figure 8. The membrane is clamped between two O-rings; two plates of
porous steel are placed inside the O-rings and provide mechanical support to the
membranes. The membrane samples are disks with an effective diameter (defined
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Figure 5. Schematic diagram of the apparatus used for gas
transport experiments at constant pumping. TMP: turbomolecular pump, MDP: molecular drag pump, DP: diaphragm pump,
IG: ionization pressure gauge, TG: thermocouple pressure gauge,
BG: bourdon pressure gauge, SRG: spinning rotor pressure gauge,
QMS: quadrupole mass spectrometer
by the O-rings) of 13 mm. The sample holder is placed inside a tube oven and is
kept under vacuum to prevent the detection of any gas permeation signal other than
that relative to the gas permeating from the HPS to the LPS of the membrane.
4.1.2.2. Procedure. The procedure for a gas transport experiment includes the
following steps:
(1) the whole apparatus is first evacuated to the background vacuum;
(2) the tubes between valves V1 and V4-V7 (see Figure 5) are filled with the
chosen test gas at the desired pressure;
(3) at t = 0, the measurement is started by opening the valve V1 and letting
the gas get in contact with the high pressure side of the membrane.
During the measurement, the valve V8 is closed and the valves V2 and V3 are open,
so the permeated gas flows through the analysis chamber, which is constantly pumped by the turbomolecular pump. The permeated gas is detected by the QMS. The
use of a mass spectrometer instead of a pressure gauge allows accurate measurements by detecting only the chosen molecules (i.e. the ones permeating through the
membrane) and avoiding therefore the contributions given from the flux of gases
desorbing from the analysis chamber’s walls. Thus, the mass spectrometer allows
to detect slight variations in the partial pressure of one specific gas, which could
not be detected by total pressure measurements. The partial pressure of a gas in
the analysis chamber is directly proportional to the QMS signal relative to that gas.
The sensitivity of the QMS, defined as the ratio of the QMS signal (ion current) to
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Figure 6. Photograph of the apparatus for the permeation experiments in CP conditions. In this photograph, the oven has been
lifted to show the sample holder.

the relative gas partial pressure, has been obtained through adequate calibrations
using the IG and SRG pressure gauges. During the measurements, the pressure
pLPS of the gas in contact with the low pressure side, i.e. the downstream side of
the membrane, is always negligible with respect to pHPS .
4.1.2.3. Detected signal and gas transport parameters. In this section, we will
describe how the gas flux through the membrane can be obtained from measurements of its partial pressure pLPS in the analysis chamber and how permeability,
diffusivity and solubility of a gas in the membrane can be obtained from a permeation curve, i.e. from the gas flux signal measured as a function of time.
As already pointed out, the partial pressure pLPS of a gas in the analysis chamber is proportional to the relative QMS signal and can therefore be detected as a
function of time. Under our measurements conditions, it has been verified that the
factor SP /V is always much larger than

1 dpLPS
pLPS dt .

Therefore, equation (4.1.1) can
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Figure 7. A schematic representation of the sample holder of the
CP apparatus.

Figure 8. The sample holder of the CP apparatus. In the left
photograph, the sample holder is opened and the O-rings and porous steel supports are shown. The photograph at right shows the
closed sample holder.
be simplified and combined with equation (4.1.2) giving
J(t) =

SP
pLPS (t)
ARTa

(4.1.6)
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SP has been measured for all test gases by calibration with a reference sample of
known permeability.
In analogy with the case of the experiments in CV conditions, the experimentally measured flux J 0 (t) is the sum of the actual permeation flux J(t) and
a contribution Jbck (t) due to small leaks, backflow through the pump and wall
desorption:
J 0 (t) = J(t) + Jbck (t)

(4.1.7)

This latter contribution acts as a background signal and needs to be subtracted.
Jbck (t) is typically constant in the timeframe of the permeation measurements and
it can be determined before each experimental run as the signal recorded by setting
pHPS = 0 and therefore J(T ) = 0. We define the signal to noise ratio in the
measurements performed at constant pumping as I/δIbck , with δIbck being the
fluctuations of the background signal Ibck . The detection limit of the system is
given by J =

δIbck
ARTa

and it depends on the gas of interest.

Knowing the flux in stationary transport conditions (stc), J(t → ∞) = J stc =
const, the permeability P of the membrane is readily calculated using the definition:
P = J stc

`
`
' J stc
(pHPS − pLPS )
pHPS

(4.1.8)

To obtain the diffusivity D of the gas in the membrane, the permeation curves (i.e.
the experimental plots of J vs time) can be fitted reminding equation (2.1.13) in
section 2.1.3, which can also be written as
∞
X
Dn2 π 2 t
J(t)
=
1
+
2
(−1)n e− `2
stc
J
n=1

(4.1.9)

Finally, the solubility S of a gas in a membrane can be calculated knowing its
diffusivity and permeability and using the relation P = SD.
Thanks to the high sensitivity of the QMS to small gas fluxes, the CP technique is
used when the studied membranes have small permeability. In this thesis work, it
was the technique of choice for the determination of the gas transport properties
of nanocellulose-based films.
4.2. Positron Annihilation Lifetime Spectroscopy
4.2.1. Physical background. The free volume in polymers can be studied
by Positron Annihilation Lifetime Spectroscopy (PALS), a powerful technique that
uses positrons (e+ ) as probes to analyze nanometer-sized voids (Nakanishi and
Jean, 1988; Mogensen, 1995). When a positron is injected in a polymer, it can
annihilate as a free positron, or it can form positronium (Ps) with an electron of
the polymer. Positronium is the bound state of a positron and an electron and
it exists in two states: the triplet state is called ortho-Ps (o-Ps), the singlet state
is called para-Ps (p-PS). (Yampolskii and Shantarovich, 2006) In solids, o-Ps gets
trapped in low electron density regions such as the free volume elements. Here, it
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can annihilate with an electron belonging to the “walls” of the hole having opposite
spin, via the so-called pick-off mechanism. This process reduces the lifetime of o-Ps
from 142 ns in vacuum to lifetimes τ3 in the range of approximately 1 to 10 ns in
condensed matter. p-Ps, conversely, has the same lifetime of 125 ps in matter and
in vacuum (Consolati and Quasso, 2010). To summarize, the annihilation spectra
of positrons in polymers have typically three components: (i) p-Ps annihilation
(lifetime τ1 = 125 ps, intensity I1 ), (ii) annihilation as free positrons (lifetime
τ2 = 0.3−0.4 ns, intensity I2 ), (iii) pick-off annihilation of o-Ps (lifetime τ3 ≈ 1−10
ns, intensity I3 ) (Yampolskii and Shantarovich, 2006). The τ3 lifetime depends on
the size of the cavity containing the o-Ps: the smaller the cavity, the shorter the
lifetime. Furthermore, from the associated intensity I3 , information on the number
density of cavities can be obtained. Several models exist, which allow to predict
the size of the probed cavities given their shape and the average lifetime of o-Ps
in the material (Consolati and Quasso, 2010; Mallon, 2003; Jean, 1995). The most
relevant ones for the purposes of the present study will be presented later.
4.2.2. Experimental setup. The positron source commonly used is
radioactive isotope of Na which undergoes β

+

decay to

22

22

Na: a

Ne with the emission of

a positron and a 1274 keV γ-ray. The source is sandwiched between two polymer
samples in such a way that the positrons generated by the source immediately enter
the polymer. The annihilation of o-Ps with an electron of the polymer results in
two γ-rays with energy of 511 keV. The 1274 keV and 511 keV photons are detected
by photomultiplier tubes (PMT). In particular, the 1274 keV γ, emitted in the
moment of the “birth” of the positron, acts as start signal. Each time a photon
with this energy is detected by the PMT, a fast timing signal is generated by a
constant fraction discriminator (CFD), which starts a time to amplitude converter
(TAC). The voltage ramp of the TAC is stopped by the signal of a second CFD
when a 511 keV photon, generated by the annihilation of the o-Ps, is detected.
The output signal of the TAC is then converted to a digital signal by an analog
to digital converter and sent to a computer. The obtained experimental spectrum
is a histogram, given by the convolution of the intrinsic spectrum and a resolution
function, which describes the response of the setup to the detection of two simultaneous photons. The resolution function can be determined by calibration with
sources, such as

60

Co, which decay emitting two photons in a time interval short

enough to be considered zero, for details see (Consolati and Quasso, 2010).
The setup used in this study has a time resolution function with full width
at half maximum (FWHM) of 260 ps, as determined by calibration with a

60

Co

source. The spectra were stored by means of a multi-channel analyzer with 25 ps
per channel. The source was

22

Na (15 µCi), deposited between two Kapton foils

with thickness of 7 µm. During the analyses, the samples were kept under vacuum
(∼ 10−5 Pa) at temperatures between 183 K and 343 K. Spectra were acquired at
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temperature intervals of 10 K. Each spectrum consists of ∼ 3 × 106 annihilation
events and required 16 h for the acquisition, it was recorded every 4 h. No variation
in I3 was observed at fixed temperature as a function of time: charging effects in the
analyzed samples are negligible (Cangialosi et al., 2003; Qi et al., 2001). A Silicon
crystal was used as a reference to evaluate the fraction of positrons annihilating in
the source or in the Kapton foils. A source component of 12% was found, with a
lifetime of 0.382 ns.
4.2.3. Spectra and lifetime measurement. As already said, the experimental spectrum S e (t) is given by the convolution of a resolution function R(t) and
the intrinsic spectrum S i (t):
S e (t) = R(t) ⊗ S i (t).

(4.2.1)

In the case of polymers, the most common way to analyze a spectrum is to treat it
as a sum of N discrete components (usually N = 3) with lifetime τi and intensity
Ii :

"
e

S (t) = R(t) ⊗

#
 
−t
c
exp
+B
τi
τi

N
X
Ii
i

(4.2.2)

where B c is a constant background due to spurious coincidence events. Several
software packages exist for the analysis of the experimental spectra and allow to
deconvolute the resolution function, subtract the background and the contribution
to the spectrum given by positrons annihilating within the source, and finally fit
the spectrum to find the values for τi and Ii (Consolati and Quasso, 2010). As we
already said, the annihilation lifetime τ3 of o-Ps gives information on the average
size of the probed holes. A further step can be done to obtain a distribution of
o-Ps lifetime, and hence of hole sizes. This can be done assuming a log-normal
distribution Ln (λ) of lifetimes, i.e. a gaussian distribution on a logarithmic scale,
where λ = 1/τ :



1
(ln λ − ln λi0 )2
exp −
(4.2.3)
2σi∗2
2πλσi∗
where the standard deviation σi∗ of the distribution Li (λ) and its maximum λi0
Li (λ) = √

are free fit parameters. The relevant parameters are the mean lifetime τi and the
standard deviation σi of the lifetime distribution Li (τ )dτ = Li (λ)λ2 dλ (Dlubek,
2010). For this work, the software LT9.0 (Kansy, 1996) was used to obtain the
mean lifetimes and the corresponding distributions.

CHAPTER 5

Influence of molecular packing and free volume on
the gas transport properties of amine-modified
epoxy resins
5.1. Introduction
Epoxy resins are crosslinked polymers which are prepared by a crosslinking
process between epoxides and curing agents, as discussed in section 3.1. These
polymers exhibit interesting properties for applications, such as high chemical and
thermal resistance and good mechanical properties. They have industrial applications in a wide range of fields, including adhesives, metal coatings, high tension
electrical insulators and flame retardant materials (Pascault et al., 2012). There
is still a great interest in the study and development of epoxy resins because their
structural properties can be modified in order to meet the requirements for specific
applications (Tian et al., 2016; Patel et al., 2016; Harada et al., 2016). The tuning
of these polymers’ properties can be obtained in many different ways, such as modifying the extent of the curing reaction (Jordan et al., 1992), using mixed epoxides
and curing agents (Okabe et al., 2013), changing the stoichiometric ratio between
epoxide and curing agent (Calventus et al., 2001) or suitably choosing epoxide molecules with an aromatic or aliphatic backbone chain (Urbaczewski-Espuche et al.,
1991). A further way to tune the materials properties is to change the crosslink
density X (George and Thomas, 2001; Lin et al., 2005). Indeed, the crosslink density affects polymer chain packing and hence influences the free volume structure
of the material (Liu et al., 2009). The change in crosslink density thus affects the
gas transport properties of the materials.
In this chapter, we will present a study on the correlation between the crosslink
density, the free volume structure and the gas transport properties of amine-modified epoxy resins. Gas permeability, solubility and diffusivity in the epoxy resins at
different crosslink density are measured as a function of temperature and correlated
to the evolution of the fractional free volume as it changes with crosslink density. In
this work, the value of the fractional free volume of the epoxy samples was obtained
experimentally.
The studied materials are four epoxy resins obtained by reacting the same epoxide (NeoPentyl Glycol Diglycidyl Ether, NPGDE) with four polyether diamines having different chain length; see section 3.1 for details on the sample preparation and
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Figure 1. pLPS pressure in the analysis chamber as a function of
time (see chapter 4.1.1), for CO2 permeation through NPGED-900
at T = (336 ± 1) K for different pHPS pressures. The lines are the
fits to equation (2.1.17). In the inset, the pressure increase rate in
stc dpLPS /dt in the analysis chamber is plotted against pHPS . The
experimental error is smaller than the symbols used to represent
the data.
characterization. The choice of these materials allowed to prepare four polymers
having different crosslink densities, but maintaining similar chemical environment
for the migrating particles. The test gases used for this study are CO2 , N2 and
H2 and have different molecular size and condensation properties (see Table 1 in
chapter 4). The gas transport properties of the membranes have been experimentally studied by a gas phase permeation technique, see section 4.1.1, and their free
volume structure was analyzed by PALS, see section 4.2.
5.2. Gas transport and free volume
5.2.1. Gas diffusivity and solubility in the epoxy resins. The gas permeation measurements were carried out using a gas phase permeation technique in
constant volume configuration: the apparatus and the procedure are described in
section 4.1.1. The measurements were carried out at temperatures between approx.
290 K and 370 K, using CO2 , N2 and H2 as test gases and with pHPS values up to
∼ 100 kPa.
The CO2 permeation curves through NPGED-900 at T = 336 K are reported in
Figure 1. The slope of the curves in stationary transport conditions (stc) is directly
proportional to pHPS (see inset), as indicated by the relation J stc = D S pHPS /`
(see equation (2.1.11)), remembering that in the present experimental conditions,
∆p ' pHPS ), and indicates that permeation in these samples obeys the solution
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Figure 2. Permeation curves of the three test gases in NPGED-900.
diffusion model, since the solution process follows Henry’s law. The figure also
shows equivalent timelag θ values for each curve, suggesting that D does not depend
on gas concentration in the membrane.
The permeation curves for NPGED-900 obtained at (294 ± 1) K with pHPS
= (62 ± 2) kPa with the three gases are shown as an example in Figure 2. This
figure shows that the CO2 permeability is larger than that of N2 and that H2 has
intermediate permeability values. The timelag of the CO2 permeation curve is well
measurable, whereas it cannot be measured for N2 and H2 . In the case of H2 , the
timelags are too short to be measured, also al low temperature. Moreover, due to
the low permeability of N2 in these membranes and therefore to the poor signal to
noise ratio, no diffusivity could be measured for this gas.
Figure 3 reports the Arrhenius plots of the gas permeability values with large
enough signal to noise ratio (SNR>5). Curves in Figure 3 were fitted to the rela
EP
tion P = P0 exp − RT
(see equation (2.1.29)), to obtain the apparent activation
energy value for permeation EP . The obtained values are reported in Table 1.
The selectivities αA/B = PA /PB of the studied membranes were calculated and are
reported in Table 2. The obtained experimental data indicate that:
(1) the permeability values decrease with increasing crosslink density;
(2) the apparent activation energy for permeation increases with increasing
polymer crosslink density (this effect is particularly evident for CO2 );
(3) the CO2 /N2 as well as the CO2 /H2 selectivity values increase with increasing crosslink density.
Permeation in these samples occurs via solution-diffusion mechanism, therefore, it
is useful to separately analyze the gas solubility and diffusivity as a function of
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Figure 3. Arrhenius plots of the permeabilities of the three test
gases in all studied epoxy membranes.

sample

EP (CO2 )

EP (H2 )

EP (N2 )

(kJ/mol)

(kJ/mol)

(kJ/mol)

NPGD-230

51 ± 2

41.9 ± 0.8

44.0 ± 0.4

NPGD-400

38 ± 2

33.5 ± 0.8

43 ± 1

NPGED-600

24 ± 3

36 ± 1

42 ± 4

NPGED-900

21 ± 2

35 ± 1

38 ± 3

Table 1. Apparent activation energies for the permeation of the
three test gases.

crosslink density. To this task, the D and S values of CO2 were obtained from the
analysis of the permeation curves measured between T = 290 K and T = 370 K.
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αCO2 /H2

αCO2 /N2

αH2 /N2

NPGD-230

0.80 ± 0.04

8.4 ± 0.4

10.4 ± 0.5

NPGD-400

1.4 ± 0.2

4.5 ± 0.6

3.3 ± 0.4

NPGED-600

2.9 ± 0.2

16 ± 1

5.5 ± 0.4

NPGED-900

3.9 ± 0.4

20 ± 2

5.3 ± 0.5

1 0 0

(c m 2 /s )

D iffu s iv ity

(c m

3

S o lu b ility

(S T P ) c m -3 a tm -1 )

Table 2. Membrane selectivities at T =(336 ± 1) K.
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Figure 4. Arrhenius plots of solubility and diffusivity of CO2 in
all studied samples.
Specifically, D was obtained by fitting the permeation curves to equation (2.1.17)
and S was then evaluated by the relation P = SD.
The Arrhenius plots for these two quantities are reported in Figure 4. Diffusivity data are reported in the lower panel of the figure. The plots show that the
CO2 diffusion coefficient strongly depends on X: at fixed temperature, D increases
by decreasing the crosslink density. For example, at T ' 312 K it increases from
NPGD-230 to NPGED-900 by a factor of approx. 20. On the other hand, S is less
dependent on crosslink density and there is no clear trend between S and X (as an
example, the ratio between the highest and the lowest measured solubilities is not
more than 2). The apparent activation energy for diffusion ED and the enthalpy of
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sample

ED (kJ/mol)

∆HS (kJ/mol)

NPGD-230

67 ± 4

−14 ± 3

NPGD-400

58 ± 2

−20 ± 3

NPGED-600

42 ± 4

−20 ± 3

NPGED-900

38 ± 4

−18 ± 1

Table 3. CO2 apparent activation energies ED and sorption enthalpies ∆HS in the studied samples.

sorption ∆HS have been calculated by fitting the data in Figure 4, to the equations:




−ED
−∆HS
D = D0 exp
S = S0 exp
(5.2.1)
RT
RT
which were discussed in section 2.1.6. The obtained values are reported in Table 3,
which clearly shows that the apparent activation energy for diffusion increases with
increasing crosslink density, whereas the enthalpy of sorption is equivalent inside
the experimental indetermination, indicating that the crosslink density determines
the gas transport rates of these samples only by changing the gas diffusion process.
The fact that the enthalpy of sorption does not change in the different samples is
compatible with the fact that the membranes have similar chemical structure, i.e.
the interaction between the penetrant molecules and the chemical environment is
the same in all samples.
On the other hand, it can be argued that the free volume structure of the
samples depends on the crosslink density. Vrentas and Vrentas (1991) suggest
indeed that the crosslinking affects the specific hole free volume of the polymer,
which in turn determines the diffusivity, as discussed in section 2.3.1.
To this task, detailed investigation on the free volume structure of the polymers
was carried out by PALS.
5.2.2. Positron Annihilation Lifetime Spectroscopy analysis. PALS
analysis (see section 4.2 for a description of the technique and the experimental details) was performed on all epoxy samples. PALS spectra were acquired at
temperatures between 183 K and 343 K at temperature intervals of 10 K. As an
example, the PALS spectrum for NPGED-900 at 313 K is plotted in Figure 5. The
spectra were analyzed with Patfit-88 (Kirkegaard et al., 1989) and LT9.0 (Kansy,
1996) to obtain three lifetimes τ1 < τ2 < τ3 and the corresponding intensities and
distributions. Fitting was performed by fixing the p-Ps lifetime τ1 value at 125
ps. With this constraint, the χ2 values lie between 1.01 and 1.11. The obtained
τ2 values increase from (0.344 ± 0.002) ns at 183 K to (0.399 ± 0.002) ns at 343 K.
The free volume structure of the polymer samples is described by the τ3 values and
the corresponding intensity I3 . τ3 is indeed connected to the volume of the holes
and I3 to their number density.
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Figure 5. The PALS spectrum for NPGED-900 at 313 K. The
orange line is a representation of the fitting line from which τ3 is
obtained.
Assuming that the free volume elements are spherical holes, their radius R was
obtained using the Tao-Eldrup equation (Tao, 1972; Eldrup et al., 1981):

τ3 = 0.5 1 −


−1
R
1
2πR
+
sin
R + ∆R 2π
R + ∆R

(5.2.2)

where ∆R is the empirical electron layer thickness. Figure 6 shows the average
τ3 values, the hole size vh =

4
3
3 πR ,

the standard deviation σ3 of the lifetime τ3

and the relative intensity I3 as functions of temperature for NPGED-900. This
figure permits to obtain the glass transition temperature, as seen by PALS, as the
intersection between the two straight lines fitting the vh values in glassy and rubbery
phase (Baker, 2004). Tg has been calculated for all samples and the obtained values
are reported in Table 4. The intensity I3 , proportional to the number density of
the holes (Mallon, 2003), shows an increase of the order of 10% in the studied
temperature range. The same behavior was observed for all samples, meaning that
the number density of the holes is unaffected by the crosslink density. The volume
vh increases much more markedly, i.e. from ∼ 0.05 nm3 to ∼ 0.16 nm3 in the
rubbery phase. We can therefore conclude that the change of the free volume with
temperature is determined by the thermal expansion of the free volume holes rather
than by an increase on the hole number density. σ3 is independent on temperature
for T < Tg , while it increases slightly with temperature in rubbery state, with a
slope of (3.1 ± 0.2) × 10−4 ns K−1 .
Note that for the NPGED-900 sample, the τ3 curve shows a “knee”, where it
loses linearity at temperatures above Tg +80 K. This effect can be explained in terms
of structural relaxation of polymer chain segments. If the structural relaxation time
is similar or shorter than τ3 , the walls of the holes can move while Ps is contained
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Figure 6. Average o-Ps lifetime τ3 and hole size vh (upper panel),
standard deviation σ3 of the lifetime τ3 (middle panel) and relative
intensity I3 (lower panel) as functions of temperature for NPGED900. The lines are linear fits of the data.

in the hole itself, effectively reducing the probed volume (Dlubek et al., 2006, 2008;
Pethrick et al., 1980; Malhotra and Pethrick, 1983). Anyway, the τ3 and vh values
in this temperature range can be obtained by extrapolation (Dlubek et al., 2006).
Figure 7 shows the τ3 and vh values for all samples, plotted against the sample
temperature. The figure shows that, at fixed temperature, vh decreases for increasing crosslink density. The average volume vh of the holes depends linearly on
temperature. In the glassy phase, its temperature dependence can be expressed as
follows:

vh (T ) = vh (0) +

dvh
dT


T
g

for T < Tg

(5.2.3)
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Figure 7. τ3 and corresponding vh values for all samples, as
functions of temperature.
where (dvh /dT )g is the free volume expansivity in glassy state and vh (0) ' 2 × 10−2
nm3 is the static hole volume at T = 0 K. In the rubbery state, vh is given by


dvh
vh (T ) = vg +
(T − Tg )
for T > Tg
(5.2.4)
dT r
where (dvh /dT )r is the free volume expansivity in rubbery state and vg is the
average hole volume at the glass transition temperature. It can be obtained as the
intersection between the lines given by equations (5.2.3) and (5.2.4). The coefficient
of thermal expansion of the hole free volume in glassy phase (αhg ) and in rubbery
phase (αhg ) are defined in the following way:


1 dvh
αhg =
vg dT g
and
αhr

1
=
vg



dvh
dT


r

for T < Tg

(5.2.5)

for T > Tg .

(5.2.6)
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The values of αhg are in the range between ∼ 2 × 10−3 K−1 for NPGD-230 and
∼ 4 × 10−3 K−1 for NPGED-900. The values of vg , (dvh /dT )r , αhr , Tg and I3 for
all samples are reported in Table 4. To summarize the data shown in Figs. 6 and
7 and in Table 4, we can say that:
(1) I3 depends very weakly on temperature and does not depend on the crosslink density;
(2) vh depends linearly on temperature, both above and below Tg . In rubbery
phase the hole volume, rather than the hole number density, determines
the free volume evolution with temperature;
(3) at fixed temperature, vh decreases with increasing crosslink density.
5.2.3. Fractional free volume evaluation. The fractional free volume was
defined in section 2.3.1. It can be evaluated starting from PALS measurements:
indeed, it is proportional to the average hole volume vh and the intensity I3 of the
o-Ps annihilation signal (Wang et al., 1990; Jean et al., 2013).
(5.2.7)

f (T ) = CI3 (T )vh (T )

C is a constant connected to the probability of formation of o-Ps and depends on
the specific polymer. Since I3 and vh have been measured, only C needs to be
estimated. In the following, we will do so without specific assumptions, finding
an equation allowing to calculate f based only on measurable quantities. The
fractional free volume at the glass transition temperature fg can be evaluated by:
for αV  αhr

fg = f (T = Tg ) = αV /αhr

(5.2.8)

which holds when the volumetric thermal expansion coefficient αV of the polymer is
much smaller than the coefficient of the thermal expansion of the hole free volume
(Hristov et al., 1996).
To verify this condition, αV was measured by dilatometry experiments. As
shown in section 3.1.2.4, the measurements produced indistinguishable values: we
thus evaluated the αV average value and its indetermination as the semi-dispersion
around the value αV = (5.6 ± 0.1) × 10−4 K−1 .
Since the αhr values are in the range of 10−2 K−1 , see Table 4, the above
condition is fulfilled and we can conclude that the variations of the total volume
of the studied polymers are due to changes in the hole free volume (Hristov et al.,
1996). The obtained fg values are reported in Table 4. Using equation (5.2.7) at
Tg and equation (5.2.6) and (5.2.8), the following expression for C can be obtained:

−1
αV
dvh
C=
(5.2.9)
I3 (Tg ) dT r
The obtained values are reported in Table 4. Inserting the above equation in
equation (5.2.7),
I3 (T )
f (T ) = αV
vh (T )
I3 (Tg )



dvh
dT

−1
r

(5.2.10)

)

1.9 ± 0.2

1.8 ± 0.1

(2.3 ± 0.1) × 10−2

24 ± 1

242 ± 3

(2.47 ± 0.09) × 10−2

(1.31 ± 0.01) × 10−3

(5.3 ± 0.2) × 10−2

NPGED-600

2.0 ± 0.1

(2.3 ± 0.1) × 10−2

23 ± 1

229 ± 4

(2.43 ± 0.08) × 10−2

(1.24 ± 0.01) × 10−3

(5.1 ± 0.2) × 10−2

NPGED-900

volume fg at the glass transition temperature, C constant.

expansion coefficient of the holes αhr in rubbery state, glass transition temperature Tg as determined by PALS, fractional free

Table 4. Some of the most relevant parameters on the free volume structure of the studied epoxy resins, as evaluated by PALS:

h
average hole volume at the glass transition temperature vg ; hole volume expansivity dv
dT r in rubbery state, volumetric thermal

C (nm−3 )
2.4 ± 0.2

25 ± 1
(2.9 ± 0.1) × 10−2

24 ± 1

fg

258 ± 5

(1.90 ± 0.09) × 10−2

(1.18 ± 0.01) × 10−3

(6.2 ± 0.3) × 10−2

(3.7 ± 0.2) × 10−2

(1.54 ± 0.09) × 10−2

(0.98 ± 0.01) × 10−3

(6.4 ± 0.4) × 10−2

I3 (%)



275 ± 7

nm
K
−1

3

NPGD-400

Tg (K)

αhr (K

dvh
dT r

vg (nm3 )
 

NPGD-230
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Remembering equation (5.2.4) for vh in rubbery phase, we obtain




−1
I3 (T )
dvh
dvh
f (T ) = αV
vg +
(T − Tg )
for T > Tg
I3 (Tg )
dT r
dT r

(5.2.11)

which can also be written as
f (T ) =



I3 (T ) αV
+ αV (T − Tg )
I3 (Tg ) αhr

for T > Tg

(5.2.12)

This is an original equation, its value lies in the fact that it permits to evaluate
f only relying on experimentally measured quantities and without making any a
priori assumptions or approximations. In fact, an alternative method often used
for the estimation of fractional free volume f of a polymer is the group contribution
method suggested by Bondi (1968) and consisting in the estimation of the occupied
volume Vo starting from the sum of the Van der Waals volumes VW,i of each group
i forming the molecular chains:
Vo = 1.3

X

VW,i

(5.2.13)

i

where the packing density factor 1.3 was proposed by Bondi based on the packing
density of molecular crystals at 0 K and takes into account the fact that the zero
point volume is larger than the molecular volume (Yampolskii and Shantarovich,
2006; Thran et al., 1999). Once Vo has been estimated, f can be obtained by
equation (2.3.4). However, the values obtained in this way are only a rough estimation of the fractional free volume, since the group contribution model implies some
approximations: (i) the occupied volume Vo is considered independent on temperature; (ii) the packing density factor 1.3 is the same for all polymers; (iii) this
additive scheme does not consider peculiarities of the conformations of polymers
(Yampolskii and Shantarovich, 2006).
5.2.4. Fractional free volume and gas diffusivity. Figure 8 summarizes
the previously discussed results, as it evidences that the crosslink density influences
both the diffusivity and the free volume structure, as seen by PALS through Tg .
The decrease of Tg with decreasing crosslink density is a consequence of the different
chain packing of the samples, and thus of the different free volume structures. Also
the diffusion coefficient of CO2 heavily depends on the free volume structure of the
samples.
In the following, we will discuss in detail the relation between free volume
structure of the present samples and diffusion properties by analyzing the diffusion
coefficient of CO2 in the analyzed polymers in the framework of the free volume
theory for diffusion that was presented in section 2.3. Note that the CO2 diffusivity
values were obtained for temperatures larger than 293 K, so that all samples are in
their rubbery state.
Before discussing the measured diffusivity values in the framework of the free
volume theory of diffusion, we will verify whether all probed free volume elements

NPG-ED900 NPG-ED600

NPG-D400

NPG-D230
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Figure 8. Tg as measured by PALS (red full circles) and diffusivity of CO2 at (334 ± 1) K (green open circles) in the studied
membranes, plotted as functions of the calculated crosslink densities. The dotted line is a guide for the eyes.
contribute to CO2 transport in these polymers. As explained in section 2.3, according to the free volume theory for diffusion, the penetrant molecule can take a
diffusive step as soon as a free volume element of sufficient size forms, close to the
one containing the diffusant itself. The Lennard-Jones diameter of CO2 is 0.39 nm
and its volume is 0.031 nm3 : let us take this value as an estimate of the minimum hole size needed to accommodate a diffusing CO2 molecule. Let us define
vh,min = vh (τ3 − σ3 ): this value can be considered as representative for the smallest
holes in the holes’ distribution. In the case of NPGED-900, in the temperature
range at which D was measured, σ3 ∼ 0.4 ns. In this temperature interval, we
obtain vh,min ' 0.1 nm3 . For NPGD-230, similarly we obtain vh,min ' 0.05 nm3 .
We can conclude that even the smallest free volume elements detected by PALS are
large enough to accommodate a CO2 molecule and thus contribute to its diffusion.
To reproduce the measured diffusion coefficients in the framework of the free
volume theory for diffusion, the data for D and f in NPGED-900 were fitted to
equation (2.3.3), which we remind for the reader’s convenience:
D = AD exp[−BD /f (T )]

(5.2.14)

From the fitting, the values AD = (2 ± 1) × 10−3 cm2 /s and BD = 0.58 ± 0.04
were obtained. The measured diffusivity data, the f (T ) data as calculated from
equation (5.2.12) and the fitting curve are reported in Figure 9. This procedure was
repeated for the diffusivity of CO2 in all other samples. The diffusivity data, plotted
as a function of the fractional free volume along with the fitting lines obtained
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Figure 9. Solid lines: f values calculated with equation (5.2.12);
dots: CO2 diffusivity values in NPGED-900; dashed line: fitting
of the diffusivity data with equation (5.2.14)
sample
NPGD-230
NPGD-400
NPGED-600
NPGED-900

AD (cm2 /s)

BD

(1.2 ± 0.1) × 10−3

0.58 ± 0.04

(3 ± 1) × 10

−3

0.58 ± 0.02

(4 ± 2) × 10

−3

0.60 ± 0.07

(2 ± 1) × 10

−3

0.58 ± 0.04

Table 5. AD and BD values obtained from the fits of the CO2
diffusivity data to equation (5.2.14).

with equation (5.2.14) are reported in Figure 10, whereas the AD and BD values
obtained by the fits are reported in Table 5. All diffusivity data can be reproduced
by equation (5.2.14). All AD values are in the 10−3 cm2 /s order, and BD is the
same for all samples, inside the indeterminations. These findings are explained by
the fact that the different crosslink densities correspond to different free volume
structures but not to changes in the matrix-penetrant interaction.
Before concluding this discussion, it is worth pointing out the originality of this
approach for the analysis of gas transport data by using PALS measurements. In
many studies, a linear correlation between ln(D) and 1/vh was observed (Kwisnek
et al., 2010; Tanaka et al., 2000; Nagel et al., 2002; Xie et al., 2011; Okamoto et al.,
1993) and used to conclude whether gas transport was controlled by the free volume
structure (Kwisnek et al., 2010; Tanaka et al., 2000). Other studies used the PALS
spectra to describe the size distribution of the hole free volumes to complement the
information on the free volume structure as obtained, for example, by the calculation of the fractional free volume through theoretical models. This permitted us

5.2. GAS TRANSPORT AND FREE VOLUME

73

Figure 10. CO2 diffusivity data in all studied samples plotted as
functions of the fractional free volume f . The lines are the fits to
equation (5.2.14)
to gain information on the accessibility of the free volume holes to the penetrant
molecules (Han et al., 2010; Hu et al., 2006; Gringolts et al., 2010; Nagel et al.,
2000). In this work, we have evaluated the fractional free volume f (T ) by PALS
measurements without using any empirical constants or approximations for its theoretical calculation. Knowing the fractional free volume, it was possible, through
a well established model for gas diffusion in polymers, to explain the different gas
transport rates between epoxy matrices having different free volume structures and
to reproduce the behavior of the gas diffusivity as a function of temperature, see
Figure 10.
5.2.5. Fractional free volume and gas permeation. In this section we
will show that, inside the free volume theory, the permeation properties of the
studied epoxy resins can be reproduced for all examined gases.
In the above sections, we described the measured CO2 diffusivity in the framework of the free volume theory for diffusion, thanks to the experimentally obtained
f (T ) values, for varying temperature and crosslink densities. In the following we
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will describe, using the free volume theory, also the gas permeability of the studied
membranes for CO2 , N2 and H2 .
To do so we remember that, for polymeric membranes, the permeability equals
the product between diffusivity and solubility (P = SD) and that solubility depends
on temperature as stated by the van’t Hoff equation:


∆HS
S = S0 exp −
RT

(5.2.15)

As described in the previous section, the diffusivity is related to the fractional
free volume f = f (T ) by equation (5.2.14). Consequently, the gas permeability P
changes with temperature according to the relation:




BD
∆HS
P = P0 exp −
exp −
f (T )
RT

(5.2.16)

where P0 = AD S0 is a pre-exponential factor. As we saw in section 2.1.6, the
solution enthalpy ∆HS is given by the sum of two contributions: the enthalpy of
condensation ∆HC and the enthalpy of mixing ∆HM . ∆HC depends on the condensation properties of the gas, whereas ∆HM depends on the gas-polymer interaction.
If the interaction between the polymer and the penetrant occurs by dispersion forces, then this term is of secondary importance with respect to the condensability
term, which dominates. The enthalpy of sorption can therefore be approximated
with the enthalpy of condensation: ∆HS ' ∆HC = −∆HV (Matteucci et al., 2006;
Krevelen, 1990).
For CO2 we could experimentally determine the diffusivity and the solubility
at each temperature. The enthalpy of sorption could therefore be calculated from
the Arrhenius plots of the solubility (see Table 3). It resulted independent on
the crosslink density and comparable with the CO2 heat of condensation at the
triple point, 15.3 kJ/mol (Yang et al., 2000), meaning that the enthalpy of mixing
only gives a minor contribution to the ∆HS value. For H2 and N2 , the solubility
could not be measured. Anyway, these gas molecules do not possess a permanent
dipole moment, nor they have a quadrupole moment as CO2 , so the interaction
with the polymer can be expected to be even lower. Therefore, we can use the
approximation ∆HS ' ∆HV for H2 and N2 . The following literature values were
chosen: ∆HS = 5.52 kJ/mol for N2 and ∆HS = 0.92 kJ/mol for H2 (Yang et al.,
2000), whereas for CO2 the measured values reported in Table 3 were used.
The experimental permeability data were fitted to equation (5.2.16). The obtained BD values for N2 and H2 are reported in Table 6, together with the values
obtained for CO2 as discussed in section 5.2.4. The permeability data in all samples for the studied test gases are plotted as functions of the inverse fractional free
volume (1/f ) in Figure 11, together with the fitting curves. From the data in Table
6 and in Figure 11, two observations can be made about the BD parameter:
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sample

BD (CO2 )

BD (N2 )

BD (H2 )

NPGD-230

0.58 ± 0.04

0.51 ± 0.04

0.36 ± 0.05

NPGD-400

0.58 ± 0.02

0.51 ± 0.03

0.29 ± 0.04

NPGED-600

0.60 ± 0.07

0.51 ± 0.03

0.37 ± 0.01

NPGED-900

0.58 ± 0.04

0.53 ± 0.03

0.43 ± 0.01

hBD i

0.59 ± 0.04

0.51 ± 0.02

0.37 ± 0.03

Table 6. BD values (see equation (5.2.14) and (5.2.16)) for the
studied gases.
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Figure 11. Gas permeability of CO2 , H2 , N2 as a function of
inverse fractional free volume 1/f . The lines represent the best
fits with equation (5.2.16) and the parameters in Table 6
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(1) for given penetrant molecule, the values for BD in different matrices are
very similar. This evidence suggests that BD depends on the penetrantmatrix pair but not on the free volume structure of the matrix;
(2) for given crosslink density (i.e. for given polymer matrix), BD scales with
the diffusing molecule’s size, in agreement with the theoretical predictions
(Duda and Zielinski, 1996; Thran et al., 1999; Vrentas and Duda, 1977).
The data reported in Figure 11 and the fits indicate that the Arrhenius behavior of
the permeability can be explained by the linear dependence of f on temperature,
as described in equation (5.2.12). Noting also that, given the ∆HS values reported
above, the solubility is not expected to change much in the analyzed temperature
range (by a factor of approx. 3 for CO2 and 1.1 for H2 ), we can state that the
dominant contribution to the dependence of P on temperature is the diffusivity,
which is the only term depending on fractional free volume.
Figure 11 also shows a quite unexpected result: In samples with the same
chemical environment for the permeating molecules, at fixed f value, permeability
is not the same for all samples and increases with decreasing crosslink density.
This effect appears to be dependent on the penetrant size. For example, at f =
0.08 (f −1 = 12), the ratio of the permeability of NPGED-900 to the permeability
of NPGD-230 is ∼ 5 for CO2 and ∼ 1.5 for H2 . At f = 0.08, the temperature for
NPGED-900 is 336 K and for NPGD-230 it is 358 K: the permeability of NPGED900 for f = 0.08 is 5 times larger than for NPGD-230 even if the temperature
is 20 K lower. From PALS data, we have seen that samples having the same
fractional free volume have the same hole number density and the same average
hole volume. To explain the behavior of the gas permeability, we need to consider
the free volume redistribution. Indeed, as we saw in section 2.3.1, the gas molecule
cannot take a diffusion jump until a hole forms close to it because of the thermal
motions of the polymeric chains. As qualitatively demonstrated by the fact that
the glass transition temperature of the studied polymers increases with increasing
crosslink density, the rigidity of the polymeric network increases with increasing
X. We infer that the increased rigidity of the more crosslinked samples hinders the
free volume redistribution, which indeed depends on the mobility of the polymer
chains segments (Noorjahan and Choi, 2015). The higher crosslink density, hence,
reduces the probability that a free volume element of sufficient size opens close to
the diffusing molecule (Poulsen et al., 2003). This probability is scarcely influenced
by temperature since, as explained in sect 2.3.1, hole free volume need negligible
thermal energy to redistribute. This explains why, at fixed f value, the permeability
of highly crosslinked samples is lower than that in less crosslinked matrices, despite
the higher temperature. Unfortunately, the above considerations do not explain
why the dependence on X of the permeability at fixed f is more marked for CO2
than for N2 and H2 although, as we have seen above, all free volume elements
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are large enough to accommodate all penetrant molecules. We suggest that this
effect could be attributed to the interaction between the diffusing molecules and the
polymer matrix. This interaction, indeed, is stronger for CO2 due to its quadrupolar
character, whereas it is weaker for the other two molecules.
With the results obtained so far, it is now also possible to discuss the obtained selectivity values, reported in Table 2. The CO2 /N2 and CO2 /H2 selectivity
decrease with increasing crosslink density. This behavior is a consequence of the
stronger reduction of the CO2 permeability compared with N2 and H2 permeability, with increasing X. In turn, the stronger decrease of the CO2 permeability with
increasing X and thus with decreasing f is explained by the value of hBD i, which
is larger for CO2 than for N2 and H2 . In other words, due to the larger hBD i value,
which is connected to the molecule’s size, CO2 transport rates are more sensitive
to free volume variations.
5.3. Conclusions
We prepared amine-modified epoxy membranes with different crosslink densities by using an aliphatic epoxide and polyether diamines with different chain
lengths. The permeation of the studied test gases occurs by solution-diffusion. The
differences in the transport properties of the different samples were attributed to
variations in the diffusion rates rather than in the gas solubilities.
The dependence of the diffusion rates on the crosslink density, and hence on the
polymer structure, have been explained in the framework of the free volume theory
for diffusion. The size of the free volume elements and its distribution have been
determined by PALS at different temperatures, allowing us to obtain the fractional
free volume in all samples in rubbery phase, as a function of temperature, to finally
explain the measured CO2 diffusion coefficients.
The free volume data also allowed us to explain the observed Arrhenius behavior
of the permeability for all gases with the linear increase of fractional free volume
with temperature. The role of free volume redistribution has also been observed and
it explains the dependence of the permeability on the polymers’ crosslink density
for constant fractional free volume.

CHAPTER 6

Free volume reduction and polymer rigidification
in Graphene-based nanocomposite membranes
6.1. Introduction
Nanocomposites comprising high aspect ratio nanoparticles are attracting great
interest for applications in the membrane technology. In particular, graphene based
nanocomposites have demonstrated great potential in improving the barrier properties of polymer membranes, thanks to the high aspect ratio of graphene and to the
high electron density of the carbon rings making up for the graphene sheets, which
make it impermeable also to small-size penetrants (Compton et al., 2010; Sadasivuni et al., 2013; Cui et al., 2016). Moreover, nanocomposites based on graphene
and graphene-derived materials show enhanced mechanical, thermal and electrical
properties (Kim et al., 2010).
Few Layers Graphene (FLG) is a graphene-derived material consisting of nanoplatelets that can be easily obtained by exfoliation of expanded graphite (Novoselov
et al., 2012). These nanoplatelets are made of stacks of graphene layers having
thickness of few nanometers and lateral size up to 100 µm. Thanks to their lamellar
shape with a high aspect ratio, FLG allows the production of membranes showing
enhanced gas barrier properties. FLG-based nanocomposites have been reported
to have gas barrier properties which are orders of magnitude better than nanoclays
at low concentrations (Compton et al., 2010; Sadasivuni et al., 2013).
In the previous chapters, we have well characterized the structural and gas
transport properties of amine-modified epoxy resins. For this work, we have used
one of these resins (NPGED-900) as a matrix for the preparation of nanocomposite
membranes, using different concentrations of FLGs as fillers. The filler loading ϕd
(where the index d stands for “dispersed phase”) was systematically changed up to
∼ 5 vol.% to avoid filler aggregation (Yoo et al., 2014; Potts et al., 2011). The gas
transport properties of the obtained PNC membranes were studied by a gas phase
permeation technique using three molecules with different kinetic diameters and
condensabilities (CO2 , N2 and H2 , see the Tc and σk values in Table 1 in chapter
4) as test gases.
As we saw in chapter 1, the gas transport properties of polymer nanocomposites
are influenced by defects formed at the interface between filler and polymer matrix,
such as void formation and rigidification at the polymer-filler interface. In this work,
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peculiarities in the structure of the nanocomposites were studied by comparing the
PALS spectra and DSC measurements of the pure and nanocomposite samples.
In this study, we describe the phenomena occurring at the matrix-filler interface and discuss how they control the gas transport properties of nanocomposite
membranes comprising FLGs dispersed in amine-modified epoxy resins.

6.2. Free volume structure of the nanocomposites
We carried out PALS analysis to investigate the changes in the samples’ free
volume structure due to the dispersion of nanofillers. PALS spectra fitting was
carried out by using the same procedure and software packages used for the pure
epoxy resin samples, see section 5.2.2. Briefly, the spectra were fitted with three
lifetime components (τ1 < τ2 < τ3 ; χ2 values between 1.00 and 1.21), by fixing
the τ1 value at 125 ps. The obtained τ2 values are similar to those found in the
pure epoxy membranes: in the nanocomposites they range from (0.335 ± 0.002) ns
to (0.377 ± 0.002) ns at the examined temperatures. The τ3 values for the pure
and the nanocomposite samples are plotted as functions of temperature in Figure
1 (right vertical axis). The average radius R of the free volume holes was evaluated
by assuming them to have spherical shape, as in the case of the pure polymers (see
section 5.2.2). The resulting vh values are plotted in Figure 1, left vertical axis.
The vh values as functions of temperature are well fitted by straight lines, both
below and above the glass transition temperature Tg , whose value was obtained
from the intersection between the two straight lines. The Tg of the polymer matrix,
(229 ± 4) K, does not change after filler addition. This confirms the observations
made by DSC, see section 3.2.2.3.
The intensity of the o-Ps annihilation signal I3 is presented as a function of
temperature in Figure 2 for samples in rubbery phase.
The data in Figures 1 and 2 indicate that, at each examined temperature, the
average free volume vh does not change after filler addition. On the other hand, I3
diminishes with increasing filler content. Hence the addition of the fillers changes
the free volume structure of the samples not by altering the free volume hole size,
but by reducing the number density of the holes and therefore the fractional free
volume of the samples, which is proportional to the product vh I3 (see equation
(5.2.7) in the previous chapter). In the following, we will therefore use the product
vh I3 as a measure of f itself. The vh I3 product is plotted for all samples in Figure
3 as a function of temperature for T > Tg ; its values can be well fitted to straight
lines in the pure and nanocomposite samples. The difference between the fractional
free volume in the nanocomposite and pure samples are quantitatively described
by the parameter rf (T ) defined as:
rf (T ) =

fNC
(vh I3 )NC
=
fC
(vh I3 )C

(6.2.1)
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Figure 1. o-Ps lifetime τ3 values (right vertical axes) and average
hole volume vh (left vertical axes) as functions of temperature for
the pure epoxy resin and the nanocomposites with different filler
concentrations.
where the index NC stands for “nanocomposite” and C for “continuous phase”.
Three observations can be made looking at the values for rf : (i) filler addition
does not change the fractional free volume for the nanocomposite with an FLG
concentration of 2.8 vol.% (rf ' 1); (ii) the reduction in f is well evident in samples
with filler loadings of 4.3 and 5.7 vol.%, for which rf < 1; (iii) at T > Tg , in the
examined samples rf does not change with temperature.
At this point, it is important to remark that the reduction of fractional free
volume in the nanocomposite samples cannot be only attributed to the presence
of fillers in the polymer matrix. In fact, if we consider as an example the 4.3
vol.% loaded sample, we observe that the fractional free volume here is reduced by
approx. 15 %. This reduction is at least three times larger than the reduction of
the polymer specific volume (see insets of Figure 3).
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Figure 2. o-Ps annihilation signal intensity I3 as a function of
temperature for the pure epoxy membrane and the nanocomposites.

6.3. Gas transport properties in the nanocomposites
The Arrhenius plots of the CO2 , H2 and N2 permeabilities in the pure and nanocomposite samples are reported in Figure 4 and indicate that the filler addition
decreases the gas permeability. The ratio PNC /PC , where PNC is the permeability
of the nanocomposite and PC is the permeability of the pure polymer, quantitatively describes this reduction. We note that (i) at fixed filler concentration in the
nanocomposites, the ratio PNC /PC is the same for all gases (i.e. filler addition does
not change the gas selectivity); (ii) PNC /PC does not change with temperature. The
measured PNC /PC values have been plotted for all test gases at the temperature of
T = 334 K in the insets of Figure 4.
The apparent activation energy for permeation EP of the pure matrix are
(21 ± 2) kJ/mol for CO2 , (35 ± 1) kJ/mol for H2 and (38 ± 3) kJ/mol for N2 , see
section 5.2.1. In the nanocomposites, EP does not change at all examined concentrations. The obtained average values are (21 ± 1) kJ/mol for CO2 , (32 ± 3) kJ/mol
for H2 and (32 ± 4) kJ/mol for N2 .
Before going on with the discussion, it is worth to remark that the improvements
of the membranes’ gas barrier properties after filler addition are comparable to those
detected in similar system such as graphite nanoplatelets (Kalaitzidou et al., 2007;
Checchetto et al., 2014), graphene (Compton et al., 2010; Sadasivuni et al., 2013;
Jin et al., 2013), functionalized graphene (Kim and Macosko, 2009), graphene oxide
(Wu et al., 2013) or other high aspect ratio fillers such as silicate clays (HerreraAlonso et al., 2010; Osman et al., 2004; Cui et al., 2015).
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Figure 3. vh I3 product for all samples as a function of temperature. The experimental errors are inside the size of the symbols.
The straight lines are linear fits. The insets show the ratio rf between the fractional free volume of the nanocomposites and of the
pure epoxy matrix as a function of temperature.

6.4. Modeling of permeation in FLG-based nanocomposites
In this section, we will discuss the obtained experimental results in the framework of different models for permeation in PNCs. We will analyze the parameter
PNC /PC at the intermediate temperature of T = 334 K in the different nanocomposites. As previously reported, the PNC /PC value is temperature independent.
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Figure 4. Arrhenius plots of the permeability of CO2 , H2 and
N2 in the pure epoxy matrix and in the nanocomposite samples.
The insets report, for each nanocomposite sample, the permeability
reduction PNC /PC at T = 334 K as a function of the filler concentration.
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In ideal nanocomposites, i.e. when the polymer matrix completely wets the
fillers’ surface and none of the defects introduced in chapter 1 appear, the nanocomposites’ permeability PNC can be predicted by using two simple models. The
parameters in both models are the permeability PC of the polymer matrix, the permeability Pd of the dispersed phase (i.e. of the fillers) and the filler volume fraction
ϕd .
(1) The Nielsen (1967) model, developed for impermeable fillers as those used
for this study, explains the reduction of the membranes’ permeability by
assuming that the permeating molecules travel, in the nanocomposite,
a longer (more tortuous) path in order to migrate from one side of the
membrane to the other, due to the presence of the impermeable nanofillers. The permeability of the nanocomposites is reduced by a geometrical
factor τT , called tortuosity factor, with respect to the pure polymer matrix (Aroon et al., 2010). Platelets with thickness w and lateral size L
produce a τT given by the relation τT = (1 + ϕd L/2w) and a permeability
reduction given by (Adame and Beall, 2009)
PNC
1 − ϕd
=
PC
τT

(6.4.1)

(2) The second model is called “Maxwell model” 1. The permeability PNC /PC
of the nanocomposite is given by (Moore and Koros, 2005):
PNC
Pd + 2PC − 2ϕd (PC − Pd )
=
PC
Pd + 2PC + ϕd (PC − Pd )

(6.4.2)

In the present impermeable fillers (Pd = 0), w = 10 nm and L ' 10 µm: we can use
the above models to estimate the ratio between the nanocomposites’ permeability
and the permeability of the polymer matrix, as a function of the filler content ϕd .
Figure 5 shows the measured PNC /PC ratios (points) at different ϕd values and the
PNC /PC ratios (lines) as calculated by using Nielsen model (line a) and Maxwell’s
model (line b). The comparison between the experimental and calculated PNC /PC
ratios indicates that the Nielsen’s model strongly overestimates the reduction of the
nanocomposites, whereas Maxwell’s model qualitatively describes an almost linear
permeability decrease with increasing filler content, but underestimates the permeability reduction. These models assume an ideal morphology of the matrix-filler
interface: to accurately describe the obtained experimental results, it is therefore
worth considering the potential formation of defects.
Interface defects are connected to the formation of voids or of polymer chain
rigidification at the interface between matrix and fillers. The nanocomposites in
which such defects appear can be modeled as a system consisting of two phases:
(1) the pure, unmodified polymer matrix with permeability PC ;
1The Maxwell model for the permeability of PNCs is based on an equation originally derived

by Maxwell (1873) for the electrical conductivity of composites
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rements (symbols) and calculations with different models, as a
function of the filler content ϕd . The experimental points represent the values for CO2 (red circles), H2 (green stars), N2 (blue
triangles). Line (a) represents Nielsen’s model (equation (6.4.1)),
line (b) Maxwell’s equation in the case of ideal morphology (equation (6.4.2)). Line (c) is obtained using a modified Maxwell model
assuming the presence of interface voids. Line (d) represents Maxwell model in the case of the presence of a pseudo-dispersed phase
for the case of a rigidified polymer layer (equations (6.4.9) and
(6.4.10)) with thickness lif = 20 nm surrounding the fillers. A similar situation but with lif = 25 nm is represented by the dashed
line.
(2) a "pseudo-dispersed phase", formed by the fillers having permeability Pd
surrounded by the modified polymer layers. The modified layers have permeability Pif and occupy a volume fraction ϕif in the PNC (the subscript
“if” stands for “interface”).
The effective permeability of this pseudo-dispersed phase is given by the following
relation (Pal, 2008; Aroon et al., 2010; Moore and Koros, 2005; Rezakazemi et al.,
2014):2
Pd + 2Pif − 2ϕs (Pif − Pd )
(6.4.3)
Pd + 2Pif + ϕs (Pif − Pd )
where ϕs = ϕd /(ϕd + ϕif ) is the volume fraction of the filler particles in the pseudoPps = Pif

dispersed phase. For filler particles shaped as platelets with thickness w, if the
2Note that equation (6.4.3) is nothing but eq. 6.4.2 in which the continuous phase is replaced

by the interface and the nanocomposite permeability is replaced by the permeability of the pseudodispersed phase.
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interfacial region consists of layers with thickness lif on both sides of the platelets,
ϕs can be obtained by (Checchetto et al., 2014)
ϕs =

ϕd
w
=
ϕd + ϕif
w + 2lif

(6.4.4)

Modeling the system as composed by a continuous phase in which particles with
permeability Pps and volume fraction (ϕd + ϕif ) are dispersed, the ratio PNC /PC
can be evaluated by the following equation, which is a modified expression of eq.
6.4.2, in which the pseudo-dispersed phase replaces the dispersed phase:
PNC
Pps + 2PC − 2(ϕd + ϕif )(PC − Pps )
=
PC
Pps + 2PC + (ϕd + ϕif )(PC − Pps )

(6.4.5)

The above equation provides an estimate of the nanocomposite permeability reduction when the permeability Pif of the interface and its thickness lif are known.
Let us first consider interfacial voids: their presence would increase the permeability of the nanocomposite. In fact, the permeability Pif of the voids can be
estimated as the product between the solubility of vacuum Svac = (RT )−1 and
Knudsen diffusivity:

where dpore

r
1
8 RT
DK = dpore
(6.4.6)
3
π M
is the size of the void and M is the molar weight of the diffusing

molecule. This situation was simulated by assuming Pd = 0, by choosing CO2 as
penetrant, dpore = (6vh /π)1/3 = 0.7 nm and lif = 3dpore . The obtained PNC /PC values are represented in Figure 5 by line (c). The figure shows that this behavior is
incompatible with the experimental observations for the permeability of the nanocomposite, as its predicts an increase of permeability with increasing filler loading,
in contrast with the observed decrease. Note also that the presence of interfacial
voids can be excluded by the PALS analysis, which would evidence an increase of
the o-Ps formation (and thus an increase of the I3 annihilation signal), rather than
its reduction as it was observed.
A formation of a rigidified polymer region with reduced free volume is, on the
other hand, compatible with the observed I3 reduction as well as with the observed
reduction of the permeability (Kim et al., 2006; Mahajan and Koros, 2002).
The permeability Pif of the rigidified, interfacial polymer layer is reduced with
respect to PC . The reduction is quantitatively defined by the so-called “chain
rigidification factor” β = PC /Pif . The structural analysis described in section
3.2.2 shows that the FLG nanoplatelets in the PNCs have their surface aligned
parallel to the membrane surfaces and do not aggregate. To apply eq. 6.4.5 to our
experimental results, we will model the nanocomposite as in Figure 6, assuming that
above and below every FLG platelet, a rigidified polymer region with thickness
lif and permeability Pif has formed. Nanoplatelets are separated by an average
distance 2h, measured along the direction of net mass flow, i.e. orthogonal to the
FLG surface. The average distance between the nanoplatelets can be calculated
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lif=h(1-rf)
h=w/2φd

rigidified
polymer

FLG

Figure 6. Graphical representation of the nanocomposite structure. The FLG platelets are represented as black rectangles and
the light gray region is the unmodified polymeric matrix. The rigidified polymer layers are represented as dark gray rectangles of
thickness lif surrounding the nanoplatelets. The arrow of length
h represents one half of the average distance between two FLG
nanoplatelets.
knowing their thickness and their volume fraction. For w = 10 nm, we obtain for
h the following values: 178 nm for ϕd = 2.8 vol.%, 120 nm for ϕd = 4.3 vol.% and
88 nm for ϕd = 5.7 vol.%. A fraction of this region, that is a layer of thickness
lif = (1 − rf )h, consist of rigidified polymer chains. Therefore, for every region with
volume V = 2hL2 surrounding the filler, a sub-domain with volume Vif = 2lif L2 =
2h(1−rf )L2 consists of rigidified polymer whereas the remaining part, with volume
V − Vif , consists of unmodified polymer. To evaluate lif , we assumed that the free
volume reduction due to the addition of fillers occurs only in these interface regions.
Namely, we can show that a free volume loss uniformly distributed in the whole
polymer matrix is not compatible with our experimental observations. To do so,
we need to remember the relation between permeability and free volume:


BP
P = AP exp −
f

(6.4.7)

where AP and BP are empirical parameters depending on the size and shape of the
penetrant molecule (Matteucci et al., 2006). A fractional free volume reduction of
approx. 15-20%, as reported in Figure 3 (see insets), would reduce the permeability
by approx. one order of magnitude, i.e. much more than experimentally observed.
We will thus assume, to a first approximation, that the fractional free volume
reduction is concentrated only around the fillers, where f vanishes, whereas the
unmodified polymer matrix maintains the same f as the pure polymer. We used
PALS data to obtain rf and thus lif using the following equation:
V − Vif
fNC
= rf =
V
fC

(6.4.8)
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The values of rf in the different samples are reported in the insets of Figure 3. For
the sample with 4.3 vol.% filler content, a value of lif = (18 ± 4) nm was obtained,
whereas for the 5.7 vol.% loaded sample, the thickness lif is (20 ± 3) nm. For the
nanocomposite with lowest filler content, i.e. 2.8 vol.%, the rf values approach unity
(inside their indetermination), so a meaningful value for lif cannot be obtained.
Since we assumed total rigidification and complete free volume loss at the
interface, it is reasonable to assume β ' ∞, which means that the interface is
impermeable, Pif = 0. If this is the case, Pps = 0 as well and we can simplify eq.
6.4.5:

PNC
1 − (ϕd + ϕif )
=
(6.4.9)
PC
1 + 12 (ϕd + ϕif )
The volume fraction ϕif of the interface can be calculated knowing lif and we can
write




2lif
ϕd + ϕif = ϕd 1 +
(6.4.10)
w
The permeability reduction as predicted by the two above equations is represented
by line (d) of Figure 5 in the case lif = 20 nm, as obtained from PALS data for
the 5.7 vol.% loaded sample. Line (d) is in good agreement with the permeability
data and shows that polymer rigidification at the matrix-filler interface explains
the experimental observations. We also remark that the ratio PNC /PC calculated
in this way depends weakly on β: for example, choosing β = 5 would provide values
differing by less than 10 % from those obtained with β = ∞. Similar observations
were reported by other researchers (Li et al., 2005; Moore et al., 2004). A better
agreement would be obtained by a higher value of lif . The dashed line in Figure 5
shows the ratio PNC /PC that would result by assuming lif = 25 nm, a slightly thicker
interface region. The free volume reduction detected by PALS seems therefore to be
underestimated. We argue that the rigidified regions contain free volume elements
that, despite being probed by positrons, are not accessible by the diffusing molecules
and thus do not contribute to their transport.
We can now compare the obtained values for the thickness of the rigidified polymer region with the ones found in literature for similar high aspect ratio fillers.
Studied on the solvent uptake of ethylenevinyl acetate/montmorillonite nanocomposites explain the large decrease in solvent uptake after 5 wt. % filler addition with
the formation of a rigidified polymer layer of at least 25 nm (Pramanik et al., 2004).
Measurements carried out by Atomic Force Microscopy by Adame and Beall (2009)
in polyamide/clay nanocomposites revealed rigidified regions with thicknesses of
approximately 40-50 nm.
To conclude this discussion, we remember that the presence of the rigidified
polymer region does not affect the Tg value as detected by PALS and DSC analysis. The glass transition temperature Tg detected by positrons, see Figure 1, does
not change with filler content. PALS analysis is indeed based on o-Ps formation
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and annihilation in the free volume elements, which do not form in the rigidified
regions. A Tg variation is also not detectable by DSC (see section 3.2.2.3). Negligible or no Tg variations upon filler additions are reported in literature for many
of nanocomposites where rigidification occurs, evidenced by mechanical or thermal
effects: see, for example, (Bansal et al., 2005; Moll and Kumar, 2012; Harton et al.,
2010; Rittigstein and Torkelson, 2006; Lu and Nutt, 2003; Ash et al., 2002; Holt
et al., 2014, 2013; Starr et al., 2016). No clear explanation exists for this unexpected
behavior. Indrakanti et al. (2004) and Moll and Kumar (2012) suggest that this
behavior occurs when the interface layer is decoupled from the remaining part of
the polymer and it does not relax in the timeframe of the DSC experiments. Therefore, the detected glass transition temperature is that of the unmodified polymer
matrix.
6.5. Conclusions
This study evidences that the addition of high aspect ratio FLG fillers decreases
the gas permeability of the epoxy membrane because it gives rise to the formation of
rigidified polymer layers, which are gas-impermeable. The decrease in permeability
can be explained by assuming the rigidification of the polymer layers at the matrixfiller interface. These rigidified regions are gas impermeable; their thickness has
been estimated starting from PALS measurements and was found to be of ∼ 20 nm.
This value is in good agreement with those found in literature for other polymer
nanocomposite samples, although determined through different methods.

CHAPTER 7

Diffusion mechanism through cellulose nanofiber
films
7.1. Introduction
The current packaging industry is based mostly on petroleum-derived polymers
such as poly(vinyl alcohol) (PVA), polyvinyldiene chloride (PVdC) and polyethylene terephthalate (PET), given to their low cost, good processability and good
barrier properties (Miller and Krochta, 1997; Syverud and Stenius, 2009). The
extensive use of these polymers gives rise to serious environmental concerns due
to their problematic disposal, their difficult recycling and the dependence on fossil
resources for their production (Sorrentino et al., 2007; Siracusa et al., 2008; Jamshidian et al., 2010). The development of biodegradable and carbon-neutral packaging
materials is therefore needed.
Cellulose nanofibers (CNs) are a biobased and biodegradable material with promising properties for applications in food packaging industry. They are rod-shaped
cellulose crystals with width of few nm and length of several hundreds of nm. The
high aspect ratio of the CNs and their ability to form inter- and intrafibrillar hydrogen bonds permit them to assemble in dense, highly packed films having good
optical transparency and gas barrier properties. These barrier properties are also
a consequence of the cellulose nanofibers’ high crystallinity (Aulin et al., 2010).
Studies carried out by Rodionova et al. (2011); Aulin et al. (2010) and Bayer et al.
(2016) have demonstrated the excellent gas barrier properties of self-supporting
cellulose nanofiber films with thickness of few µm: their oxygen permeability values are in fact competitive with those of common synthetic polymers used in the
packaging industry, such as ethylene vinyl alcohol (EVOH) or poly (vinyl alcohol) (Pauly, 1999). Cellulose nanofiber films can also be deposited as coatings on
different substrates using simple and inexpensive deposition techniques, such as
dip-coating and spin-coating (Herrera et al., 2016). Several studies have been carried out on CN-coated polymers, and it was observed that the coatings decrease
the gas transport rates by orders of magnitude with respect to those through the
uncoated substrates (Fukuzumi et al., 2009; Lavoine et al., 2014; Aulin et al., 2013;
Herrera et al., 2016). Highly transparent CN-based coatings with good barrier
properties are thus attracting great interest in the food packaging technology to
replace petroleum-based materials.
91

92

7. DIFFUSION MECHANISM THROUGH CELLULOSE NANOFIBER FILMS

Research is examining the influence on the gas barrier properties of the cellulose nanofiber films of different factors, such as the specific penetrant molecule
(Fukuzumi et al., 2013a) or the membrane temperature (Bayer et al., 2016). The
effect of fibril entanglement, (Belbekhouche et al., 2011), functional groups on the
fiber’s surface (Fukuzumi et al., 2013a) and fiber length (Fukuzumi et al., 2013b)
have also been studied.
In this work, we analyze the gas transport properties of bilayer membranes
consisting of cellulose nanofiber films deposited on PLA (polylactic acid) foils. The
aim of this study is to investigate in detail the processes governing gas transport
through well characterized TEMPO-oxidized cellulose nanofiber (TOCN) films, to
understand the mechanism behind the excellent gas barrier properties of these materials (see section 3.3 for information on TEMPO-mediated oxidation).
To this task, bilayer membrane samples were prepared by depositing TOCN
films on PLA foils by a liquid casting technique. We also prepared nanocomposite
coatings by dispersing TiO2 nanoparticles in the TOCN films, in order to study the
influence of the nanoparticles on the films’ properties.
Polylactic acid is a transparent, bioderived and biodegradable polymer with
potential applications in the food packaging technology (Jamshidian et al., 2010).
Though it has good gas barrier properties (Jamshidian et al., 2010), its permeability
is still higher than that of commercial polymers such as PET or PVdC (Hanika
et al., 2003) and the improvement of its gas barrier performances could stimulate
its use for food packaging.
TiO2 (titania) is an inert, non-toxic, inexpensive material with applications in
different fields thanks to its photocatalytic activity (Rhim et al., 2013; Fujishima
et al., 2000). In the food packaging sector, the antimicrobial properties of TiO2
nanoparticles make them suitable for applications as fillers in nanocomposite materials. Indeed, when irradiated with UV light, TiO2 produces reactive oxygen species
able to kill microorganisms (Rhim et al., 2013; He and Hwang, 2016). Moreover,
it has been shown that TiO2 nanoparticles dispersed in a biopolymer matrix can
improve the mechanical properties of the material (Zhou et al., 2009).
We performed gas permeation experiments by using test gases with different
molecular size and condensability and studied the permeation of such gases by
systematically changing the membrane temperature and gas pressure. The data
obtained from the permeation tests were interpreted based on the information on
the void structure of the films, obtained by depth-profiled PALS analysis.
The sample preparation and characterization have been described in the Materials chapter of this thesis (see section 3.3) and will be only briefly recalled in the
following. In this chapter, we will therefore focus on the results obtained by PALS
and gas transport measurements and on their interpretation.
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7.2. Free volume and gas transport properties: experimental results
7.2.1. Structural properties. Here, we recall the information obtained by
the structural analysis of the samples, as presented in section 3.3, focusing on the
aspects which are relevant to understand the gas transport mechanism through
TOCN coatings. AFM microscopy shows that the cellulose nanofibers are rod-like
crystals with width of approx. 4 nm and length between 50 nm and 300 nm. When
deposited on a support, they form films with uniform thickness and morphology,
as detected by SEM. SEM analysis also showed that, in the TOCN coatings, the
cellulose nanofibers are aligned parallel to each other and with their main axis
parallel to the membrane’s surface. The absence of inhomogeneities in the TOCN
films is also confirmed by their high optical transparency.
TOCN:TiO2 coatings have structure analogous to that of TOCN coatings.
TiO2 nanoparticle agglomerates with size of the order of 100 nm have been detected
by SEM and reduce the optical transparency of the films due to light scattering.
7.2.2. PALS analysis. Depth-profiled PALS measurements were carried out
with pulsed low energy positron system (PLEPS) apparatus (Egger, 2010; Sperr
et al., 2008) at the high intensity positron source NEPOMUC (NEutron induced
POsitron source MUniCh) (Hugenschmidt, 2010; Hugenschmidt et al., 2008). e+
are injected in the studied samples by a pulsed, variable energy positron beam.
Depth-profiled analyses were obtained using positron implantation energies in the
range 1-12 keV, corresponding to average implantation depths x between 27 and
1.4 × 103 nm, as obtained by the following equation (Mills and Wilson, 1982):
x(nm) =

40 1.6
E
%

(7.2.1)

where % is the cellulose density and in this case equals 1.57 g cm−3 (see section 3.3)
and E is the positron implantation energy expressed in keV.
The overall time resolution of the apparatus (pulsing and detector) was 230-240
ps and the beam diameter was smaller than 1 mm at all energies. The acquired
spectra, consisting of 4×106 events each, were analyzed with the software PATFIT88 (Kirkegaard et al., 1989). All spectra were well fitted with three lifetime components: the shortest component τ1 = 121 ps had an intensity of I1 ' 10%, the
second component τ2 = 380 ps had an intensity I2 ' 72%. The longest component
τ3 was attributed to o-Ps annihilation events in nano-sized voids.
In the following, we will neglect the short-lived lifetime components, τ1 and τ2 ,
and we will only discuss the τ3 parameter and its intensity I3 , which describe the
o-Ps annihilation and give information, respectively, on the size of the voids and
on their number density (Mallon, 2003; Consolati and Quasso, 2010). In Figure
1, τ3 and I3 are plotted as a function of the mean positron implantation depth.
None of these quantities seem to depend on the implantation depth: τ3 has a
constant average value of (1.37 ± 0.02) ns and I3 lies at (17.70 ± 0.03) %. The voids
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Figure 1. o-Ps lifetime τ3 (full circles, left vertical axis) and intensity I3 of the o-Ps annihilation signal (open squares, right vertical
axis) as a function of the positron mean implantation depth.
are therefore uniformly distributed in the TOCN thickness with depth-independent
size.
PALS spectra acquired at different temperatures in the range between 290 and
330 K, i.e. in the temperature range in which also gas transport was studied,
showed no change in τ3 nor I3 . As an example, the τ3 and I3 values are plotted as
a function of temperature in Figure 2 for a positron energy of 4 keV, corresponding
to an implantation depth of 234 nm.
7.2.3. Gas transport kinetics. The gas transport measurements were carried out with the technique and the apparatus described in section 4.1.2 using
nitrogen, carbon dioxide, helium and deuterium as test gases. The measurements
were carried out with the CP technique given the high signal to noise ratio of the
detector (quadrupole mass spectrometer), which allowed us to detect very small gas
fluxes through the TOCN membranes. D2 was preferred over H2 as a test gas to
further increase the signal to noise ratio of the corresponding mass signal. Measurements were also carried out using air with relative humidity (RH) between 20%
and 50%, as measured by a Delta Ohm HD2301 thermohygrometer, to detect the
oxygen and water vapor signals. The critical temperature Tc and kinetic diameter
σk of the studied gases are given in Table 1 of chapter 4. Measurements were performed at temperatures between 293 and 324 K on membrane samples shaped as disks
with effective diameter (determined by the Viton O-rings in the sample holder) of
13 mm. Samples outgassing was performed before the permeation experiments by
keeping them in high vacuum inside the experimental apparatus for at least 12 h.
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Figure 2. o-Ps lifetime τ3 (full circles, left vertical axis) and intensity I3 of the o-Ps annihilation signal (open squares, right vertical
axis) as a function of temperature. The inset reports the positron
annihilation spectrum acquired at T = 290 K and E = 4 keV.
Figure 3 shows the plots of the gas permeation flux J(t) (we will call them
permeation curves hereafter) of CO2 and N2 through an uncoated (23 ± 1) µm
thick PLA membrane at temperature T = (293 ± 1) K and with upstream pressure pHPS = (35 ± 1) kPa. The inset shows the permeation curves for N2 and O2
when air at a RH of 37% is used as a test gas, at the same pHPS and temperature.
From the permeation curves, the gas transport parameters, i.e. the permeability
P and the diffusivity D can be obtained as explained in section 4.1.2. P is obtained from the flux J stc in stationary transport conditions (stc) by equation (4.1.8),
whereas D can be obtained by fitting the permeation curves to equation (4.1.9);
the obtained values, see Table 1, agree with those obtained by Komatsuka et al.
(2008) and Bao et al. (2006), but the He permeability is somewhat smaller than
that measured by Guinault et al. (2012). Due to the extremely fast transient of
the gas transport of He in PLA, the diffusivity of this gas could not be measured.
However, given a transient time shorter than 1 s, we can estimate a diffusivity
D & 1 × 10−6 cm2 s−1 (remembering D = ` /6θ, equation (2.1.18)).
2

We carried out permeation tests on TOCN/PLA and TOCN:TiO2 /PLA bilayer
membranes with coating thicknesses ` from 2.6 µm to 6.6 µm. No permeation signal
was detected through the TOCN-coated samples nor in the TOCN:TiO2 -coated
samples when CO2 , N2 or air at different RH values were used with pHPS values
up to ∼ 100 kPa. The permeation flux for these gases was thus under the detection
limit of the apparatus, of the order of 10−2 ml(STP) m−2 day−1 . Assuming that
the gas barrier properties of the bilayer membranes can be attributed only to the
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Figure 3. Permeation curves of CO2 and N2 for an uncoated
PLA membrane of thickness `PLA = (23 ± 1) µm at temperature
T = (293 ± 1) K and pressure pHPS = (35 ± 1) kPa. In the inset,
the permeation curves for N2 and O2 are reported when air is used
as a test gas, with the same membrane temperature and pHPS . The
lines represent the fits to equation (4.1.9).
Gas

Permeability
(ml(STP) µm m

CO2

−2

day

Diffusivity

−1

−1

kPa

)

(cm2 s−1 )

(5.2 ± 0.2) × 102

(6.5 ± 0.6) × 10−9

N2

21 ± 1

(1.29 ± 0.09) × 10−8

O2

90 ± 5

(2.8 ± 0.2) × 10−8

D2

(2.01 ± 0.06) × 103

He

(2.6 ± 0.1) × 10

(7 ± 3) × 10−7

3

-

Table 1. Permeability and diffusion coefficient of the analyzed
test gases through a (23 ± 1) µm thick PLA foil at temperature
T = (293 ± 1) K and pressure pHPS = (35 ± 1) kPa.

coatings, with thickness ` = 1 µm and using an upstream pressure pHPS = 100 kPa,
this detection limit corresponds to a minimum detectable permeability Pmin '
10−4 ml(STP) µm m−2 day−1 kPa−1 (see equation (4.1.8)).
To obtain a deeper understanding of the diffusion mechanism through the
TOCN coatings, detailed permeation studies were carried out with D2 and He
by changing sample temperatures and HPS pressure. With these small-size gases,
permeation fluxes were detected also through the nanocellulose-based coatings.
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Figure 4. Permeation curves of He (upper panel) and D2 (lower
panel) through uncoated PLA (black symbols); TOCN/PLA (red
symbols) and TOCN:TiO2 /PLA (blue symbols) membranes. The
thickness of the coatings is indicated in the labels, the relative
indetermination on the thickness is 5%. The same permeation
curves in the TOCN/PLA and TOCN:TiO2 /PLA are also reported
in the insets in linear scale. The lines represent the fits to equation
(4.1.9). Measurements were performed at T = (301 ± 2) K and
pHPS = (35 ± 1) kPa.
The permeation curves of He and D2 through uncoated PLA, TOCN/PLA and
TOCN:TiO2 /PLA membranes at room temperature are reported in Figure 4. It
can be observed that few µm thick TOCN or TOCN:TiO2 coatings on the PLA foil
reduce the permeation flux in stationary transport conditions by at least 3 orders
of magnitude with these small-size gases.
In Figure 5 we show the D2 permeation curves through TOCN/PLA bilayer
membranes with different coating thickness `TOCN from 2.6 µm to 6.6 µm at fixed
temperature T = (301 ± 2) K and pressure pHPS = (35 ± 1) kPa. We can also
observe that, increasing the coating thickness, the permeation flux at stc decreases
and the transient times needed to set stc increase.
If we compare the permeation curves of He and D2 in pure PLA and in the coated samples, we can observe that the coating decreases J stc by orders of magnitude
and increases the transient times by orders of magnitude. We can thus conclude
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Figure 5. D2 permeation curves through TOCN/PLA bilayer
membranes with different TOCN coating thickness (indicated in
the labels). The lines represent the fits to equation (4.1.9). Measurements were performed at T = (301 ± 2) K and pHPS =
(35 ± 1) kPa.
that the transport properties of the bilayer membranes are effectively determined
by the coatings, whereas the PLA substrate merely acts as a permeable mechanical
support. To analyze the gas transport process, the bilayer membranes can be thus
described as membranes consisting only on nanocellulose-based films with thickness
equal to that of the coating alone, thus neglecting the presence of the PLA support
(Crank, 1979).
The measured permeability and diffusivity values for He and D2 in the TOCN
and TOCN:TiO2 films at room temperature are reported in Table 2. The reported
values are averages obtained on films with different thicknesses. The values in
the table reveal that the TiO2 nanoparticles only slightly affect the permeation
properties of the TOCN coatings.
The flux J stc in stationary transport conditions has been measured by changing
the D2 and He upstream pressure pHPS . The obtained values are reported in Figure
6 for a TOCN/PLA membrane and show that J stc is directly proportional to pHPS ,
proving that the transport of these gases in TOCN layers occurs by the solutiondiffusion mechanism, see equation (2.1.11) (Matteucci et al., 2006). A similar trend
was also observed for the TOCN:TiO2 films, meaning that the nanoparticle addition
does not influence the gas transport mechanism.
Further information on the transport mechanism was obtained by carrying out
permeation experiments at different temperatures. A set of experimental permeation curves through TOCN at temperatures between 295 K and 342 K is reported
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Permeability
(ml(STP) µm m

−2

day

−1

99

Diffusivity
−1

kPa

)

(cm2 s−1 )

He, TOCN

0.4 ± 0.1

(4.3 ± 0.8) × 10−9

He, TOCN:TiO2

0.6 ± 0.1

(5.6 ± 0.5) × 10−9

D2 , TOCN

0.10 ± 0.03

(2.2 ± 0.4) × 10−10

D2 , TOCN:TiO2

0.06 ± 0.02

(8 ± 2) × 10−11

Table 2. Average permeability and diffusion coefficient of the analyzed test gases through TOCN and TOCN:TiO2 membranes at
temperature T = (301 ± 2) K and pressure pHPS = (35 ± 1) kPa.

6 .0
5 .0

P e r m e a tio n flu x in s tc
( m l( S T P ) m -2 d a y -1 )

4 .0

He
T = 295 ± 1 K
lTOCN = 6.5 ± 0.3 µm

3 .0
2 .0
1 .0
0 .0
1 .5
1 .2
0 .9

D2

0 .6

T = 294 ± 1 K
lTOCN = 5.2 ± 0.3 µm

0 .3
0 .0
0

2 0

4 0

6 0

8 0

HPS Pressure (kPa)

1 0 0

Figure 6. Permeation flux J stc as a function of the upstream
pressure of He (upper panel) and D2 (lower panel). The straight
lines are a guide for the eyes, the experimental errors are inside
the size of the symbols.
in Figure 7. Increasing the temperature, the value of the gas flux J stc increases
and the transient times decrease. The addition of TiO2 nanoparticles in the TOCN
layers does not change this behavior. The Arrhenius plots of the P and D values for
the two gases in the TOCN/PLA bilayer membranes are reported in Figure 8. Figure 9 shows corresponding data for D2 permeation through the TOCN:TiO2 /PLA
membranes.

The P and D values obtained at different temperatures have been

fitted to equations (2.1.29) and (2.1.26), respectively to find the apparent activation energies for permeation EP and for diffusion ED in the studied samples.
The obtained values are reported in the figures. The pre-exponential factor D0 for
diffusion in TOCN was calculated as well and is ∼ 4 × 10−3 cm2 s−1 for He and
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Figure 7. He (upper panel) and D2 (lower panel) permeation curves through TOCN/PLA membranes obtained at different temperatures T and at pHPS = (35 ± 1) kPa.
∼ 1 × 10−3 cm2 s−1 for D2 . For the sake of comparison, we note that in glassy
polymers such as, for example, polyimides, the apparent activation energy ED for
small penetrants like H2 lies in the range of 5 to 20 kJ mol−1 (Yampolskii et al.,
1998), i.e. approximately a factor 2 smaller than the values detected for the TOCN
films.
The solubility of the TOCN films was evaluated by the usual relation P = SD.
The TOCN solubility values are approximately 1 × 10−3 ml(STP) cm−3 atm−1 for
He and 5 × 10−3 ml(STP) cm−3 atm−1 for D2 . As often observed in size-sieving
polymers, the solubility’s temperature dependence is weak (Matteucci et al., 2006).
Note that, in these units, for a perfect gas at standard temperature and pressure
the solubility of vacuum is Svac =

n
PV

=

1
RT

= 1 ml(STP) cm−3 atm−1 , i.e. a factor

103 larger than in the studied samples.
7.3. Thermally activated diffusion mechanism in nanocellulose films
In this section, we will discuss the obtained results based on a comparison
with other results reported in literature. We will then give an interpretation of the
reported results, to describe the mechanism controlling the diffusion of small gases
in TOCN films. Let us first consider the pure TOCN films.
Experimental results show that permeability of TOCN to He and D2 is orders
of magnitude lower than that of most commercial polymers (Matteucci et al., 2006).
The D2 permeability values obtained in this study are 2 orders of magnitude lower
than those obtained by Bayer et al. (2016) in nanocellulose membranes prepared by
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Figure 8. Arrhenius plot of the transport parameters of He (upper panel) and D2 (lower panel) in TOCN films. Diffusivity values
are reported as solid circles on the left vertical axis, permeability
values are reported as open squares on the right vertical axis.
hydrochloric or sulfuric acid hydrolysis and are comparable to the values obtained
by Fukuzumi et al. (2013a) on films obtained by TEMPO-mediated oxidation of
cellulose fibers. In the same paper, Fukuzumi et al. (2013a) also measured the
permeability of CO2 , O2 and N2 obtaining values slightly larger than those reported
in this work. We attribute this effect to the different packing of the cellulose
nanofibers due to peculiarities in their preparation. Indeed, it is known that the
drying process of the CNs influences their packing and that the fibril coalescence
reduce the swelling properties (Müller et al., 2014; Klemm et al., 2011; Ul-Islam
et al., 2013). A review on the coalescence of cellulose fibers lists all the reactions
that might occur during drying (Pönni et al., 2012). The process of coalescence
between different fibers is still not completely understood and several reactions
contribute to it (such as lactone bridge formation and crosslinking between adjacent
nanocrystals). The main difference between the preparation of our TOCN and that
described in other works is that we thoroughly wash the oxidized fibers with water
to neutralize the pH instead of adding HCl. As a consequence, in our solution a
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Figure 9. Arrhenius plot of the transport parameters of D2 in
TOCN:TiO2 films. Diffusivity values are reported as solid circles
on the left vertical axis, permeability values are reported as open
squares on the right vertical axis.

reduced presence of ions between the polysaccharide chains can be expected, and
therefore a reduced shielding of the charges borne by the nanofibers which results in
enhanced fiber coalescence. Furthermore, the formation of salt nanocrystals during
the films’ drying is avoided. These conditions may favor the planar and parallel
arrangement of the fibrils, which result therefore highly packed and form dense
films with excellent gas barrier properties.
Starting from the separate evaluation of D and S, it is possible to infer that
the low permeability of the TOCN films is due to the low diffusivity of gases
through them. This can be shown by comparing the gas transport parameters of
the nanocellulose-based coatings with those of common commercial polymers used
for gas barrier applications. The D2 solubility in the TOCN films is close to that
of PET, PVA or PS (polystyrene), i.e. of the order of 10−2 ml(STP) cm−3 atm−1
(Matteucci et al., 2006; Paterson et al., 1999). Diffusivity, on the other hand, is
orders of magnitude lower than in PET or Teflon, which have H2 diffusion constants of ∼ 10−7 cm2 s−1 and ∼ 10−5 cm2 s−1 , respectively. The higher diffusivity
of H2 in these polymers is explained by their free volume structure: the cavities in
these semi crystalline polymers have larger average size and thermally redistribute
in their amorphous fraction (Zekriardehani et al., 2017; Olson et al., 2003; Madani
et al., 1996; Rudel et al., 2008).
The TOCN films consist of a highly packed assembly of aligned cellulose nanorods with diameter of 4 nm and length between 50 and 300 nm, as shown in

7.3. THERMALLY ACTIVATED DIFFUSION IN NANOCELLULOSE FILMS

103

Figure 10. Relation between the cavity width dc and the relative
cavity length m = Lc /dc for fixed o-Ps annihilation lifetime τ3 =
(1.37 ± 0.02) ns, as measured by PALS analysis. The dotted line
is a guide for the eyes. In the inset, a graphical representation of
the structure of the interfibrillar cavities.
Figures 18 and 21 of section 3.3, having crystalline structure (Dufresne, 2013; Lavoine et al., 2012). Due to the impermeable nature of the nanocrystals (Lavoine
et al., 2012), the penetrant molecules are contained and migrate through empty
regions between these nanofibers. Given the nanofiber geometry and their packing,
we may assume that these cavities have the shape of channels with cross sectional
size dc and length Lc = mdc with m  1, see Figure 10. As a first approximation,
we assume that these channels are shaped as prisms with square cross section. Assuming such a geometry, dc can be estimated from the o-Ps annihilation lifetime
by the following relation:
"

2
dc
1
πdc
−1
τ3 = λ0 1 −
+ sin
dc + 2∆R π
dc + 2∆R


mdc
1
πmdc
×
+ sin
mdc + 2∆R π
mdc + 2∆R

(7.3.1)

where λ0 ' 0.5 ns−1 is the o-Ps annihilation rate in the bulk state and ∆R =
0.166 nm is the empirical electron layer thickness (Jasiska et al., 1996). Values for
the width dc are reported in Figure 10 for different values of the relative cavity
length as described by the parameter m = Lc /dc . These values were calculated
with τ3 = (1.37 ± 0.02) ns. From the figure, it can be noted that for m & 5, dc
reaches a constant value of dc = 0.31 nm. In the case of the studied TOCN films,
this condition is fully satisfied because the length of the cavity is comparable to
that of the fibers, i.e. of the order of 100 nm. The previous discussion indicates
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that the migration path for the diffusing molecules is formed by interconnected
elongated cavities with a cross section of 0.31 nm. This geometry suggests that the
selective transport properties of the TOCN films can be attributed to a size-sieving
effect. Indeed, the size of the cavities is similar to that of He and D2 but smaller
than that of the other studied molecules (CO2 , N2 and O2 ).
Let us now consider the mechanism controlling the transport of He and D2 .
When the cavity size dc is comparable to the kinetic diameter σk of the diffusing
molecules, diffusion can occur through two mechanisms, depending on the ratio
σk /dc (Xiao and Wei, 1992; Burganos, 2010; Gavalas, 2006).
Knudsen diffusion occurs when σk /dc < 0.5. Penetrant molecules
are in the
q
8kB T
gas phase and move with the thermal velocity given by u =
πM , where M is
the molecular weight of the penetrant. The size of the cavity provides a measure of
the diffusional length and the diffusion coefficient is given by DK = 13 udc . In this
regime, diffusion is not a thermally activated process and the diffusion coefficient
depends weakly on temperature, only through the thermal velocity u, so that DK ∝
√
T.
When σk /dc > 0.8, diffusion occurs in configurational regime and penetrant
diffusion in such cavities resembles surface diffusion. In this model, the penetrant
interacts with the cavity walls and loses its gaseous state. It resides in a periodic potential at thermal equilibrium with the host matrix (Xiao and Wei, 1992; Burganos,
2010; Gavalas, 2006). If the potential is strongly corrugated with respect to kB T ,
the particles vibrate with frequency ν within the bound state. Diffusion occurs
through successive jumps between these bound states and is thermally activated,
because a diffusive jump can occur only if the particle has an energy large enough
to overcome a potential barrier ED . For configurational diffusion, the diffusivity is
given by the following expression:
Dconf



1 2
−ED
= νls exp
z
kB T

(7.3.2)

where 1/z is the probability that the diffusing molecule jumps into one of the z
available adjacent sites and ls is the average distance between these sites (Xiao and
Wei, 1992; Burganos, 2010; Gavalas, 2006).
Our experimental observations reveal that diffusion of small penetrants in
TOCN films occurs in configurational regime because: (i) σk /dc > 0.8 for He and
D2 and (ii) transport has thermally activated character. To compare the experimentally obtained pre-exponential factor (D0 ∼ 4 × 10−3 cm2 s−1 ) with the values
suggested by the model, i.e. D0 =

1 2
z νls ,

we can take ν ∼ 1012 s−1 and z = 2

(Barrer, 1978), which corresponds to assuming that, in these cavities, a molecule
can only jump in sites at its right or at its left and that the penetrant concentration
in the films is low enough to ensure that single-file diffusion is not set. In these
conditions, the distance between the sites results ls ∼ 1 nm, that is dc < ls  Lc .
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We note that the obtained value for ls well compares with the average distance
between the carboxyl groups (-COOH) on the surface of the CNs, ∼ 2 nm. Indeed,
there is a carboxyl group every 2.5 cellobioses and the distance between neighboring cellobioses is approximately 1 nm (Jacobson et al., 1961). We therefore suggest
that the measured activation energy is connected to sterical effects in the penetrant
jumps between the diffusion sites rather than on sorption energies.
Let us now consider how the addition of TiO2 nanoparticles influences gas
transport in the TOCN-based membranes. The gas barrier properties of the TOCN
films are not be affected by the addition of TiO2 nanoparticles. The dependence of
the gas flux J stc on the gas pressure pHPS is linear in both films and the apparent
activation energy for permeation EP in TOCN:TiO2 films is compatible to that in
pure TOCN films, inside the experimental error. No difference exists also in the
apparent activation energy for diffusion ED , clearly indicating that the mechanism
governing gas transport in the TiO2 -filled samples is not influenced by nanoparticle
dispersion. The most evident effect is the fact that the absolute value of the D2
diffusion coefficient in the TOCN:TiO2 samples is reduced by about a factor 3. The
simplest way to explain this temperature-independent effect is as follows: TiO2
nanoparticles are D2 -impermeable and their presence thus increases the tortuosity
of the penetrant migration path. This increased tortuosity decreases the penetrant
diffusivity according to the relation D0 = D/τT . The fact that He does not show this
behavior suggests that TiO2 agglomerates allow selective He transport. However,
further investigation would be needed to clear this point.
7.4. Conclusions
The experimental results on the gas transport properties of the nanocellulosebased films evidence their excellent barrier properties when exposing the membrane
to ambient air, which make them well suited for applications in the field of food
packaging (Parry, 1993) and showing good potential for OLED (Burrows et al.,
2001) technology.
The diffusive paths consist of elongated nanocavities between the tightly packed nanofibers. The cross sectional size of these nanochannels has been evaluated
by PALS and resulted of approx. 0.31 nm, suggesting that the selective transport of small penetrants is due to size-sieving effects. Molecule diffusion in the
nanocellulose-based films is thermally activated and occurs in configurational regime. The dispersion of TiO2 nanoparticles in the films does not alter the mechanism governing gas transport, despite a limited reduction in the gas diffusion
coefficient, which can be attributed to tortuosity effects.

Conclusions
In this thesis we have studied the gas transport properties of membrane materials having different structural properties by gas phase permeation technique.
The gas transport results were analyzed using information obtained by different
characterization techniques to analyse the chemical properties (FTIR, DSC), structure (XRD), morphology (SEM, AFM) and free volume (PALS) of the membrane.
Results indicate that the gas transport properties are controlled by free volume
structure of the materials which limit, in fact, the penetrant diffusivity both in the
dense, microporous and nanocomposite samples. The apparent Arrhenius behavior of the gas diffusivity in the dense amine- modified epoxy resins is due to the
temperature dependent fractional free volume whose value increases linearly with
temperature. The addition of FLG nanofillers produces gas-impermeable layers at
the interface between matrix and filler where molecular transport is impeded by the
local free volume reduction. In the microporous cellulose- based membranes, the
free volume is formed by interconnected cavities having cross-sectional size comparable to the dimension of the penetrant molecules: in this confined geometry, the
size- dependent molecular transport is consequence of sieving effects and diffusion
occurs in configurational regime conditions.
Future perspectives of this research activity have their most interesting playground in the development of innovative cellulose-based materials. In fact, changing
the process parameters for the film/coating preparation or adding different kinds
of nanoadditives, samples with tuned packing properties of the NC fibers can be
prepared to be tested as innovative green materials-based membranes for gas separation/purification applications or in advanced packaging applications such as in
OLED technology.
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APPENDIX A

Water vapor and gas transport in nanocomposite
polypropylene-carbon nanotube membranes
A.1. Introduction
In this appendix, we present a study on the water vapor and gas transport properties of nanocomposite membranes consisting of a isotactic polypropylene (iPP)
matrix with dispersed multiwalled carbon nanotubes (MWCNTs). We used pristine
MWCNT as well as PP-grafted nanotubes (polypropilene-grafted, MWCNT-g-PP)
and prepared membranes with different filler concentration: the influence of filler
agglomeration on the gas and water vapor transport properties of the membranes
was also considered.
Carbon nanotubes (CNTs) are cylinders whose walls are made of one or more
graphene layers (respectively called single-walled carbon nanotubes, SWCNT or
multiwalled carbon nanotubes MWCNT). Typical diameters are in the range of 0.8
to 2 nm for SWCNT and 5 to 20 nm for MWCNT (but can be higher in some cases);
their length ranges from less than 100 nm to some cm (De Volder et al., 2013). CNTs
exhibit interesting properties such as chemical inertness, mechanical strength and
thermal stability, which suggest the use of these fillers for the preparation of polymer
nanocomposites (Sahoo et al., 2010; Coleman et al., 2006).
Polymer-CNT nanocomposites have recently been suggested as mixed matrix
membranes for molecular separation (Dong et al., 2013; Ismail et al., 2009): these
nanofillers are suggested to promote the formation in the nanocomposite of nanochannels for the selective transport of penetrant molecules. One of the main
problems in the preparation of CNT-based polymer nanocomposites is the formation of CNT agglomerates in the polymer matrix (Sahoo et al., 2010). We have
prepared nanocomposites with surface PP grafting to improve their compatibility
with the matrix and thus favor their dispersion (Sanip et al., 2011).
Polypropylene (PP) is a commercial semi crystalline polymer widely used for
different applications, including packaging and textiles. Different studies present
in the scientific literature evidence that surface grafting of the nanotubes improves
CNT dispersion also in the PP matrix (Zhou et al., 2006; Lee et al., 2007).
This work was carried out in collaboration with colleagues of the Institute of
Chemical Engineering Sciences, Foundation for Research and Technology-Hellas,
(Patras, Greece) and the departments of Chemistry and Chemical Engineering of
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the University of Patras (Greece). The contribution of these colleagues was related
to sample preparation and structural characterization as well as the measurement of
water vapor transport. In this chapter, we will therefore focus on our contribution,
i.e. the study of the gas transport properties of the membranes, while only an
overview on the preparation and characterization of the nanocomposite samples
will be given. A more detailed description can be found (Bounos et al., 2017) and
references therein.
A.2. Sample preparation and characterization
A.2.1. Nanocomposite membranes preparation. The isotactic polypropylene used for the membrane preparation was purchased from Ega-Chemie (Steinheim, Germany). MWCNTs were supplied by Nanothinx (Patras, Greece) and have
diameter of 15-35 nm. Details on the preparation of the MWCNT-g-PP are reported elsewhere (Yang et al., 2007, 2008). The nanocomposite membranes containing
pristine or functionalized MWCNT as fillers were prepared by melt mixing the MWCNTs with iPP using a homemade batch mixer. We will call MWCNT/iPP and
MWCNT-g-PP/iPP the nanocomposite membranes with dispersed pristine MWCNT and PP-grafted MWCNT, respectively.
A.2.2. SEM analysis. Figure 1 (a) and (b) show the cross section of MWCNT/iPP and MWCNT-g-PP/iPP membranes, respectively. In the membranes
prepared with grafted nanotubes, a limited number of agglomerates is found. Similar observations are reported in literature (Lee et al., 2007; Prashantha et al.,
2008). The SEM micrograph in Figure 1 (c) shows a MWCNT agglomerate at higher magnification. An evident nanotube pull-out can be observed, indicating the
low adhesion between the pristine MWCNT and the iPP matrix. The nanotube
pull-out is less prominent in the case of the functionalized particles shown in Figure 1 (d). To summarize, SEM analysis confirms that the functionalization of the
nanotubes enhances their compatibility with the iPP matrix and their dispersion,
resulting in a smaller tendency to form aggregates. Observation of the samples
by optical microscopy (not reported here, see (Bounos et al., 2017) for details),
confirms these results.
A.2.3. DSC analysis and crystallization kinetics. DSC analysis was carried out on iPP and on the nanocomposite samples. The degree of crystallinity
Xc of the nanocomposites was calculated from the melting thermographs using the
following relation:
∆Hf
(A.2.1)
(1 − ϕw )∆H0
where ∆Hf is the heat of fusion of the measured sample, ∆H0 is the heat of fuXc =

sion for a completely crystalline sample and ϕw is the CNT weight fraction in the
nanocomposites. ∆H0 was chosen equal to 209 J g−1 (Brandrup et al., 1989). The
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Figure 1. SEM images of the cross sections of MWCNT/iPP (a)
and MWCNT-g-PP/iPP (b) membranes fractured in liquid nitrogen. The filler loading is 0.5 wt. % in both samples. Images
(c) and (d) show the regions in the dashed squares in images (a)
and (b), respectively, at higher magnification. Reproduced from
(Bounos et al., 2017) with permission from Elsevier.
values obtained for MWCNT/iPP and MWCNT-g-PP/iPP nanocomposites with
different filler loadings are reported in Figure 2. Insignificant variations of Xc with
changing filler loadings are observed below a critical concentration of 2 wt. % for
MWCNT/iPP and 4 wt. % for MWCNT-g-PP/iPP (note that, in the figure, the
point corresponding to MWCNT/iPP and MWCNT-g-PP/iPP at 2 wt. % loading
overlap). At higher concentrations, the degree of crystallinity is reduced.
A.2.4. Water vapor and gas transport measurements. To measure the
Water Vapor Transmission Rate (WVTR) of the films, the “wet cup” method described by the standard ASTM E 96-95 (ASTM International, 2010) has been used.
The WVTR is defined as the ratio between the water vapor stream j stc at regime
and the membrane surface area A: WVTR = j stc /A, under specific temperature
and humidity conditions. The apparatus used has been described in detail by Andrikopoulos et al. (2014). From the WVTR, the specific water vapor transmission
rate can be obtained by normalizing it to the membrane thickness `: Sp. WVTR
= WVTR · `. The Sp. WVTR is connected to the membranes’ water vapor permeability by the following relation:
P =

Sp. WVTR
Sp. WVTR
=
∆p
psat (RH1 − RH2 )

(A.2.2)

where psat is the saturation vapor pressure at the test temperature and RH1 and
RH2 are the relative humidities at the upstream side and downstream side of the
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Figure 2. Degree of crystallinity of iPP nanocomposites as a
function of MWCNT weight fraction. Note that the points relative to MWCNT/iPP and MWCNT-g-PP/iPP at 2 % filler loading
overlap. Reproduced from (Bounos et al., 2017) with permission
from Elsevier.
membrane, respectively. The measurements were carried out at T = 310 K and
with RH1 = 100% and RH2 = 50%.
For the gas transport measurements, the CV procedure described in section
4.1.1 was used. The samples’ thickness was between 80 and 200 µm. CO2 , N2 and
H2 were used as test gases and the membrane temperature was changed systematically from 290 K and 370 K.
Further permeation measurements were carried out independently by using a
Wicke-Kallenbach setup. The permeance of H2 O, CO2 and CH4 was measured
at 296 K using He as a sweep gas. The composition of the permeated gas was
determined using a Shimadzu GC-2014 gas chromatograph equipped with a thermal
conductivity detector.

A.3. Influence of MWCNT addition on water vapor and gas transport
properties
The water vapor permeability value measured at 310 K is PH2 O = 2.98 × 105
ml(STP) µm m−2 day−1 kPa−1 , in agreement with literature values (Barrie et al.,
1968). The ratio P/PiPP between the water vapor permeability of pure iPP and
that of the nanocomposite membranes is plotted for different filler loadings in Figure 3. The permeability of the MWCNT/iPP membranes increases with increasing
filler loading up to a critical concentration of 2 wt. %, where the ratio P/PiPP reaches a maximum value of ∼ 22. For higher filler concentration, the nanocomposite
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Figure 3. Ratio P/PiPP between the water vapor permeability of
the nanocomposite samples and pure iPP, plotted as a function of
filler loading. Reproduced from (Bounos et al., 2017) with permission from Elsevier.


µm
Permeability ml(STP)
m2 day kPa
membrane

H2 O vapor

CH4

CO2

pure iPP

1.19 × 104

4 × 101

1.26 × 103

MWCNT-g-PP/iPP (4 wt. %)

1.65 × 105

5 × 101

1.35 × 103

Table 1. Permeability to different gases of a 70 µm thick iPP
membrane and a 200 µm thick MWCNT-g-PP/iPP nanocomposite
membrane with a filler loading of 4 wt. %.

permeability decreases strongly. A similar behavior is observed with the MWCNTg-iPP/PP membranes, but in this case the critical concentration is 4 wt. %, where
P/PiPP reaches a maximum of ∼ 35. Such behaviors show that the water vapor
permeability of the nanocomposites is related to the presence of MWCNT agglomerates.
To confirm these results, gas transport measurements were carried out with the
Wicke-Kallenbach setup, comparing the gas permeability of a iPP membrane with
that of a MWCNT-g-PP/iPP membrane with 4 wt % filler loading. The results
obtained with water vapor, CO2 and CH4 are reported in Table 1. The water vapor
permeability data confirm the observations made using the wet cup method: the
permeability increases by more than one order of magnitude after the addition of
the MWCNT-g-PP fillers. With CO2 and CH4 , instead, no significant change was
observed between the pure and the nanocomposite membrane.
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Figure 4. Arrhenius plots of N2 , H2 and CO2 permeability
through iPP and MWCNT-g-PP/iPP membranes. The filler loadings are indicated in the legend.

Further gas transport studies were carried out by monitoring CO2 , N2 and H2
permeability and diffusivity as a function of temperature. We analyzed a pure iPP
membrane and four MWCNT-g-PP/iPP samples with filler loadings between 0.25
wt. % and 6 wt. %. The permeability and diffusivity data are shown, respectively,
in Figures 4 and 5. We note that: i) the diffusivity of N2 could not be measured
for temperatures lower than 330 K because of the poor signal to noise ratio of those
measurements and ii) due to the short timelag, the diffusivity of H2 could not be
measured with the studied samples. From the Arrhenius plots of the experimental
data in Figures 4 and 5, the apparent activation energies for permeation EP and
diffusion ED (see equations (2.1.29) and (2.1.26)) were measured and are plotted in
Figure 6. No difference can be observed in the gas permeability and diffusivity, nor
in the respective apparent activation energies, between the pure iPP membrane and
the different nanocomposites, meaning that the diffusion mechanism of gas molecules in all studied membranes is the same. These results confirm those obtained with
the Wicke-Kallenbach setup. To summarize, we have observed that the water vapor
permeability of the nanocomposite samples increases with increasing filler content
up to a critical concentration and it drops again for higher filler concentrations.
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Figure 5. Arrhenius plots of N2 and CO2 diffusivity in iPP and
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The gas transport parameters and their activation energies, on the other hand, do
not change with the filler content.
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As we have seen in chapters 1 and 6, the addition of fillers can affect the
transport properties of the membranes by locally changing the polymer structure.
DSC measurements revealed that the degree of crystallinity of the matrix is not
affected by the presence of the fillers up to the critical concentration (see section
A.2.3). The addition of MWCNTs may then alter the transport properties of the
membrane by: i) changing the free volume structure of the polymer at the interface
or ii) give rise to defects such as pores at the matrix-filler interface. Remembering
equation (2.3.3), i.e. D = AD exp(−BD/f ), we strike out the strong (exponential)
dependence of the gas diffusivity on the fractional free volume f . On the other
hand, in the case of interface pores, gas molecules
would diffuse into them with
q
dpore
8 kB T
a diffusivity given by Knudsen: DK = 3
π M , where dpore is the size of
the void and M is the molecular weight of the diffusing molecule. Both a change
in the fractional free volume f and the formation of pores would influence the
transport of all penetrants in the same manner, and they cannot explain the fact
that permeability of water changes dramatically upon MWCNT addition, whereas
gas transport seems to be unaffected by the presence of fillers.
We thus suggest that the transport properties of these membranes are related
to peculiar properties of the H2 O-MWCNT system. The enhanced water transport can be explained by the presence, in the membrane material, of a pseudo
dispersed phase consisting of the high aspect ratio MWCNT and the surrounding
matrix interphase region. Since no measurable water desorption was detected on
the MWCNT samples used in this work, we can attribute the enhanced water vapor
permeability of the composites to an increased water diffusivity. Water diffusion
may be promoted by the atomic-scale smoothness of the MWCNT, which provides an almost friction-less transport mechanism for water (Kalra et al., 2003). This
scenario is compatible with the observed increase in water permeability with increasing filler concentration and dispersion. A higher concentration of the fillers implies
that a higher volume fraction of the membrane is occupied by the pseudo-dispersed
phase. When the filler concentrations is higher than the critical concentrations, the
water permeability decreases. This effect can be attributed to the appearance of
MWCNT agglomerates. However, the exact mechanism responsible for this behavior is still to be completely cleared.

A.4. Conclusions
The addition of pristine and functionalized Multi Walled Carbon NanoTubes in
a isotactic PolyPropylene matrix selectively enhances the water vapor permeability
of the material, while leaving unchanged the permeability to other gases such as N2 ,
CO2 , H2 , CH4 . Structural analysis of the samples indicates that the water vapor
permeability enhancement is closely related to the carbon nanotubes’ dispersion
which, on turn, is improved by their surface functionalization with PP. The water
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vapor permeability can be explained by the formation of a region, at the polymermatrix interface, characterized by fast water transport rates. It is still an open
point the reason why gas molecules transport in this region is not enhanced in a
similar manner.
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