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Preface

One of the largest and most important applications of polymers has been, for several
decades, their use as barrier materials. These applications range from the cellophane
or polystyrene films used in food packaging to the use of technical polymers in oil and
gas exploration and transportation. Among these numerous applications, the most
common are the use of PET for liquid bottles and PE for milk bottles, PVC hoses for
gardening and water circuits in buildings, polyamides in hoses at gas stations, poly-
fluorovinyls for raincoats and umbrellas, and polyvinyl alcohol for contact lenses, to
mention a few. Novel barrier applications of polymers are found in the automotive
industry where polyamides have been considered to be used in the fuel circuit (i. e. as
gas tanks and also as the hoses connecting the tank with the engine). Other important
current barrier/transport applications of polymers are as smart membranes for the
controlled release of pharmaceuticals and as chemical sensors in medical applica-
tions. Further applications are found in the vast field of bladders of all kinds like in
the tire industry, and sports applications (balls, equipment, etc.). Another key appli-
cation is the large field of O-rings and sealings of all kinds, which are ubiquitous in
vehicles as well as in gas, oil, and liquid transportation.

However, these barrier/transport properties are often neglected or relegated to the
background behind their thermal, mechanical, and optical behavior. They are very
often considered only from an engineering point of view. This means that tests per-
formed to characterize the materials are engineering, normalized tests which deliver
performance indices rather than well-defined physical quantities. This also means
that most often empirical models are used to tentatively predict the performances of
new materials by inter- or extrapolating the performance of known materials.

This book covers a theoretical part of transport phenomena, but focuses mostly on
areas important to both academia and industry.
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Preface

Several authors have studied these properties since the boom of such materials in the
1940s, the most well-known being Langmuir, Flory & Huggins, and Crank. Since then,
several models of sorption of gas and/or liquid molecules in polymers have been pro-
posed over the years to better understand and describe the various sorption mecha-
nisms observed in polymers, especially in the case where molecules have strong
affinities with the polymers and/or form so-called clusters within the materials. These
models, which are presented in this book, describe well the sorption of solvents
through a combination of a physical approach with empirical observations. These
approaches yield qualitative parameters that are not able to completely describe the
observed sorption phenomena physically. Thus, as an introductory part of this book a
purely physical new model is proposed to describe the sorption of molecules having
strong affinities with polymers possessing preferential sorption/interaction sites. This
model yields physically meaningful parameters that describe the sorption of a given
polymer/solvent system.

Subsequently in the book, transport phenomena in various applicative and functional
polymers are discussed, with a focus on how to enhance such properties. Several
areas relevant to the research and engineering fields on barrier/transport properties
are thus considered, such as areas in which barrier properties are of direct, primary
relevance in the application: fuel tanks and hoses, water and/or fluid circuitry, blad-
ders, food packaging, and O-rings and sealings. While the barrier property is the pri-
mary concern, the final application often demands a compromise between barrier
properties and other properties such as mechanical toughness (e.g. for fuel tanks),
electrical insulation, etc., be achieved. Sometimes, optimizing both barrier properties
and, for example, mechanical properties demands adjustment of some material fea-
ture in an antagonistic way. One example is the role of the glass transition tempera-
ture of the polymer. Decreasing solvent diffusion can be achieved by increasing the
glass transition of the polymer, which means decreasing the molecular mobility at
usage temperature, but this may make the polymer fragile, which is critical as regards
its toughness.

This book aims thus to summarize and condense the latest research in the field of
sorption, diffusion, and permeation in functional polymers.

A. Rios de Anda, P. Sotta
July 2025
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Modelling Solvent Sorption in
Polar Polymers using a Physical,
Isothermal, Non-Empirical Model

Agustin Rios de Anda and Paul Sotta

1.1 Introduction

One of the largest and most important applications of polymers has been, for several
decades, their use as barrier materials. These applications range from the cellophane
or polystyrene films covering our food in supermarkets to the use of technical poly-
mers in oil and gas exploration and transportation. Amongst these applications, the
most common ones are the use of PET for liquid bottles and PE for milk bottles, PVC
hoses for gardening and water circuits in buildings, polyamides in hoses at gas sta-
tions, polyfluorovinyls for raincoats and umbrellas, and polyvinyl alcohol for contact
lenses, to mention a few. Novel barrier applications of polymers are found in the au-
tomotive industry, where polyamides have been considered for use in the fuel circuit
(i.e. as gas tanks and also as the hoses connecting the tank with the engine) and tech-
nical metal-plated carbon-fiber-reinforced epoxides for hydrogen storage. Other im-
portant current barrier/transport applications of polymers are as smart membranes
for the controlled release of pharmaceuticals, and as chemical sensors in medical ap-
plications.

However, these barrier/transport properties are often neglected or relegated to sec-
ond place in front of their thermal, mechanical, and optical behavior. Nevertheless,
several authors have studied these properties since the boom of these materials in
the 1940s, the most well-known being Langmuir [1], Flory & Huggins [2-9], and Crank
[10].

Since then, several models of sorption of gas and/or liquid molecules in polyamides
have been proposed to better understand and describe the various sorption mecha-
nisms observed in polymers, especially in the case where molecules have strong af-
finities with the polymers and/or form so-called clusters within the materials. These
models, which will be presented and detailed in Section 1.2, describe well the sorption
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of solvents through a combination of a physical approach with empirical observations.
However, these approaches yield qualitative parameters that are not able to completely
physically describe the observed sorption phenomena.

To resolve this deficit, in Section 1.3 we describe a new, purely physical model de-
scribing the sorption of molecules with strong affinities to polymers that possess pref-
erential sorption/interaction sites. We show that this model yields physically mean-
ingful parameters that describe the sorption of a given polymer-solvent system. A
comparison of the predictions of this model with experimental data is then provided
in Section 1.4.

1.2 Sorption Mechanisms in Polymers

1.2.1 Sorption Thermodynamics

When a polymer is put into contact with a solvent under partial vapor pressure P, the
solvent molecules penetrate into the polymer matrix up to a certain equilibrium con-
centration given by:

us(c, T) = Hgas(P, T) .1
Where:

us(c, T) = chemical potential of sorbed molecules, which depends on the concentration c in the
material and on T

Ugs(P, T) = chemical potential of the gas, given by:

p
ug(P,T) = RT In (P

sat

) =RTIna 1.2)

Where:

a = chemical activity

The chemical potential of the saturating vapor (gas at P = P, is ug“))(T), and this vapor
is in equilibrium with the liquid (thus 1, ”(T) = p,(7)), and has been chosen as the zero
level of chemical potential. Then u, (P, T) is negative if P < P,,. For the gas phase at
fixed pressure P, P/P, decreases as T increases. Thus, the chemical potential y,,, de-
creases as T increases, and sorption decreases as T increases. The chemical potential
of the liquid (which is nearly independent of P), which corresponds to a fixed activity
a=1, increases as T increases. Thus, in this case, the sorption increases as T increases.
More generally, at a given, fixed activity a = P/P, (Which corresponds to a partial pres-
sure of the gas P increasing as T increases), the chemical potential increases as T in-
creases. Thus, the sorption increases as T increases.



1.2 Sorption Mechanisms in Polymers

The sorption thermodynamics is illustrated in Figure 1.1. Sorption isotherms, which
relate the concentration c in the material to the pressure P or activity a of the vapor at
a temperature T, are described by Equation 1.1. The chemical potential may be writ-
ten u.qs(c, T) = AH - TAS, with an enthalpic contribution (enthalpy of sorption AH) and
an entropic term AS, which depends on concentration c. Note that AH may possibly
depend on temperature.

enthalpy - Gas
AH 4 AH,
absorbed
liquid
chemical potential
Gas p=pg, liquid
RTIn plp, Figure 1.1
absorbed Thermodynamic relations related to
Gas p < Pa sorption

By measuring sorption isotherms at various temperatures T and taking points at con-
stant concentration c, the following curve is obtained [11]:

AH,
St 4 constant (1.3)

Ina.(T) =

Then AH, (at a given concentration ¢) can be obtained from the slope of the curve
In ac vs 1/T. This quantity is called the net isosteric heat of sorption, and is equal to
AHg = AH s = AH ong-

The sorption enthalpy AH,p,s = Hg.s — Haps contains the contribution of molecular inter-
actions of water molecules in an adsorbed state compared to water molecules in a
gaseous state. In order to compare the interactions of water molecules sorbed in the
polymer to those in liquid water, the heat of liquefaction AH,,,q must be subtracted
[11] (Figure 1.1). Note that Equation 1.3 is analogous to the Clapeyron equation for

liquefaction [12] % = MTI;ap , where AH,,, is the enthalpy of vaporization.

1.2.2 Sorption Models

Several models have been developed in order to relate the equilibrium penetrant con-
centration to the penetrant activity, i.e., to describe the shape of sorption isotherm:s.
The simplest one is Henry’s law [13-15]. This model applies to the sorption of ideal
gases at low activities, and states that at a constant temperature, the amount of gas
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