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Introduction

At the most fundamental levels, both mechanical and thermodynamic properties
of materials arise from the very same causes, since they are nothing more than
a consequence of molecular and supramolecular level details, such as
molecular size, shape, configuration and intramolecular and intermolecular
attractions, repulsions and bonding. These details are neither mechanical, nor
thermodynamic, at least in a classical sense, since they arise from phenomena
that can be described by quantum mechanics and by statistical mechanics.
These two disciplines provide the conceptual framework for describing
molecules by themselves ( even if the jump that is required for connecting the
simple, “closed form” , description of hydrogen atoms, to the description of a
many atoms molecule is really huge!) and for explaining the macroscopic
properties that arise when many molecules are set together. But for the
common engineering perspective, mechanical properties and thermodynamic
behavior of materials are not the two sides of the same coin: they are seen as
two different kind of properties. Indeed, this view is somewhat supported by
design experience: a structural designer need to know what is the strength of
concrete, not its enthalpy, as well as computing the efficiency of a power steam
cycle requires an accurate representation of enthalpy and entropy functions of
the working fluid, not its modulus, if a modulus can be defined at all! Cleary the
design process of the boiler and of the turbine will call for an evaluation of
viscosity of the working fluid at its pressure and temperature, but again this will

be considered independently from its enthalpy or from its entropy.




At the same time, it is a matter of fact that mechanics and thermodynamics are
two disciplines strongly bonded together, also from the point of view of their
historical development. Both disciplines were dealing with the concept of energy
and work since their foundation and they were developed in such a way that
those concepts share the same definitions and the same meaning. In the
framework of continuum (field) theories the relationship between mechanics and
thermodynamics is even stronger, since they are both expressed in local terms
and the set of conservation laws can be closed only providing constitutive laws,
that should satisfy local thermodynamic constraints: It is not conceivable a
theoretically sound theory of continuum mechanics that has not passed the
scrutiny of thermodynamic. Many of the most powerful methods of mechanics,
such as Hamiltonian formulation and the principle of virtual work, are inherently
based on a view of the mechanics that begins with the concepts of energy and
work. Finally the mechanics of materials and the thermodynamic of materials,
that are the theories that most closely deal with the description, the modeling
and the prediction of the properties of materials, should be able to be
formulated using an unified view, because, as previously said, both mechanical
and thermodynamic properties of materials should be considered to arise from
the very same causes, since they are nothing more than a consequence of
molecular and supramolecular level details. In fact many models that provide a
physical picture of polymer — solvent systems, such as those based on the idea
that molecules lay in a disordered lattice, in which the number of possible
configuration can be estimated quite easily, can be used as a common starting
point for thermodynamic models, as well as for mechanical models, such as

those that deals with elasticity and viscoelasticity.

Beside the relationships that can be recognized between part of the most
common successful theories of mechanical and thermodynamic properties,
there are several problems, that arise in polymer science and technology, in
which the relationship between mechanical and thermodynamic properties can’t
be neglected and should be properly addressed. First of all, it can be observed
that in sorption and diffusion of low molecular weight species in polymers,




especially below the glass transition temperature, the system departs from the
free stress state and a stress field is developed. This influence the sorption
kinetic, that can be significantly different from the one predicted by constitutive
laws that neglects such effects, such as Fick’s law. Moreover stresses will affect
the processing of the polymer, its use and its final state. In same case this is
even beneficial, but in other cases can be deeply detrimental and thus it is
necessary to develop theoretical and experimental tools that can be used for

characterization and modeling of those processes.

A short and not exhaustive list of processes or applications in which stresses in
polymer-solvent systems plays a role or need to be controlled can be the

following:

Controlled Drug Release
Coating
Permeation/Membrane Separation

Sensing Devices

a bk~ 0N e

Production of Polymeric Foams through Thermoplastic Expansion

The case in which the stress state plays the most detrimental role is the case of
coating: virtually all kinds of major coating defects can be related to the stresses
that arise when the adhesion to substrate frustrates the shrinkage that the
coating material will undergo upon drying or curing. On the other side, sensing
devices based on micro-cantilever coated by polymer that swell upon contact
with solvent species base their working principle in the mechanical answer of

the material upon sorption.

Between these extremes, there are many other cases in which the coupling
between mechanical and thermodynamic properties still plays a role in the

process.




In the present work theoretical and experimental methods have been applied to
the characterization of phase equilibria and pseudoequilibria, mass transport
properties and kinetic and mechanical properties of system made by one or

more low molecular weight species and a polymer.

Chapter number 1 and 2 deal with Equations of State. First of all, Equations of
State have been applied to modeling mixture and pure substances volumetric
properties and phase equilibria that were relevant to biomedical applications. It
must be said that for systems in which the stress state is the hydrostatic one (in
which all the three principal stress are equal to pressure), the thermodynamic
description of the volumetric behavior of the fluid that is provided by the
Equation of State is also the mechanical one! Since the system considered are
made of species that will form hydrogen bonds, the modeling effort has been
quite challenging and has prompted the choice of advanced models, like the
Perturbed Chain Statistical Associating Fluid Theory. | was given the
opportunity to learn the application of this model directly from the research

group of Professor Gabriele Sadowski at the Technical University of Dortmund.

Chapter 3 reports the results of the considerable amount of time that has been
devoted to experimental measurement of vapor and liquid solubility and sorption
kinetic in glassy and rubbery polymers, like Matrimid 5218 and PDMS. The
sorption of one of the best solvent of Matrimid 5218 in the polymer itself was
extensively characterized, with the aim of crossing the boundary between
glassy and rubbery region not by acting on the thermal modes of the polymer
chain segment, but through solvent induced plasticization. Intriguing kinetic data
were obtained as well, for vapors and liquids. Pure and mixed liquid solubility in
PDMS were characterized with aim of understanding if PDMS membrane could
be used for separation process in the food and aroma industry and particularly

to the deacidification of olive oils.

Chapter 4 deals with modeling of the pseudo equilibrium sorption isotherms that
had been collected for several vapors in the glassy Matrimid 5218. This task




has been achieved in the framework of the Non Equilibrium Thermodynamic of
Glassy Phase theory of Professor Giulio Cesare Sarti and Professor Ferruccio
Doghieri. Not only this theory is undoubtedly successful in providing a
theoretically sound thermodynamic picture of the sorption of low molecular
weight species in glassy polymer, but can be naturally conjugated with a simple
rheological description of the swelling process that came along with sorption.
Matrimid 5218, due to its really high glass transition temperature lacked the
proper PVT data required for applying the above mentioned model and
especially its rheological part, but with some engineering ingenuity, it was

possible to overcame these obstacles.

The kinetics of the sorption of some vapors and liquids in Matrimid 5218 were
modeled too and the results are presented in Chapter 5. The phenomenological
model of Berens and Hopfenberg was applied and it was defined a procedure to
use some of the tools of the Non Equilibrium Thermodynamic of Glassy Phase
to reduce the number of the adjustable parameters of the model. Then, after a
brief review of the works of Long and Richman, the more recent and physically
sound model of Carla and Doghieri, was applied to model non Fickian sorption.
It must be said that the model that has been applied is completely consistent
with the Non Equilibrium Thermodynamic of Glassy Phase approach and relies
on the very same rheological assumption. It is found that the viscosity of the
glassy matrix deeply affect the sorption kinetic, controlling rate of the volume
relaxation effects. Moreover, it was found out that in integral sorption steps with
really high activity jumps, such as in liquid sorption, the plasticization effect of
the low molecular weight penetrant has to be explicitly taken into account and

viscosity should be allowed to depend on penetrant concentration.

Chapter 6 present the results of the synthesis and characterization, in term of
double bond conversion and gas permeability, of glassy crosslinked acrylate
polymers that were prepared in collaboration with Dr. Ben Richter of the 3M
corporate research laboratories of Saint. Paul and with Professor Alon
McCormick of the University of Minnesota. The samples were cured by means




of exposition to an electron beam, in order to promote the formation of radical
species without using any initiator. The effect of the radiation dose has been
determined, especially for what concerns the relationship between radiation

doses and gas permeability and ideal selectivity.

Lastly Chapter 7 discusses some features of the manufacturing process of
polymeric foams, especially for what concerns expanded polystyrenes. The
results of some mechanical characterizations that were performed on pentane
loaded polystyrenes are also presented. The experiments had been performed
at the Technical University of Dortmund, under the supervision of Professor

Gabriele Sadowski.




2.Modeling of Phase Equilibria With an
Equation of State Approach

2.1. Introduction

Let us consider a closed system, spatially homogeneous, made by a single
component and by a single phase. According to the classical theories of
mechanics and electromagnetism, there are several kind of work that the
system can exchange with the surrounding environment. All the kinds of work
are means of exchanging energy and thus, from the point of view of energy
balance, they can be even lumped into a single term, but listing each
contribution separately can provide some insight on the physical processes
behind them. Since the system is not considered to be isolated, it can exchange
energy with the surrounding environment in the form of heat. Again this
contribution is nothing but one more mean of exchanging energy, but
consolidated experimental evidence, collected and analyzed starting from the
very beginning of thermodynamic discipline, support the view that heat and
work plays different roles’®. It is a matter of fact that heat can’t be completely
transformed into work and that it is not possible to create any kind of process
that brings heat from a cold source to a hot one, without supplying some kind of
work to the system. The first statement is due to Lord Kelvin and Max Planck
and is usually stated saying that it is not possible to build a device that have the
only effect of producing work from heat supplied by a single source. The second




statement is due to Rudolf Clausius and is usually stated saying that it is not
possible to build a device that has the only effect of transferring heat from a
colder body to a hotter body. These two statements have been frequently
adopted as the operational statement of the second law of thermodynamics and
can be proven equivalent. Albeit their usefulness when dealing with power
cycles and refrigeration, they are not well suitable for exploiting an analysis of
the constitutive laws or of the models for mechanical and thermodynamic
properties of materials. In the framework of rational thermodynamics, it is a well
established practice to introduce an extensive variable, function of the state of
the system, here yet to be defined, named Entropy, that obeys an additional
balance equations that is very special: the change of entropy with time is always
required to be greater or at least equal than the sole contribution from the
Entropy flux that is exchanged with the surrounding environment. This means
that there is an entropy generation term that has to be always equal or greater
than zero. Second Law can be obeyed only by those processes, that we will call
thermodynamically admissible, in which the generation of Entropy is strictly non

negative® °.

2.1 Ez d
dt

If we restrict our analysis to a closed system of fixed volume that exchanges
only heat, the energy balance, that in mathematical form is the statement of the

First Law of thermodynamic, is strikingly simple:

2.2 — =0

Since both First and Second Laws have to be satisfied, one can think to write

them together, by means of the introduction of a Lagrange multiplier, say S.

Thus for every process:




du ds L
2.3 —-f—=< +
dt o dt AP+Q

Entropy, as a function of state, can be thought to be function of the internal
energy and of the volume of the system, at least for some kind of ideal material,
thus we can expand the time derivative of entropy , taking into account that

volume is fixed.

dUu _oSdu _ . .
2.4 — B < ph+
o Poua PP

Since we have no experimental evidence that C;—LtJ is not free to have any value

in the real set and neither we have theoretical arguments for the same request,

we have to assume that C;—Lthan take any value. It is easy to recognize that if

this is the case, it is straightforward to find cases in which the inequality can be

violated, unless the Lagrange multipier is equal to the inverse of the derivative
. oS\

of entropy respect to internal energy S = U

The residual inequality is then: 0< Sd + Q. Again since we can think that heat

flux can be somewhat controlled also by the environment that surrounds the

system, it is possible that an action outside the system causes the failure to

comply with the inequality inside the system. This again should be not possible

if we want that the inequality of Second Law holds for every process that can

take place in nature and thus we should have that P = %

With the trick of considering a system that can exchange only heat, we have
found a way to show that entropy flux is inded proportional to the heat flux.
Moreover a system that exchange only heat with the surrounding environment
is the homologous of many different kind of devices used in the empirical
science of thermometry and by comparison with the several thermometric

scales that have been defined, especially with those based on measuring the




properties of some gaseous species that fill ampoules of fixed volume and for
which the relationship between pressure, empirical temperature and volume is
known to be simple, i.e. the so called ideal gas, it is possible to recognize that

the Lagrange multiplier is function of the empirical
(oS ) .
temperature g8 = U f (19) for every empirical temperature scale. Since the

Lagrange multipier Sis equal to the inverse of the derivative of entropy respect

to internal energy, it can be defined to be itself the measure of the absolute
temperature of any body.

2.5 % > %

This formulation of Second Law that exploits the link between heat exchanges
and entropy generation can be used to analyze the Clausius statement and the
statement by Planck and Kelvin and their equivalency can be proven. As well,
we have the conceptual instruments for analyzing systems that exchange heat
and work of any kind. A comprehensive list of the kind of work that are
recognizable from mechanic and electromagnetism theory will comprise for sure
the work associated to change in volume, the work that has to be exerted for
impressing a change in the shape of the system, the work required for changing
the extension of the surface of the system, as well as the work required by an
electric field for polarizing a polarizable medium and the work required by a
magnetic field to magnetize a magnetic medium. All these kind of work are
related to a specific property of the system that can be changed. Changing
volume or shape means that the system will appear deformed respect to
configuration that it had before, as well as creating new surface or changing the
ordering of its polarizable constituent by means of application of an electric field.

This strongly suggest that work and deformation are indeed correlated.

10



Let us consider a closed system, spatially homogenous and made by a single

phase, that initially has volume V,. The control volume of the system is

bounded by a control surface on which can act the forces exerted by the
surrounding environment. For example let us assume that in each point of the

control surface is applied a force, which has a normal component that in every

differential area element dA is equal to dF* i = PdA, where the scalar P is the

pressure or the normal stress acting on the boundary of the system. If this force
has a non zero component in any direction that is not parallel to the vectors

normal to the control surface, we will also have a tangential component, that for

a given direction { in the tangent plane is equal to dFg*t =7;,dA, where 7, is

the shear stress acting on the boundary of the system, in the direction f |,

normal to the direction n. Let us assume that on the system acts also a field of
conservative forces per unit of volumes: dF, = f"odV, such as gravity or an

electric field.

If the system is actually a rigid body the effect of the forces acting locally on the
boundary of the control volume is to change the kinetic and potential energy of

the rigid body that we are considering: Z—T +d—LIJ Iv dF; . In the case of a less

ideal kind of body, one that will be deformed by the action of the external,
surface forces, only a fraction of their power will be spent changing the potential
and the kinetic energy of the system and the other fraction will have the only
effect of changing the relative position of the material particles of the

body_?j—f +(:j—q)=J' * dFg ~W, . Subtracting this mechanical energy balance
eqguation to the total energy balance equation C;—LtJ C:j—}t( av J'v dF +Q, we

obtain the so called thermal energy balance, that is the relevant one when

looking for the most intimate and non trivial relationships between mechanics

and thermodynamics. O(lj—li =Q+W, . In this discussion it will be proven useful

11



to introduce an extensive variable, function of the state of the system like
internal energy and entropy, known as Helmolhtz Free Energy, defined as
A=U -TS.

It is easy to show that the work (actually the power) of a force field acting on the

surface of the system with uniform normal stress and that change the volume of
the system, is equal to - P(jj—\t/. If this is the only work done on the system, the

thermal energy balance and the entropy balance can be coupled to give a free

energy balance:

2.6 d—A+Sd—T+ Pd—vs 0
dt dt dt

The free energy should be a function of the state of the system, that we can

guess to be identified by its temperature, its volume and the pressure. Applying
the chain rule for the derivative C(;—'? the inequality, that should hold for every

admissible process, became:

2.7 (%j +S d—T+ (%j +P d_V_{d_Aj
T )y » dt oV ;e dt 0P

It is required that this inequality holds for every process. It is not possible to

provide any reasonable theoretical bound for Z—I (2—\: and % Moreover, since

the change on temperature, pressure or volume could be even separately

L
v.T dt

controlled from the environment outside the body, the inequality 1.8 should be
decomposed in three separate inequalities, one for each term, that should hold
by themselves. Therefore the terms inside the brackets should be equated to

zero and the following useful relationship can be proven®:
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2.8 S= —(%j =0

oT

{8,
V,P' aV T,P' aP

The latter one is especially important since it means that Helmholtz Free Energy

TV

Is not a function of the pressure of the system. It is then possible to write simply

A=AV,T) and the thermodynamic derivatives can be written

asS= —(%j and P= —[%j
aT )|, ov

is itself a function of the state of system, so we can say that: P = f(T,V). Since

. Moreover the second one say that the pressure
.

it has been assumed that the state of the system is independent from the rate

of deformation Otlj_\t/ thus under isothermal conditions the pressure (and the free

energy) depends only on the volume of the system and have the same value if
the system is deformed slowly or really quickly or even if it is kept at rest. This is
indeed the case of elastic materials.

For the sake of generality, we could say that the pressure P, = f(T,V) is the

value that holds for Otlj_\t/:O’ and that in general P= f(T’V'C;_\t/j’ so that

Py = f(T Vv ,O). Expanding f(T VZ—Y) as a Taylor- series near Z—\: =0, we can

see that P =P, provided that Otlj_\t/ is small enough. In fact near Z—\t/:o we

ofTVO)av
gdv ot
dt

On the base of this discussion about the value of pressure outside equilibrium, it

have that P = Peq +

is then necessary to check if the Helmholtz Free Energy also is a function of the
rate of deformation Otlj_\t/ Applying again the chain rule for the derivative c(;—'? the

inequality, that should hold for every admissible process, became:
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dv 0A dv
+— | <

+P|— <
T, dt adl dt
. dt Jirv

2.9 & 0
oT

\

dT (OAJ
+S|—+|| —
av dt ov
dt
It is again straightforward to obtain the relationship between entropy and free

energy and the indication that since should be always zero, the free

oA
N
dt Jiry

energy is not a function of the deformation rate. But the residual inequality
)
oV

P= f(T,V,Z—\:j the argument of the brackets is not independent from the time

+P C:j—\t/so can't be treated in the same way, since with the choice

P
dt

0A

derivative Z—\: From Second Law, we can say that if (—j +P| is
dv
dt

T,

positive, the process should be isochoric or compressive, while if
)
ov

dv . 0A
o goes to zero, if || —

+ P |is negative, an expansion is allowed. Close to equilibrium, where
dav
T,—
dt

+ P |is a continuous function, as it should be

Y
dt

granted without extraordinary wisdom, we recover the result that*:

oA
2.10 Py= —
- (GVJ

T

Thus free energy is a potential for entropy even outside equilibrium and at

equilibrium is a potential for pressure. The equilibrium
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=f(\,T) is known as the Volumetric Equation of
.

relationship P, = _(S_Cj

State.

A more extensive presentation of this approach and on how this procedure can
be applied to more general systems can be found in the thermodynamic book
written by Astarita’, in which it is possible to find some interesting observations

on the thermodynamic description of relaxation phenomena in polymers.

Since Helmholtz Free Energy is not a function of pressure, even outside
equilibrium, if for a given Volume and Temperature the system is not in

= f(V,T)

equilibrium, the pressure value that can be computed by P, = —(%j
.

ov

will be the hypothetical pressure at which that Volume and Temperature will be
those of equilibrium. This observation will be useful to properly identify and
calculate the driving force of volume relaxation that takes place during the
sorption of low molecular weight species in glassy polymers, as modeled in

chapter 5.

Let us consider now a system that acts like a spring, that under the influence of
an external force applied at its ends it can be elongated without changing its
volume (isochoric transformation), like happens in the case of a rubber band.
The volume of the system will be changed only by the pressure and will not be
affected by the force acting on the spring, but at the same time it is not possible
to neglect that the free energy of the system is affected also by elongation.
Thus we have to assume that the free energy depends on temperature, volume
and elongation. The total deformation work (power) is —PZ—\:+ f*I. Let us
assume that the pressure is always the equilibrium value, so that we can

neglect the effect of (jzl_\t/ on the value of the pressure itself.

The free energy inequality, that must be obeyed in order to comply with the

Second Law, can be exploited in the following form:
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[

With the same derivation shown before, it is possible to prove that the inequality

—f}*iso
TV dt

can be satisfied only if the free energy is assumed to be a potential for the force

that acts on the spring: f = [?j

TV
This force is indeed and equilibrium property, since it does not depend on
elongation rate, but simply on the value of the elongation and we could even

recognize that there should exist an Elongation Equation of State such that

f=grVv,i).

From the discussion of the conditions that must hold in order to guarantee that
the inequality provided by Second Law is satisfied for every process, many

interesting results can be obtained:

» Entropy is the isochoric derivative of the Helmholtz Free Energy respect
to temperature

e Even in non equilibrium, Helmholtz Free Energy does not depend on
Pressure, nor it depends on deformation rate

e At equilibrium, Pressure is equal in moduls and opposite in sign to the
isothermal derivative of Helmholtz Free Energy respect to volume

* A similar result can be extended to all the elastic forces, even when the
deformation is done under isochoric constraint, so that we can say that if
there is a stress state under which the system can rest in equilibrium, the
stress tensor must be equal in modulus and opposite in sign to the
isothermal derivative of Helmholtz Free Energy respect to a measure of

0A ¢

0B

the strain: @ = -
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* At equilibrium, Pressure is function of Temperature and Volume alone.
The function that represent this relationship is named Equation of State.
If an expression for Helmholtz free energy is available from some

molecular or mechanical statistical theory, then the equation of state can

be explicitly derived as P, = —[%j =f(v,T)*".
Y
2.2. Constrained Systems and Single Component Phase

Equilibria

It is useful to exploit the consequence of Second Law on the evolution of
systems that required to obey some constrains. The first example could be a
closed homogeneous single component system, that is held a fixed volume V
and that can exchange heat with the surrounding environment in such a way

that its temperature T is fixed in time. The energy balance for this system

iS:O(lj_li =Q, while the Second Law is embodied by the usual inequality% 2%,

So it is possible to eliminate the heat power from these two equations, to give:
R o

dt
Since Helmholtz free energy is only allowed to decrease during the approach of
the equilibrium condition, it should be minimum at equilibrium. Thus the
equilibrium condition for a system held at fixed volume and temperature is that

Helmholtz Free Energy is minimumA - A .

Repeating this reasoning for a closed system that is held at fixed temperature T
and pressure P, it is possible to find out that under that constraints the function

G=U+PV -TS, known as the Gibbs Free Energy, obeys the evolution
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condition ?j—? < 0and thus at equilibrium Gibbs Free Energy should be minimum

Finally it is useful to derive the criterion that rules the equilibrium between two
phase of a single component closed system. Let us assume that pressure and
temperature in the two phases are the same, so that thermal and mechanical

equilibrium is granted. This system is constrained at fixed pressure and

temperature, so its evolution should comply with the condition Z—?SO, that

descend directly from the Second Law of thermodyamics. At any time, the
system will contain a given mass fraction of phase |, say «' , and a
complementary fraction of phase Il, say «'", such that &' + @" =1. Each phase
will have its own free energy content, say m'G' and m"G", so that

R R = R R I
G=m'G' +m"G", thus Z—?:(G' —G”)dd—at)so. The latter inequality means

that if the Gibbs Free Energy of phase | is higher than the one of phase ll, its
mass fraction in the system will decrease. The opposite will happen if the Gibbs
Free Energy of phase Il would be higher. At equilibrium the Gibbs Free Energy
of phase | should be equal to the Gibbs Free Energy of phase Il: the phase

equilibrium criterion is G' =G" .

2.3. Equations of State for a Single Component Syst em

According to the arguments and the findings presented in the introduction,
under equilibrium conditions the state of an homogenous, single phase and
single component system shall be represented by its pressure, temperature and
volume. But it is straightforward to list and count the number of the equations
representing equilibrium conditions and the number of the variables for each

phase and found out that the degrees of freedom are only two, not three. In fact,
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for a system made by N, phases, there are N, —Llrelations like T' =T’ that
represent the thermal equilibrium criterion, there are N, -1relations like
P' =P’ for mechanical equilibrium, as well as there are N, —1relations like

G' =G’ that represent the thermodynamic phase equilibrium criterion. Then
equilibrium is attained if the system obeys to 3(NP —1) constraints. Since Gibbs

Free Energy is function of Pressure and Temperature in each phase, in general

there are 2N variables, thus the number of degrees of freedom is equal to
N =3- Npl. Thus for a single phase, single component system, there are two

degrees of freedom, which means that the state of the system is specified only
if pressure and temperature, or if volume and temperature, or if volume and
pressure are specified. For a two phase system, there is only one degree of
freedom: thus if two phase are coexisting the state of the system is univocally
identified by its pressure, or by its temperature or by its volume. Finally in a
single component, three phase system there are no degrees of freedom: this is
the reason behind the fact that the triple point (coexistence of Solid, Liquid and
Vapor phases) of a pure substance can be assumed as a reference point in

thermometric scales.

For a single component, single phase system, once that volume and
temperature are specified, the Equation of State can be used for calculating the
equilibrium pressure of the system. The equation of state can be applied for a
gas or vapor phase or for a liquid phase as well, for representing its volumetric
behavior. If the two phases are supposed to coexist, the equation of state
should be applied to both phases simultaneously and the equality of Gibbs Free
Energy will assure that the pressure that is being calculated is the equilibrium
pressure of a system in which the coexistence of the two phases is allowed. If
the system, at a given volume and temperature, could only be made by liquid,
the Gibbs free energy of the vapor phase will be always greater than that of
liquid. The opposite will happen if the system should be gaseous only. It is
important to note that at fixed temperature and pressure, Equation of State can
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have multiple roots, corresponding to different values of volume ( or density) of
the system. For instance this happens when two (or more phases) coexists: for
each phase there should be a root of the equation of state. In fact, in the region
of pressure and temperature in which coexistence of vapor and liquid is
possible, there should be a root for the specific volume of the liquid and a
separate, different root for the specific volume of the vapor ( clearly at the
critical point the two physical roots became one)" ’. But beside these roots,
there could be other roots that don't represent stable phases and that in same
case could even be only a consequence of the mathematical form of the

specific Equation of State.

Mathematical complexity is the price that has to be paid for obtaining a good
representation of the properties of real substances. For example, the Ideal Gas
Equation of State is the simplest and most empirical form of equation of state
and has only one root, that represents the density of a gas, but its theoretical
importance cannot be understated, since it can be made rigorous in terms of
statistic theory of a gas made by hard particle, can be extended to quantum
particles and is used as a reference term for many others advanced equation of
state. Moreover from an engineering point of view is good enough for
representing the volumetric properties of air and of many other simple gaseous

species at ambient temperature and pressure.

2.12 v = MRT
P

The Van der Waals Equation of State, that has been proposed for the first time
in 1873 and is an historical milestone in thermodynamic, can describe the
volumetric behavior of liquid and vapors and can be written as a third order
polynomial in term of compressibility. Actually the Van der Waals Equation of
State does not works well in representing the specific volume of the liquid
phase, but it was the first Equation of State that was able to predict the vapor

liquid phase change. Many other Equations of State that have been
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successfully applied to hydrocarbons systems, such as Peng Robinson EoS
(1976)" " ® and Redlich Kwong Soave EoS (1972)" " ° share the same
mathematical form: they can be written in the form of a third order polynomial of
the compressibility and hence they are collectively known as Cubic Equation of
State. It is straightforward to recognize that at fixed pressure and temperature,
there could be up to three roots of the Cubic Equations of State. Two roots
could even be complex, and it is clear that complex roots does not have a
physical meaning in the representation of the volumetric property of fluid phase.
With the values of the coefficients of the polynomial that are encountered when
dealing with real substances, it is common to find three real roots. Checking the
corresponding value of the Gibbs Free Energy provide a criteria for phase
equilibria and phase stability. From such analysis it is clear that one root can
describe a gaseous phase, one root represent a liquid phase, while the last root
lies refers to an unstable condition, that is doubtfully accessible by a real

system.

The general form of the Cubic Equations of State is:

2.13 Z*+aZ*+pZ+y=0

A

where Z is the compressibility factor, defined as Z :%, and the coefficients

a, B and y are, for example, defined according to the following matrix*:

Van der Waals Redlich Kwong Soave Peng Robinson
a [0 -1 1P )

’ [ap(m)z} Kap/(RT)ZJ_(bF/RT)‘(bF/RT)Z} KaP(RT)Zj_Z(bF/RT)_S(bF/RT)z}
2 7 I Y 20 I R 7 R 2

the three coefficients a, S and y are function of two parameters, namely a

and b, that are characteristic of every real substance. The parameter ais
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usually recognized to be related to the interactions between molecules and it is
sometimes called the attraction parameter or even the force parameter, while

parameter bis related to the volume occupied by the molecules.

In 1976 Sanchez and Lacombe™ proposed an Equation of State based on a
rigorous mechanical statistics approach based on the physical picture that the
molecule of a fluid (liquid or vapor) can be regarded as lying randomly on the
sites of a compressible lattice. The lattice fluid approach, albeit disregarding
compressibility, has been previously proven successful in the theory of
polymeric solutions, by Flory and Huggins***. The Sanchez Lacombe Equation
of State successfully describe the volumetric properties of polymers (rubber and
melts), as well as, the properties of low molecular weight substances, such as
alkanes, aromatics, carbon dioxide and several oxygenated species. The
representation of alcohols is hampered by the lack of a way to take into account
hydrogen bonding effects and, for the same reason, modeling liquid water
density is seriously flawed. Despite these drawbacks, the Sanchez Lacombe
Equation of State can be applied to many system of industrial and scientific
relevance, has been extended in order to provide a description of the
thermodynamic of non equilibrium glassy phases'* and provide a good tradeoff
between accuracy and complexity of the calculations. The Sanchez Lacombe
Equation of State is written in term of reduced Pressure, Temperature and
Density and albeit is not in the form of a third order polynomial, it can have three
real roots, with the same physical meaning discussed in the case of the Cubic
Equations of State.

The Sanchez Lacombe Equation of State is usually written as:

2.14 0° +|5+T~{In(1—ﬁ)+,5(1—1ﬂ=0
r
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where 5, P and T are, respectively, the reduced density, pressure and

temperature, while r is the number of segment (known as mers) connecting the

sites of the lattice occupied by each molecule of the fluid. The reduced variable

are defined according as: p= P , 5=£ and f=%. In the theory of

o*
Sanchez Lacombe p* is the characteristic density of the fluid, that correspond

to its close packing limit. In the paper of Sanchez and Lacombe published in

1976 it was stated that as a first approximation p* is equal to the crystal

density. In the subsequent paper from the same authors that was published in
1978%, specifically dealing with polymer solutions, a more careful analysis of
this important point is provided and it is clearly stated that their theory is
intended to describe a fluid, disordered state and not a crystalline, ordered

state. In fact it is argued that the value of p* of many common hydrocarbon is

around 10 % lower that the density of their crystal state, in strong analogy with
the fact that the packing fraction of hard spheres in an hexagonal or face
centered cubic lattice is 0.74 and the random packing fraction is 0.637. From
the mathematical point of view, it is straightforward to observe that if a fluid

could be denser than its close packing limit, we should have p> p* and thus
£ >1 and the Equation of State would be solved by evaluating the natural

logarithm of a negative number: again we find a situation in which, even if an
algebraic solution could be found in the field of complex numbers, there is no
way to assign a physical meaning to that result. The characteristic temperature

T* can be promptly transformed in a characteristic energy &* :T_R*’ that has
been shown to be proportional to the depth of the effective potential energy well
that acts between each mer pair™. In this picture re* is the total interaction
energy of a single molecule and should be considered as the amount of energy
required to bring one mole of the fluid, initially at equilibrium in the closed
packed state, to the state of a vapor of negligible density. With similar reasoning
it is possible to show that in the framework of Sanchez Lacombe Lattice Fluid

Theory, the characteristic pressure P* is equal to the density of cohesive
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energy of the fluid in the close packed state, thus it is equal to the ratio between
the vaporization energy re* and the volume occupied by the same chain in the

close packed state rv**°.

A more recent equation of state that has gained a lot of popularity and that has
been found to be able to deal with systems that usually pose a significant
challenge to the above mentioned models, is the so called Statistical
Associating Fluid Theory Equation of State®*°. Actually this name refers more
to a class of models that share the same underlying physical picture (the fluid is
depicted as made by chains of spherical segments) and use the same
perturbation approach, than to a single equation of state. The version
developed by Huang and Radosz is the most commonly used. Complex fluids,
hydrogen bonding species and the so called asymmetric mixtures, in which one
component is much different from the other in term of size, shape, molecular
interactions and critical point can be modeled with Statistical Associating Fluid
Theory Equation of State with good to excellent results. Unlucky it has been
shown that for certain substances and in certain temperature regions, there are
multiple volume roots and that these roots can be more than three. One of
these roots can be even beyond the theoretical close packing limit of the
model?® %', All these mathematical artifacts hamper the use of such Equation of
State in a fully automated fashion, as it should be required for application in
process simulators, where the benefit of a model that can deal so proficiently
with complex mixtures would be very appreciated by the chemical plant
designer community. It is interesting to note that the Perturbed Chain Statistical
Associating Fluid Theory Equation of State, developed by Gross and Sadowsky
from the original Statistical Associating Fluid Theory Equation of State, has
been shown the be usually as good as the original model, and sometimes even
better, in dealing with many complex systems and seems to be not affected by

the abnormal multiplicity of the volume roots®?4,
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Both Statistical Associating Fluid Theory and Perturbed Chain Statistical
Associating Fluid Theory have been extended in order to provide a description

of the thermodynamic of non equilibrium glassy phases®' %°.

According to their perturbative approach, the equations of state of these kind
can be formally written in term of compressibility factor expressed as a sum of
contribution due to the various interaction mechanism between the single
chains that represent the fluid. As said before, the fluid is assumed to be made
by chains of sphere, permanently bonded together and each sphere can bear
several kind of interaction sites, that can be used for describing association and
hydrogen bonding phenomena. For instance, it is customary to write the

Perturbed Chain Statistical Associating Fluid Theory Equation of State as®* #*:

2.15 Z=1+2" 4799 4 zasxc

where Z =1would have been the expression for an ideal gas, Z™ is the
contribution of the hard chain, Z* is the contribution of the dispersive

interaction and Z** is the term that introduce the effect of association and
hydrogen bonding. The molecular parameters, characteristic of each real
substance, that are required for computing Z™ and Z%®are function of three
parameters, that are known as the temperature-independent segment diameter
o, the depth of the potential £, and the number of segments in a chain m.
Beside these three parameters that are specific of each substance, the model
requires 42 numerical constants, that should be universal and hold true for any
chainlike molecule. The values of these constants were retrieved by Gross and
Sadowski®® by means of an optimization procedure based on a Levenberg-
Marquardt algorithm, used to regress the vapor pressures and liquid, vapor, and
supercritical volumes of a series of normal alkane. The normal alkane series

started with methane, that was assumed to be a single segment spherical

molecule (m=1). The association contribution Z** requires the definition of an

association scheme, that dictates how many interaction sites are present into
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each molecules and how many different kind of association sites are available?.
In fact the association phenomena are addressed assuming that associating

molecule i exhibit one or more association sites (i.e. A,B.....) giving rise to
short-range attractions, that can be idealized by a square-well potential acting
between the association sites. The depth of this square-well potential is gABJ'
and the temporary bonding can take place only if the sites get closer than the

characteristic width rAB,- , that is assumed to correspond to an effective volume

kABJ‘. Thus, modelling of pure components that give raise to self association,
such as water molecules, requires two more parameters namely the association

energy gABJ' and the association volume kABJ‘.

All the equations of state, in order to describe the volumetric behavior of a
specific substance, require that the values of some parameters specific of the
given substance is provided. Some of these parameters are physical constants,
such as the molecular weight or can be deduced by the application of the
corresponding principle by means of the value of the coordinates of the critical
point’. Sometimes the corresponding state principle can be adopted in a
modified form, using also the acentric factor, proposed by Pitzer, for correlate
the properties of non spherical molecules. The corresponding state approach is
commonly used for Cubic Equations of State and their parameters are directly
correlated to macroscopic property of the fluid. The more advanced theories,
such as Sanchez Lacombe Equation of State and Statistical Associating Fluid
Theory Equation of State are formulated in terms of parameters that have a
clear meaning in term of microscopic or molecular property of the fluid. In both

cases the parameters should be retrieved from the available experimental data.

The critical point of a fluid can be defined, somewhat empirically, as the highest
temperature at which a liquid can exist: this definition relies on the fact that in a
Pressure Volume plot, the isotherm curves, in order to have more than one root

for the volume, with increasing volume the pressure exhibit a local minimum
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followed by a local maximum, that gives the characteristic region of
coexistence. The isotherm of the critical temperature is the very last isotherm to
exhibit such behavior, with maximum and minimum lumped together in a single
extreme value. The pressure in that point is the critical pressure and specific
volume is the critical volume. Mathematically the critical point is defined by the

following requirements™:

2
2.16 (ali)j =0 and aAP =0
oV )+ oV ?2 o

For the Van der Waals Equation of State the applications of these two equalities

gives the value of the critical pressure as P, :?12, the critical volume as

Vi " 8a -
V. =3b and the critical temperature as T, =——-, thus the compressibility

c

factor at the critical pointis Z, :l;’ = 0375 for every fluid*. This suggest that the

volumetric properties of the substances could be predicted by means of a

universal correlation such as Z:Z(TL'FPJ’ that embodies the principle of

Cc C

corresponding states. The value of the parameters a and b of the Van der

. o 27R?T?
Waals Equation of State can be calculated explicitly as a=Wand
b= RT, 1
64P,

For many fluid of industrial interest the experimental value of the compressibility
at critical point is slightly lower, ranging from 0.23 to 0.31, although not perfect,
the agreement seems to be really good, due to the simplicity of the van der
waals Equation of State. An improvement of the principle of corresponding

states can be made by using Z_ as a sort of parameters that give the departure

from the idealized behavior predicted by the Van der Waals Equation of State:
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Z:Z(l,FP,ZCJ, or using the acentric factor «: Z:Z(l,PE,a)j. The

Cc C C Cc

parameters of the Cubic Equations of States can be directly calculated by

means of this approach. For example, for the Peng Robinson Equation of State:

RT ? RT, [
a=0.45724p—°a(T) and b =007780-5<, where a(T)=|:1+ k{l— \/T:H with

Cc C

k = 0.37464+1-54220+ 026992, ?". Despite the length of the algebraic
calculations, the parameters of the Cubic Equations of State can be retrieved by
critical point data alone or at list adding the single vapor pressure data that is
required for estimating the value of the acentric factor. Another approach that
can be used for estimating the characteristic parameter of these Equation of
State is the regression of a set of phase equilibria data, such as vapor pressure
and saturated liquid and vapor densities. While seldom performed in the case of
low molecular weight species, it could be possible to estimate the characteristic
parameters from single phase volumetric data alone, usually in the form of the
volume or the density of the system for a range of temperature measured at
fixed pressure (PVT data).

Applying the definition of the critical point to the Sanchez Lacombe Equation of

State it is possible to calculate explicitly the critical density, temperature and

" . ~ 1
pressure. The critical reduced density can be shown to be equal to p, = 1T
+A/r
. . ~ 2r
and the critical reduced temperature is equal to T, = >, thus by
1++/r

substitution in the Equation of State it is possible to find the reduced critical

pressure P, = 2r 2{rln(1+£}+0.5—x/?}°. In the Sanchez Lacombe
1+/r

Jr

Equation of State the critical point is explicitly a function of the length of the

chain of the molecule and critical temperature increases with r, while the critical
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pressure decreases and goes to zero for a chain of infinite length. This behavior
Is qualitatively the same that is exhibited by the homologous series of normal
alkanes. The critical compressibility factor is itself a function of r, and forr =1is
equal to 0.386, while goes to 1/3 for a chain of infinite length’®. Thus the
prediction of the critical conditions is even poorer than that of van der Waals
Equation of State. Due to this features, the Sanchez Lacombe Equation of State
does not, in general, obey a simple form of corresponding state principle, thus it
is not possible to develop simple relationship, like those exploited for the Cubic
Equations of State, for estimating the characteristic parameters. The approach
that is usually followed, for low molecular weight species, is to regress a set of
vapor pressure and saturated liquid densities data. According to Sanchez and
Lacombe 1978%, the characteristic parameters of low molecular weight
substances could be estimated also by means of one value of the heat of
vaporization, one value of the vapor pressure and the corresponding liquid
specific volume, all at the same temperature. In the case of macromolecules, for
which it is acceptable to put r — +co, the equation of state is simplified a bit and
the characteristic parameters can be retrieved by means of regression on PVT

data®®:
2.17 p2+P+T[In(1-p)+p|=0

More recently, in 2000 Gauter and Heidemann®® have proposed a
parametrization of the parameters of the Sanchez Lacombe Equation of State
that enables to directly retrieve them from the critical coordinates and from the
acentric factor, but the critical compressibility factor remains still too high
respect to the range of values of the real fluids. This will lead to a poor
prediction of the liquid phase specific volumes, that is avoided when regressing

the characteristic parameters directly on the saturated liquid data.

Similar procedures applies to the equations of state that belongs to the class of

the Statistical Associating Fluid Theory Equation of State, but some other
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approach have been proposed. For instance Gross and Sadowski obtained the
parameters of polyethylene by extrapolation from the low molecular weight
alkane parameters®, while in later works®* it was suggested that the
characteristic parameters of polymeric species could be obtained by fitting
simultaneously PVT or liquid density data and binary phase equilibrium data.
Even if it is then necessary to estimate a fourth parameter (the binary
interaction parameter between the polymer and a low molecular weight
substance), the procedure, albeit pragmatic, was found to be robust enough to
provide parameters that performed well even for mixtures different from the one
used for optimization. The same authors suggested that when the paucity of the
data set can hamper the effort of regressing four free parameters, it seems
reasonable to assume that the temperature independent segment diameter is
equal to 4.1 A%,

Finally it is necessary to observe that since glassy polymers are outside
equilibrium, it is not correct to regress PVT data obtained below the glass
transition temperature. There are cases in which there are no available PVT
data in the rubbery region, this is especially true for polymer that have really
high glass transition. In some case this obstacle could be overcome by means
of using some PVT data of a solution containing the polymer of interest, along
with some binary equilibrium data, as done by Hesse and Sadowski for the
polyimide Matrimid and P842°. Another type of approach that has been recently
introduced in literature by Pric*® % and Minelli et al.*? is to run Molecular
Dynamics simulations of the polymer at high temperature and obtain synthetic
PVT from which estimating the characteristic parameters for the equation of
state. This multiscale approach is particularly ingenious, since the characteristic
parameters of Equation of State are retrieved from the results of a calculations
based on fundamental properties, such as the molecular structure and the
interaction potential. It must be noted that Equation of State are always less
computationally intensive than any kind of Molecular Dynamics, so they can be

used for performing calculations that are still beyond the capability of Molecular
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Dynamics, such as phase equilibria calculation. Therefore this approach takes

the best from both methodologies.

2.4, Fugacity and Gibbs Free Energy

Models like Sanchez Lacombe Equations of State and Statistical Associating
Fluid Theory Equation of State that are based on a well defined, yet somewhat
idealized, description of the fluid at a molecular level, have been developed by
their authors by means of the method of statistical mechanics. Therefore an
expression for the Gibbs Free Energy or for the Helhimoltz Free Energy of the
system is directly available for calculations. Many other Equations of State are
based on a more empirical approach and an explicit expression for the Gibbs or
the Helmholtz Free Energy is lacking.

Since P:—g—éand §:—g—_Ar, the differential form of A=A(T,V) is

dA=-PdV - SdT and since G = A+ PV , the differential form for G = G(T,P) is
dG =VdP - SdT, under isotherm condition, the change in Gibbs Free Energy

upon a pressure change P, - P,is G(T,PZ)—é(T,H):J':ZVdP. If the fluid is an

ideal gas, the integral I:2\7dP becames J':ZR—F;I-dP and since all fluid behave like

ideal gases when P - 0, the value of the Gibbs Free Energy of a real gas can
be evaluated starting from its ideal gas value, provided that their volumetric

behavior is known, for instance by means of an Equation of State, using the

formula: C~;(T,P):IOP(V—R—deP+CE'G(T,P) Helmholtz Free Energy can be

calculated as ;&(T.\7)= J:(V —R—F;rde -PV + ,&'G(T,V). These formulas can be

used for calculating the Free Energies using an Equation of State that provide
the description of the volumetric behavior of the fluid. Many calculations, such
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as phase equilibria, can be performed without the need to evaluate the actual
value of the free energy, but simply its departure from the ideal gas value. In
that case it is commonly used the thermodynamic function known as the

fugacity, defined as

or in term of compressibility factor

ZRT
L:[RI—deV
v ~-Inz+(z-1)

When using an equation of state, the fugacity of a vapor can be calculate by
using, in the evaluation of the above integral, the specific volume or
compressibility root that correspond to a vapor state, while the fugacity of a

liquid can be calculated by using the root that correspond to the liquid state™.

With the van der Waals Equation of State the fugacity can be readily evaluated

2.20 |n(%j=(z—1)—|n(z—5)—§

and for Peng Robinson Equation of State:

2.21 In(%] =(z-1)-In(z-B)-
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2.5. System made by several chemical species:

thermodynamic function and equations of state

Many of the above mentioned considerations can be plainly extended to the
case of homogenous single phase systems with more than one chemical
species. In that case composition plays a major role as a descriptor of the state
of the system itself and some kind of composition measure should be
introduced in the set of variable that define the state of the system. Regarding
to extensive properties, the most straightforward choice is to define the

composition of the system in term of number of the moles of each species

(nl o N nNC) or as the amount in mass term of each species
(m .. m .. mg). For intensive properties, such as specific enthalpy or

specific entropy, when they are expressed on a mass basis, the composition of
the system is completely specified once that the mass fraction of Nc -1 species

are given, like (a)l Y/ a)Nc_l), on the other hand, when the intensive

properties are expressed on a molar basis, the molar fraction of Nc -1 species

should be provided, like (x, .. X .. Xy ). In same cases it is useful to

work on a volume base and the composition of the system can be specified by

providing Nc density of the single species, defined as p, = v thus the state of

the system will include the following array of densities: (p1 e P pNC).

Any general rule for calculating the property of the mixture from the properties
of the single constituents should encompass the mixing effects. This can be

exploited by means of theory of the partial molar properties™ ’. Let us say that

@ is a generic property, on a molar basis, of a multicomponent system, it

follows that §=§(T,P,x1 e X ch_l), if the system contains globally

1
N moles of molecules, then the total amount of 8 in the system is 8 = NG . The
problem of writing explicitly 6 as a sum of contribution from the single species

can be overcome by introducing the partial molar thermodynamic property 8,
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— 0
defined as & —(a—nJ . The partial molar thermodynamic property 8 is a
T,P.nj4

i
function of Pressure, Temperature and composition of the system

0 =6(T,P,x, .. X .. X.,) and not equal to the corresponding pure

~ N
component property. It can be proved by construction that & :ZXiHi . The
i=1
array of variables that define the state of the system for the Gibbs Free Energy
and the Helmholtz Free Energy, as well as the other properties of the

multicomponent system, should include the above mentioned composition

variables:
2.22 G=G(T,P,n, ... n .. ng)
2.23 A=AT,P,n, ... n .. ng.)

The same happens for the corresponding specific free energies, in term of mole
and mass basis:

2.24 5=5(T,P,x1 e X ch_l) and CA5=CA5(T,P,a)l o a)Nc_l)

2.25 ﬁ‘\:,—&(T,V,x1 e X xNC_l) and A:A(T,V,a)l e a)Nc_l)

The Helmholtz Free Energy for unit of volume of the system is:

2.26 A=AT.0, . O .. D)

All this functional dependence can be shown to be compliant with the
prescriptions that arise from the inspection of the Second Law Inequality, in a
similar fashion to the procedure that was explicitly followed in the case of the

single component system. The partial molar Gibbs Free Energy
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— 0G
G :(%] plays a prominent role in the following phase equilibria
/TP

computations and is usually named as the chemical potential of the component

i and historically has been indicated with the symbol . Clearly

o= (T PX s X e X)) It can be shown that

on,

[ 0G [ 0A . _

Hi =\ 5= = , but it should be noted that the last partial

on

T.,P.nj4 TV.njz

derivative is not the partial molar Helmholtz free energy. The chemical potential
0A

on a mass basis is readily calculated as " =($] . It should be noted
T.Djzi

i
that, from the inspection of the Second Law inequality, the functional

relationship between entropy and Helmholtz free energy can be explicity

exploited as:
oA ~  (0A ~ (oA

S=—- — S=— — S=—- —

2.27 (6T)V N or (GTJ or (GT]
i V Xz V., W

and on a volume basis

- 0A

S=—- —
2.28 (OTJP | )

Finally it is possible to affirm that at equilibrium, Pressure is function of
Temperature, Volume and composition. The function that represent this
relationship is the Equation of State. And like the case of the pure component, if
an expression for Helmholtz free energy is available from some molecular or

mechanical statistical theory, then the equation of state can be explicitly derived
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0A

as PQQ:_(W] =fv,T,n, ... n .. ng).or in term of intensive
T.njs

propertiesPeq:—(g—éj =f(\7,T,x1 we X .. Xy)- When the Helmholtz
Tvxj:ti

free energy on a volume basis is used, the relationship between equilibrium

pressure and Helmholtz free energy is®:

i=1

Nc aA _
2.29 P, :Zpi(—j -A
T.0j#i
or in term of chemical potential on a mass basis:

Nc —
2.30 P,=> ou"—A.

i=1

It is straightforward to recognize that the Equation of State for a multicomponent

system could be written explicitly in term of the densities of the single species of

the system:
2.31 P.=f(To o o o )
2.6. Equations of State for Multicomponent Systems:
Mixing Rules

The Equations of State developed for providing a description of the volumetric
behavior of pure fluids can be extended to the case of multicomponent
mixtures. Generally speaking, the characteristic parameters of the mixture can
be obtained in a purely predictive way by those of the pure fluids, by means of

appropriate mixing rules. Frequently happens that the prediction of the Equation
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of State for the mixture is not as good as was the prediction of the properties of
the pure fluids and it is necessary to introduce a correction to the value of some
of the characteristic parameters. This is usually done by means of the use of
binary interaction parameters. The value of that parameters is generally
obtained by means of regression of binary mixtures data, for each pair of
components of the system, even if the mixture contains more than two
substances. Sometimes, due to lack of pertinent binary data for one pair of
substance, the competent binary interaction parameters can be found only by
regression of the complete mixture data. Clearly if this is the case, the model

acts only as a regression or correlation tool.

It must be emphasized that in many cases in the literature it is possible to find
several set of different mixing rules for the same equation of state and their

choice retains a certain level of empiricism® " .

The first example of mixing rules that can be considered is that of the mixing
rules commonly used for calculating the mixture characteristic coefficients

a.,,and b, for the Peng Robinson Equation of State:

Nc Nc

2.32 By = D, D XXy,

i=1 j=1
Nc

2.33 B = D_ %D,
i=1

The coefficient b is the characteristic parameter of the pure substance i, while

the coefficient g is calcolate for every pair of substance iand j according to
the combining rule a; =./aa, (1—kij), where a and a; are the characteristic

parameters of the pure substances and k;;, are the above mentioned binary
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interaction parameters. From the definition of the combining rule, since there is

no physical reason to assume that k; # k;;, the matrix of the a, is symmetrical.

i
These mixing rules are known as the van der Waals one fluid mixing rules®™ %,
due to the fact that the mixture is being described by the same equation of state

of the pure fluids, but the characteristic parameters a_; and b are effectively
composition dependent. In particular a is a quadratic form in x and b, is a

linear form in the same variable.

The Sanchez Lacombe Equation of State provide another interesting example
of mixing rules. In fact there are at least three different set of mixing rules that
have been proposed for this equation of state®. The first set of mixing rules acts
directly on the characteristic density and on the characteristic pressure of the

system:
1 i": @,
2.34 =
p*r TP
Nc Nc w
2.35 Pr=p*? ) Y ——AP*,
ENE 2 2

with the combining rule

2.36 AP+, = [P+ P (1-ki,).

Another set of mixing rule for Sanchez Lacombe Equation of State acts directly
on the characteristic volume of the lattice v* and on the characteristic energy

E*:

2.37 V* =§c:(alv*i
=
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Nc Nc

2.38 =22 UBE,
i=1 j=1
with the combining rule &*; = /e* &*, (1—kij). The variable ¢ represent the

volume fraction of the component i in the lattice. Finally more recently has been

proposed that the following mixing rules set is the most versatile and accurate:

Nc Nc
2.39 V=Y apv*,
i=1 j=1
Nc Nc
2.40 VEEr=3 > g@er vy
i=1 j=1

with the combining rule £*; = je* &*, (1—kij) and v*,, = O.5(v*i +v*j)(1—/7ij),
where i is a binary interaction coefficient that acts directly on the specific

volume of the site cells in the mixture lattice. This latter mixing rules are more
flexible, but the price that has to be paid is increase of the number of the free
parameters. While this could be a strength for a correlation tool, it is usually
regarded as a shortcoming if the model is going to be used as a predictive or
semi-predictive tool. It is interesting to point out that the mixing rule for the
characteristic energy or for the characteristic pressure, that since its relationship
with the cohesive energy density it is still a measure of the energy of the
intermolecular interactions, is a quadratic form in the composition variable in all
the three cases, while the mixing rule for the characteristic density or for the
characteristic site volume is a linear form in the first two sets, while it has

guadratic order in the latter case.

The Equations of State belonging to the class of the Statistical Associating Fluid
Theory Equations of State require mixing rules for both the dispersion and the

association contribution. The characteristic parameters for the dispersion
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contribution for mixtures are calculated according to the so-called one fluid
theory, parametrizing the dispersive Helmholtz energy of an hypothetical single-
component fluid with respect to the characteristic parameters of the pure

components by means of the following mixing rules®*:

_0"0,
0— - -

i 2
Eij :\/?Ej@'_ kij)

2.41

In the case of mixtures of associating compounds, that give rise to self
association as well as to cross association (temporary bonding between sites
on molecules of different species) it is necessary to adopt a set of mixing rules

also for the characteristic parameters of the association contribution®:

2.42 £AB :(«SABZEA‘B‘)

2.43 kABJ:W A\ TiiJjj

o\Tiitaj;

According to these equations, the values of the characteristic parameters of the
association term are completely defined by the values of the pure components,

without using any correction parameters.

It is possible to observe that in the case of the van der Waals one fluid mixing
rules for Cubic Equations of State as well as in the case of the Sanchez
Lacombe, the mixing rules for the characteristic parameters that are more
closely related to the interaction energy between the molecules of the fluid are
quadratic form in the composition variable and that their combining rule is based

on the geometric average of the pure fluid characteristic parameter. On the
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other hand, for the parameters that are related to the volume of the molecules (
or of the sites of the lattice) there is no combining or the combing rule is based
on a simple average. This observations extends to the mixing rules that are
commonly adopted in the equations of state that belongs to the class of

Statistical Associating Fluid Theory.

It is interesting to observe that from statistical mechanics it is known that the
second virial coefficient B, that in the virial series expansion is the first
correction term to the ideal gas equation of state, is a quadratic function of the

composition variables®:

2.44 Z :1+E+
\Y

2.45 B=> > xxB;

Therefore it is a reasonable to expect that also the mixing rules of more
empirical models comply to such quadratic composition dependence, at least

for the interaction characteristic parameter. This can be checked by expanding

- : . 1
the compressibility calculated from the model in series respect to vand

comparing the second term of the series with those of the virial equation of

state. For instance it can be shown that for Cubic Equations of State

sz‘?&r

It is a matter of fact that quadratic mixing rules are quite always sufficient for the
correlation of phase equilibria. On the other hand several authors have been felt
compelled to introduce a composition dependent binary interaction parameter,

in order to model more complex systems. Any choice like this will make the
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mixing rule a non quadratic form. For example Panagiotopoulos and Reid in

1986 proposed to use the following combining rule?” 3*:

2.46 a; :J?aj[(l_Kj)+(Kj _kji))ﬁ] with k; #k;

27, 35
n

Similar combining rules have been proposed also by Adachi and Sugie
1986 and also a general form of non quadratic mixing rule have been proposed,

in the form ki, =Jx +d,x,%’. These kind of mixing rules have been found

appropriate for modeling several binary systems, including some system with
supercritical components. In anyway, it must be observed that these kind of non
guadratic mixing rules, due their asymmetrical mathematical form, suffer from
the so called Michelsen-Kistenmacher syndrome®” %% These pathological
behavior arises when there is a lack of invariancy respect to the fictious
subdivision of a component in two or more components with the same pure fluid
parameters. In fact if a mixture is made by a fractionw, of component A and a
fraction w, =1-w, of component B, or if the mixture is made by a fraction
w,, = 03w, of a fictious component with the same property of A, by a fraction
w,, = 0.7w, of a fictious component again with the same property of A and by a
fraction w, =1-w, — w,, of component B, any physical property like density or
compressibility to be evaluated by means of an Equation of State should be the
same in both cases. With a non quadratic mixing rule this is not going to happen
and the calculated property of the system that contains the two fictious
components, albeit the total fraction of species that behave like component A is
the same, will be different from that of the original system. It has been argued
that due to this pathological behavior the non quadratic mixing rules perform
poorly when dealing with ternary systems in which there are two components

with very similar characteristic parameters, for instance as could be the case for

a ternary system containing cyclohexane and benzene.
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A different approach to the problem of defining efficient mixing rules has been

undertaken by Huron and Vidal*® 3

1, 37, 40

in 1979 and subsequently by Wong and
Sandler in 1992 is the one of combining the Equation of State with a
model for the Gibbs Free Energy or for the excess Gibbs Free Energy. In fact
Equations of State are a really powerful tool for predicting volumetric properties
on a wide range of pressure and temperature, especially for pure fluids, but
have several shortcomings in taking into account the effect of mixture
composition. This is particularly true in the case of those mixtures in which local
composition effects and non randomness effects can be significant, such as
when there is hydrogen bonding or any form of clustering. On the other hand,
there are several semi empirical models, like UNIFAC, UNIQUAC, Wilson and
so on, that provide an accurate description of the Excess Gibbs Free Energy of
those systems, but those models fail to take into account pressure effects and,
to a less extent, even temperature effects. These shortcomings are due to the
fact that these models does not provide a representation of the volumetric
behavior of the fluid mixture. The main idea behind this approach is that since

(g—g‘j =0, the Helmholtz Free Energy at low, ambient pressure, at which those

Gibbs Free Energy Models are defined, is equal to the Helmholtz Free Energy
at infinite pressure, provided that composition and temperature are held fixed.
But at low pressure A=G and at infinite pressure the excess Helmholtz free
energy of many kind of Equations of State like the Cubic Equations of State
reduces to a really simple form, explicit in term of the mixture characteristic
parameters. Then these mixture characteristic parameters can be promptly
calculated by equating the expression of the infinite pressure excess
Helmholtz free energy from the Equation of State to the excess Gibbs Free
Energy from the Gibbs Free Energy Models that work well at low pressure. It
should be noted that the Wong Sandler treatment provides a set of mixing rules
that complies with the theoretical requirement, from statistical mechanics, that

the second virial coefficient be a quadratic form of compaosition.
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2.7. Phase Equilibria in multicomponent system

Let us consider two separate phases, spatially homogenous and made of
several chemical species, that are brought in contact together. For the sake of
simplicity let us assume also that the two phases were already at the same
temperature and pressure, thus thermal and mechanical equilibria will be
immediately attained, with any further need to exploit the energy balance as
well as the momentum balance. The substances in the two phases can be in
different aggregation states, such as a liquid and vapor or solid and a liquid, but
in the case of the condensed phases they could be both solid or both liquid and
simply be immiscible (i.e. when brought to contact it will still be possible to
recognize, on a macroscopic scale, two different kind of domains, separate by
boundary surfaces). This for instance is what happens with water and oil, but it
is the same that happens when a polymer sheet is exposed to a vapor or is
immersed in a liquid that is not going to act as a solvent for it. This system is
constrained at fixed pressure and temperature and the overall amount of each
component is fixed, even if it could change the relative amount of each species

in the two phases. Again from Second Law, we can say that its evolution should

comply with the condition Z—?SO, just as we said in the case of the single

component system. At any time, the system will be contain a given mass

fraction of component iin the phase I, say a),' , and a corresponding fraction of

the same component i in the phase Il, say a),” . Each phase will have its own

~ Nc - Nc
free energy content, say m'G' =Y m'y™ and m"'G" =Y m" 4™ , so that
i=1 i=1

~ ~ < Nc '
G=m'é' +m"é&", thus ?j_?: (™ _y.m'”)d%so. At equilibrium the
i=1

chemical potential of the species in the phase | should be equal to the chemical
potential of the species in phase II: the phase equilibrium criterion is the well

known criterion of the equality of the chemical potential® :
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2.47 p™=p™ O

The equilibrium criterion give Ncequations that have to be solved

simultaneously.

When using Equations of State models like Sanchez Lacombe and Statistical
Associating Fluid Theory, for which an explicit expression for the Gibbs or
Helmholtz Free Energy is available, the chemical potential can be evaluated
directly by analytical or numerical differentiation. It should be noted that when
the chemical potential is evaluated using an approach based on equations of
state, for each phase the density roots of the equation of state should be find
(and used in the calculation for providing the value of the density of the system)
and when there are multiple roots, only the one corresponding to the
aggregation state that is stable at the given pressure and temperature

conditions should be used.

It should be noted that the phase equilibrium criterion of the equality of chemical
potentials, can be transformed in the criterion of the equality of the fugacity, that
is more useful for Equations of State like the Cubic Equations of State, for which
an expression for fugacity is promptly available, just like in the case of the pure

substances
2.48 f'=f" [

The fugacity f, for a multicomponent system is defined as:

—_ 4G
2.49 f=xPexgl_H L
RT

Depending upon the aim of the calculation, there are several way to calculate

the vapor liquid equilibria. For example for a binary system at fixed pressure
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and temperature it is possible to solve the equality of the chemical potentials,
that form a system of two equations in two variables, in order to obtain the
composition of the vapor and of the liquid that are in equilibrium with each other.
If the pressure is kept fixed it is possible to calculate the dew point temperature
for each vapor composition or the bubble temperature for each liquid
composition or If the temperature is kept fixed, analogous calculations can be
performed looking for the dew point pressure and the bubble point pressure. In
both cases there is always a system of two equations in two variables. Despite
their direct application to process simulation and design, these three methods
can also be used for drawing the vapor liquid equilibrium diagram for a binary
mixture, either at fixed pressure or temperature. Another kind of vapor liquid
equilibria calculation that is commonly used in process simulation is the so
called flash calculation, in which the vapor liquid equilibrium is calculated when
a liquid is partly vaporized or vapor is partly condensed. In this case, along with
the criterion of the equality of the chemical potentials, it is necessary to solve

simultaneously the N.equations of the mass (or mole) balances. The same

kind of calculations can be run when dealing with liquid liquid equilibria and
usually a great emphasis is placed on the calculation of the temperatures at
which the liquid system starts to form two immiscible phases. These
temperature are generally known as Lower and Upper Consolute Temperature’.
Like in the case of vapor liquid equilibria there are several well known phase
diagram morphology, that relates to specific kinds of phase behavior, also in the
case of liquid liquid equilibria some classification scheme has been proposed in
literature, especially regarding the shape and the extension of the region in
which the liquids are immiscible. Sometimes the temperature at which phase
separation starts to happen is named cloud point temperature, due to the
change in bulk optical properties that usually accompanies liquid phase
separation. In the case of binary liquid liquid equilibria, the above considerations
about the number of variables and the number of the equations that have to be
solved can be assumed to hold. In the case of ternary liquid liquid system, some

more specific consideration can be required, especially noting that even at fixed
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pressure and temperature, the system of the chemical potential equalities is
undetermined, since it is made by three equations in four variables. When the
final goal of the computations is simply to draw the liquid liquid isothermal and
isobaric diagram and not to calculate an actual phase splitting (that will require
the simultaneous solution of the mass balance equations, like in the case of the
flash calculations), with a little empiricism it is possible to operate simply
parametrizing the liquidus curves respect to the mass (or mole) fraction of one
of the component in one of the phases. In this way the system is made by three
equations in three unknowns and it is solvable. Varying the mass (or mole)
fraction of the component selected as parameter it is then possible to draw the

complete diagram*" %,

In vapor liquid equilibria or in liquid liquid equilibria it can happen that one of two
phases is made predominantly by a single component that due to some internal
constraint is not going to be present in the other phase, so that its mass or mole
fraction (or its density) in the other phase will be always null or negligible. In this
cases the phase equilibria computation can be called a solubility calculation.
For instance this can be the case of a polymer, that have negligible vapor
pressure and thus in vapor liquid equilibria it will never be found in the vapor
phase, or it could be the case, in liquid liquid equilibria, of a crosslinked rubber,
that due to its internal, mechanical constraint, it will never dissolve in the solvent

that forms the second liquid phase.

Solubility calculations are somewhat simple than the complete phase equilibria

and will be addressed with dedicated algorithm.

2.8. Concluding remarks

The Equations of State are well defined thermodynamic tools that describe the

equilibrium volumetric properties of mixtures and of pure substances. Moreover,
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Equations of State can be used for calculating phase equilibria in single and
multicomponent systems. A brief review of the most commonly used Equations
of State have been performed, along with a discussion of the procedure
commonly used for retrieving pure components characteristic parameters and of
the mixing and combining rules that are used for estimating the characteristic
parameters of mixtures.
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3.Equation of State Models of Water-1,4-
Dioxane and Polylactides for TIPS
Preparation of Scaffolds: Pure Component

Properties, Binary VLE and Ternary LLE

3.1. Introduction

Tissue engineering approach is driving a change of perspective in modern
medicine and surgery, providing a way to aid healing, biofactors (cells, genes
and proteins) delivery and tissue regeneration and striving to reduce the need of
tissue grafting, organ transplantation and use of synthetic implants. The concept
behind this approach is to provide porous synthetic, yet degradable and fully
biocompatible, scaffolds that can act as a extracellular matrix able to fill surgical
resection cavities, support and coordinate three-dimensional cells growth and
formation of desired tissue**. This can be achieved providing cells with
appropriate spatial, mechanical and chemical stimuli, assuring enough
mechanical strength to bear the loads, provide size and shape stability, transmit
to the cells the mechanical input required to drive tissue formation, permit the
necessary transport of gases, nutrients, proteins, cells and waste products.
Moreover scaffold could be medicated or cells seeded, in order to deliver
biofactors in a controlled way and should be biocompatible: they should

promote adherence, cell proliferation and differentiation and should not trigger
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acute and chronic inflammatory response. Thus porous scaffolds should ideally
have a controlled topology and pore size distribution, to achieve the proper
trade-off between mass transport properties, mechanical properties and
biological performance. It has been reported that large pore size, with a
hierarchical pore size distribution and open cellular structure are the features
needed for ensuring cell seeding, tissue growth and neovascularization in the in
vivo applications. Clearly mass transport and mechanical strength are
influenced in opposite way by porosity. Lastly scaffold should be biodegradable,
ideally showing an in vivo degradation kinetic that mirrors the rate of tissue
generation and /or biofactor delivery*® 4. Poly(L-Lactic Acid) or PLLA , Poly(D-
Lactic Acid) or PDLA and their copolymers are suitable for fabrication of porous
scaffolds that exhibit outstanding biodegradability and biocompatibility
properties® “. Among the several methods that are listed in literature to be
suitable for porous scaffold preparation, phase separation methods such as
Thermally Induced Phase Separation (TIPS) are reported to be suitable to
produce scaffold with pore diameter compatible with tissue growth, tailored
adjusting thermodynamic and kinetic parameters of the process. Moreover TIPS
techniques have already been commercially used for microporous membrane

preparation for filtration and for fabrication of PLA 3D scaffolds*® *’.

In order to develop a physically sound model of the complete TIPS process, that
is an effort that will remain outside the scope of this thesis, it is necessary to
identify a thermodynamic model that can be used successfully in predicting the
liquid-liquid phase equilibria of the actual ternary system. Although there is a
long lasting tradition of modelling ternary LLE of mixture containing
macromolecular species by means of Gibbs Free Energy models like Flory
Huggins and its extensions, the Equation of State models have been
successfully applied to similar systems. In this chapter it will be shown the
results of the calculations performed with the Sanchez Lacombe Equation of
State and the Perturbed Chain Statistical Associating Fluid Theory Equation of
State. Modelling of the ternary LLE requires, as a preliminary and necessary
step, that the characteristic parameters of the pure components are retrieved by
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fitting some pure substance properties or from the literature, as well as
comparing the results of the model with the available data for at least one of the
pair of substances. The characteristic parameters of the pure polymers will be
retrieved by regression of the available PVT data, while the characteristic
parameters for water and 1,4 dioxane can be found in the literature, with the
relevant exception of the 1,4 dioxane PC-SAFT parameters, that had been
retrieved in this work, by means of regression of vapour pressure and saturated
liquid density data. Mixtures made by water and 1,4 dioxane are used in several
analytical chemistry procedures, as well as in industrial processes, therefore
this mixture have already received some attention in the past and several sets
of binary thermodynamic data can be found in literature. For the purpose of this
work, the relevant sets of data for the binary mixture water — 1,4 dioxane are the
Gibbs Free Energy of mixing measured by Goates*® in 1958, the Vapor Liquid
Equilibria that can be found in DECHEMA®, the 1,4 dioxane vapour pressure

data reported by Vinson et al.*
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in 1963 and the mixture density data reported
by Nayak et al.> in 2004 and by Papanastaslou et al.>* in 1992. It must be
observed that mixture of water and dioxane does not show miscibility gap in
liquid phase at ambient temperature and pressure, so it is possible to tune the
model, retrieving the required binary interaction coefficient, by correlating the
VLE of the mixture, that exhibit a pretty evident azeotrope. It is certainly
remarkable to note that, as shown in Mannella et al.>* in 2010, many activity
coefficients models wrongly predict a miscibility gap between water and dioxane

at ambient temperature and pressure. De Witte*"" >*

, who modelled the ternary
LLE of the Water — 1,4 Dioxane - PLA mixtures with the Flory Higgins model,
addressed a similar issue by introducing composition dependence energetic
interaction parameter. Actually water and 1,4-dioxane liquid mixtures have been
shown to be characterized by formation of clusters with composition and

structure that strongly depends on dioxane molar fraction. According to
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Takamuku et al.> at X;,.. <01 the network of hydrogen bonded water

molecules is predominant, while at x,..ns = 0.3 the inherent structure of the

pure 1,4.dioxane is predominant, with water taking part into the structure by
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hydrogen bonding. Finally at 15 < x,,..... = 0.2 neither water and 1,4-dioxane
structures are predominant and small clusters of one or two dioxane molecules
with water molecules are formed. Some vapour liquid equilibria data and some
liquid liquid equilibria, in the form of solubility isotherms, can be found for this
pair of substance, but that data are mainly referred to conditions in which the
polylactides are glassy and thus these data are intrinsically pseudo equilibrium
data and cannot be directly used for validating the model for the liquid liquid
equilibria, although they can still provide a useful estimate of the order if
magnitude of the solubility of water in the polylactides, that is rather low. 1,4
Dioxane is known to be a solvent for polylactides, but it was not possible to find
any relevant thermodynamic data, that could be suitable for the purpose of

retrieving the binary interaction parameter.

3.2. The properties of polylactides

As stated in the previous introduction, polylactides or poly lactic acid can be
prepared by synthesis yielding two different chiral forms, named L and D, that
exhibit different behaviour, especially concerning the possibility to form

crystalline phases.
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Hg CH3

poly(lactic acid) (PLA)

Fig. 3.1 Molecular structures of PLA and of its precursors.
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Polymer | Commericial Name Mw Mn Mw/Mn | Tg[K] | Tm [K] Crist.aIIine Ref.
fraction %
P-L-LA | Resomer® R L206 120000 | 60000 |2 324 |442 70 46
P-L-LA | Resomer® R L210 380000 | 130000 | 2.77 338 |444 70 46
P-D-LA | Resomer® R 206 105000 | 50000 |2.1 323 |- - 46
P-D-LA | Resomer® R 208 250000 | 136000 | 1.85 325 |- - 46
PLA NatureWorks® PLA3001D 660000 | - - 4446 |- 56°°
PLA Lacea® H-100E 110000 | 39000 |2.8 337 |441 - 577

Tab. 3.1 Melting Temperature and Glass Transition Temperature from several different

sources.

Generally speaking PLLA, or copolymer with an high fraction of L monomeric
units can form crystalline phases and thus the polymer will be semicristalline,
while PDLA or copolymers in which the D form is the most abundant will be
amorphous. In the literature the amorphous PDLA is sometimes referred to as
simply PLA. The current opinion in literature is that the semicristalline PLLA is
best suited for the preparation of scaffolds, due to the fact that the crystallites
dispersed in the amorphous matrix will improve its mechanical properties.
Crystallization processes will also play a relevant role in the TIPS process,
directing influencing the actual phase separation, that in reality would be
dictated not only by the liquid liquid equilibria of the mixture, but also by the
solid liquid equilibria. Moreover the formation and growth of the crystallites in
the polymer rich phase will influence the kinetic of the TIPS process, as well as
its final morphology. Also it must be considered, when regressing the PVT data
with an Equation of State model, that this model cannot provide an adequate
representation of ordered phases and thus they should not be applied at
temperature below the melting temperature. Even if the system is amorphous,
as in the case of PDLA, a similar attention is to be paid at avoiding to use the
Equation of State at temperatures below glass transition temperature, since

Equation of State cannot represent the volumetric behavior of the glassy phase.
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3.3. Pure Polymers Parameters for Sanchez Lacombe

Equation of State

The characteristic parameters of the polylactides PDLA and PLLA have been
retrieved by from linear least square regression of PVT data in a temperature
range in which the polymer is rubbery and non crystalline. The PVT data are in
the form of specific volume (or density) at fixed pressure and as a function of
the temperature. Thus the data are represented in the form of isobaric curves,
in the specific volume — temperature plane. For retrieving the characteristic
parameters of the amorphous PLA was used a set of PVT kindly provided by
Professor Mensitieri of the Universita di Napoli Federico I, in the framework of
an lItalian national research project on the production of scaffolds, in which our
research group was involved. The PVT data of PLLA were retrieved from Zoller
et al. compilation®®. The Sanchez Lacombe Equation of State was implemented
in a Matlab® code and was solved, for each pressure and temperature for
which an experimental point was available, looking for the density root that
refers to the high density phase. Actually, since macromolecular species have a
really high molecular mass M, it was assumed that r — +co. A non linear least
square optimization algorithm, from the function library of Matlab® was used for
retrieving the polymer characteristic parameters, by minimization of the
following objective function:

AL-LF  ~Bp)\2

3.1 OF =ip: Vi Vo

AExp

The termination tolerances for the function value and for the argument array

values were set equal to 10™. The calculation was found to be pretty

insensitive to the initial guess values.
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Fig. 3.2 PVT data of amorphous PLA, courtesy of Prof. Mensitieri. Universita di Napoli
Federico Il and the results of the Sanchez Lacombe Equation of State calculations. Isobars

ranging from 0.1 to 100 MPa., in the temperature range 340 K — 450 K.

In the case of the amorphous P-(D) LA the regression procedure gave good
results, providing an adequate representation of the thermal expansion of the
polymer and of its isothermal compressibility. There are some discrepancies
between experimental and calculated densities in the 340 K — 360 K range for
the highest pressures isobars, but that conditions are really close to glass
transition temperature, where the validity of the assumptions on which the
Equations of State are based, is more questionable. The characteristic
parameters of P-(D) LA for the Sanchez Lacombe Equation of State that have
been obtained through the above mentioned regression procedure are listed in

the following Table:

T* [K] P* [MPa] | p*[kg/L]

594.1 531.8 1.383

Tab. 3.2 PDLA characteristic parameters for the Sanchez Lacombe Equation of State.
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This values will be adopted for the liquid liquid equilibria calculations. At first it
could be attempted to consider these parameters adequate for representing the
volumetric behavior also of the PLLA, in the temperature region in which there
is no crystalline phase and then the polymer can be regarded as amorphous. In
fact, at first it could be possible to think that the differences between the two
chiral forms of the lactides are not enough, to produce a significant effect on the
configurations of the polymeric chains and thus on their volumetric behavior.
Although this approach may seem reasonable, several differences between the
behavior of mixtures containing PDLA and PLLA have been reported and even
concerning their pure substance volumetric behavior, some differences can be
recognized. Therefore a separate set of characteristic parameters for PLLA was
retrieved by means of the above mentioned procedure.
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Fig. 3.3 PVT data of PLLA, from Zoller et al.”®, in a temperature range above the melting
temperature, and the results of the Sanchez Lacombe Equation of State calculations. Isobars

ranging from 0.1 to 59 MPa., in the temperature range 465 K — 525 K.

Also in this case the regression procedure gave really good results and no

significant deviation between calculated and experimental values can be
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detected. The characteristic parameters of PLLA for the Sanchez Lacombe

Equation of State are listed in the following table:

T* [K] P* [MPa] p* [kg/L]

580.9 866.9 1.396

Tab. 3.3 PLLA characteristic parameters for the Sanchez Lacombe Equation of State.

While the characteristic pressure of PLLA is pretty different from the
characteristic pressure of PDLA, the values of characteristic temperature and

density of the two polymers are quite close each other.

3.4. Water -1,4 Dioxane and PLA mixture modeling w ith
Sanchez Lacombe Equation of State

The characteristic parameters of the Sanchez Lacombe Equation of State for
water and 1,4 dioxane were available in the literature and are listed in the table
below:

Substance T* [K] P* [MPa] p* [kg/L] Ref.
Water 670 2400 1.050 58%°
1,4 — Dioxane | 518.4 535 1.162 59%

Tab. 3.4 Water and 1,4 Dioxane characteristic parameters for the Sanchez Lacombe Equation

of State

In order to perform the phase equilibria calculations required for comparing the
predictions of the Sanchez Lacombe Equation of State with the available Vapor
Liquid Equilibria experimental data that can be found in DECHEMA, an

algorithm for bubble pressure calculations was implanted in Matlab®. This code
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was validated against several dataset of Vapor Liquid Equilibria of simpler
mixtures, such as the pairs hexane - octane and the pentane — hydrogen
sulphide and was found to perform correctly. This code provided the base for
developing all the other codes that were used for phase equilibria. The equality
of chemical potentials was obtained through minimization of their squared
difference, through the already mentioned non linear least square algorithm. For
the sake of generality (with the ultimate goal of being able to use other
thermodynamic models or modified versions of the Sanchez Lacombe Equation
of State, for which could be difficult to write an explicit form of the chemical
potential) the chemical potentials were evaluated numerically as derivatives
respect to density of the single component of the Helmholtz Free Energy for unit
of volume. The subroutine that evaluates the chemical potential works in a fully
vectorized way, such that the code can be used for system with more than two
species, without any relevant modifications. At each iteration, before evaluating
the chemical potentials, the volumetric Equation of State is solved by Newton’s
method or by bisection algorithm ( the choice is made automatically by the code
if the Newton’s method fails to find a suitable root with the internally provided
guess). If multiple roots arises, only the one pertinent to the phase for which the

evaluation is performed is retained.

It was found out that the Sanchez Lacombe Equation of State was unable to
represent correctly the Vapor Liquid Equilibria of the Water — 1,4 Dioxane
system at fixed temperatures. Moreover for some liquid phase compositions the
algorithm was not able to converge to any solution of the phase equilibria
problem. This difficulties were not removed even if the value of the binary
interaction parameter was systematically varied. Experimentally it is found that
liquid dioxane and water are completely miscible, so no miscibility gap should
be predicted. Therefore it was decided to inspect directly the shape of the Gibbs
Free Energy of Mixing function of the liquid mixture, in order to ascertain if a
change in concavity was taking place. In fact it is well known that phase stability

criteria’ requires that a single phase is stable (and thus the species are
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miscible) only if

PE AGmiX/
a—ZRT >0 for every composition, while if for a given
]

range of composition <0, then there will be a miscibility gap:

T,P
GZAG'"%&T
0w’

T,P
mixtures of composition comprised in the interval in which the curvature is
negative are not stable and will form two separate liquid phases. Goates®
reported a set of data of Excess Free Energy for the water — 1,4 dioxane
mixture at 298 K, obtained through the experimental measurement of heats of
mixing and freezing point. The heats of mixing were measured through a
calorimetric device, while the freezing points determinations were made by
cooling curves of mixtures of known composition. Partial molar enthalpy were
calculated from the heat of mixing data, activity coefficients were obtained by
the freezing data and reported to 298 K by means of the above mentioned
partial molar enthalpy. In this way it was possible to estimate the Gibbs Free
Energy of the mixture, that is found to have positive curvature, as it is expected
for a system that does not exhibit miscibility gap. The Gibbs Free Energy of
Mixing of the mixture, based on the experimental data of Goates is plotted in
Fig. 3.4, along with the values calculated with the Sanchez Lacombe Equation
of State model. It is easy to recognize that even with pretty high ( or low) values

of the binary interaction coefficient k there is a huge region in which the

w.diox ?
curvature is negative and thus the model will wrongly predict the coexistence of
two liquid phases. Mannella et al.>®* have shown that this very same incorrect

behaviour is predicted by several sophisticate activity coefficient models.
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Fig. 3.4 Gibbs Free Energy of Mixing for the Water 1,4 Dioxane liquid mixture at 298K and 1
bar: comparison between the data reported by Goates®® on the basis of calorimetric and

freezing point measures and the Sanchez Lacombe Equation of State predictions.

For this multicomponent calculations, the mixing rules adopted for the Sanchez
Lacombe Equation of State are those based on the characteristic pressure, with

the combining rule AP*; = /P* P*j(l—kij). Thus the binary interaction

coefficient acts directly on the value of the mixture characteristic pressure, as a
term that proportionally increases or decreases its value, independently from
the actual composition of the mixture. In the present case, this is not enough to
provide a correct representation of the Gibbs Free Energy of Mixing, at least
with the available characteristic parameters of the pure substances, that their
widespread use in the literature should qualify them as reliable. It was decided
to try to adopt a Non Quadratic Mixing Rule?’, modifying the combining rule in

the following way: (1—kw_diox)=1+a +,8Wydi0xxw+ywydi0xxw2 were X, is the

w, diox
water molar fraction. Through non linear least square regression, the best fit of
the Gibbs Free Energy of Mixing was obtained with
Ayaox = 01028 B, 4ox =0.1774  y, 4ox = —0.0456. The result is shown in Fig.

3.5.
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Fig. 3.5 Gibbs Free Energy of Mixing for the Water 1,4 Dioxane liquid mixture at 298K and 1
bar.

The Vapor Liquid Equilibria produced results that compared favorably with the
experimental data reported in DECHEMA®* for Vapor Liquid Equilibria at 308 K
and 328 K. the azeotropic behavior and the proper number of phases seems to

be predicted. A slight correction to the coefficient a,, ,,, provided better results.

The a,, 4., Was setto a,,,, = 0.1001 Results are shown in Fig. 3.6.
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Fig. 3.6 Experimental Vapor Liquid Equilibria49 for the water-1,4 dioxane system and their
comparison with the results of the calculations done with the Sanchez Lacombe Equation of

State with Non Quadratic Mixing Rules.

Prediction of the Liquid Liquid Equilibria of the system water- 1,4 dioxane and
PLA was then attempted, trying to fit a set of cloud point data provided by
Professor Brucato of the Universita di Palermo, in the framework of an Italian
national research project on the production of scaffolds, in which our research
group was involved. The data are in the form of cloud point temperature as a
function of the mass fraction of polymer in the liquid mixture, for a given ratio
between water and 1,4 dioxane. Data for a water 1,4 dioxane ratio equal 13/87
and for a water 1,4 dioxane ratio equal to 14.5/85.5 were made available to us.
Only the data for a water 1,4 dioxane ratio equal to 14.5/85.5 were modelled,

setting K, p, =—0069 and k;, ,, =—007. It was not possible to fit the cloud

point data for the water 1,4 dioxane ratio equal to 113/87, unless changing
again the values of the binary interaction parameters. The results, in the form of
the ternary Liquid Liquid Equilibria diagram at the temperature corresponding to
cloud point data, are shown in Fig. 3.7. It is quite obvious that modelling this
ternary equilibria with Sanchez Lacombe Equation of State can have only the
limiting scope of correlating existing data and that due to the extensive tuning of
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the model that has to be done, any extrapolation should be regarded as of

dubious reliability.
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Fig. 3.7 Liquid Liquid Equilibria for the water- 1,4 dioxane and PLA system at 317.75 K,
321.85 K, 325.75 K and 329.75 K, corresponding to the cloud point temperatures of liquid
mixture with water 1,4 dioxane ratio equal to 14.5/85.5 and respectively, 4,6,8 and 10 % of PLA.

These results seems to suggest that the physical picture of the intermolecular
interactions provided by the Sanchez Lacombe Equation of State is plainly
inadequate for representing the behavior of the present mixture. In fact it was
already cited that exist physicochemical evidences that water promotes induced
association in the mixture, while 1,4 dioxane itself will not self associate, if pure.
The Sanchez Lacombe Equation of State is not able to deal with that, as well as
with any association phenomena. Its quite successfully use for representing
pure substance properties of species like water or methanol is due to the fact
that a proper choice of the parameters will force the model to fit the data, not
due to an actual capability of modeling association. In fact, the quality of the
predictions of the liquid water saturated density could be challenged.
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3.5. Pure Polymers Parameters for Perturbed Chain

Statistical Associating Fluid Theory Equation of St ate

The Perturbed Chain Statistical Associating Fluid Theory Equation of State,
developed by Gross and Sadowski?*?*, is a model that have been successfully
applied in modelling phase equilibria of system that usually deeply challenge
the capability of simpler model, such as associating and polar fluids like water
containing systems, polymer-solvent systems even with association, carboxylic
acids, alcohols and ethers and biological solutions®® °*®3. The possibility to use
this model was granted during a visit to the Chemical and Biochemical
Engineering faculty of the Technical University of Dortmund, in collaboration

with the research group of the Professor Sadowski.

Parameters had been retrieved by means of an automatic regression
procedure. Reasonably good agreement can be reached between PC-SAFT
predictions and PDLA data, even if there is some shortcomings in the
representation of the isothermal compressibility of the fluid. In the case of PLLA
only the isobars at pressure lower than 200 atmP < 200 atm were fitted in an
adequate way. At pressure higher that 200 atm the predicted isobars were
substantially lower than the experimental data. In anyway since this
shortcoming in description of compressibility effects at high pressure should not
hinder the performance of the model in the TIPS applications, that are usually

restricted to low temperature and atmospheric pressures.

The results of the regression procedure are shown in Fig. 3.8 and Fig. 3.9 and

Tab. 3.5 lists the parameters that have been obtained.
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Fig. 3.8 PVT data of amorphous PLA, courtesy of Prof. Mensitieri. Universita di Napoli
Federico Il and the results of the Perturbed Chain Statistical Association Fluid Theory Equation

of State calculations. Isobars ranging from 0.1 to 100 MPa., in the temperature range 340 K —

450 K.
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Fig. 3.9 PVT data of PLLA, from Zoller et al”® ina temperature range above the melting
temperature, and the results of the Perturbed Chain Statistical Association Fluid Theory
Equation of State calculations. Isobars ranging from 0.1 to 59 MPa., in the temperature range
465 K — 525 K.
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PDLA Parameters Units
Segment Number m/M 0.0369972 [mol/g]
Segment Diameter a 3.0694 [A]
Dispersion Energy g 222.6695 K]
PLLA Parameters Units
Segment Number m/M 0.060134 [mol/g]
Segment Diameter a 2.5879 Al
Dispersion Energy g 192.879 K]

Tab. 3.5 PDLA and PLLA characteristic parameters for the Perturbed Chain Statistical

Association Fluid Theory Equation of State.

3.6. Water -1,4 Dioxane pure substance and mixture
modelling with Perturbed Chain Statistical Associat ing
Fluid Theory Equation of State

Modeling the thermodynamic properties of the liquid water has been proven to
be a hard challenge for many equation of state models, albeit successfully for
others species, due to its peculiar hydrogen bonding. Gross and Sadowski have
shown that PC-SAFT equation of state can accomplish this task with a 2 site
association scheme, known as 2B scheme?®. With the characteristic parameters
of Gross and Sadowski the model is predicting very well both the vapour
pressure of water and its condensed phase density, although with some
deviation at low temperature, where the density anomaly of water takes place.
Since biological applications are usually characterized by the need of an
accurate representation of water properties and are restricted to the low
temperature regime, Cameretti has later developed an approach to PC-SAFT
modelling of water that overcomes the abovementioned low temperature

difficulties in density modelling®® ®. According to Cameretti it is possible to
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model the behaviour of liquid water at low temperature introducing a

temperature dependent segment diameter:
3.2 o* =0+t expt,T) +t;expt,T)
Since TIPS processing of PLA — water-dioxane solutions take place at low

temperature the set of characteristic parameters suggested by Cameretti will be

used in this work and are listed in Tab. 3.6.

Water Parameters Ref. 61, 62 Units

Segment Number m /M 0.06687 [mol/g]
Segment Diameter g 2.7927 [A]
ty 10.11 [A]

t, -0.01775 K™Y
ts -1.417 [A]

ty -0.01146 (K7}
Dispersion Energy £ 353.9449 K]
Association Sites N 2 [-]
Association Energy fA B, 2425.6714 K]
Association Volume kA B, 0.45090 [-]

Tab. 3.6 Water characteristic parameters for the Perturbed Chain Statistical Association Fluid

Theory Equation of State.

Characteristic parameters of 1,4-dioxane have been obtained in this work by
fitting simultaneously vapour pressure and density data several dataset
available in literature®®®2.It has been assumed that dioxane’s properties can be
adequately modelled with PC-SAFT without association terms, taking into

account only the dispersive perturbation to the plain hard chain term.
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As shown in Fig. 3.10 and Fig. 3.11, the model performs adequately, predicting
very well both density and vapour pressure, suggesting that the assumptions
that had been done on the nature of the interaction between dioxane’s
molecules is physically sound. The characteristic parameters are listed in Tab.

3.7.
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Fig. 3.10 Liquid density of 1,4 dioxane: experimental data from Papanastaslou et al.*? (filled
circles) and from Nayak et al.>* (hollow circles) and comparison with the predictions of the

Perturbed Chain Statistical Association Fluid Theory Equation of State.

1,4Dioxane Parameters Units
Segment Number m/M 0.032953 [mol/g]
Segment Diameter a 3.4006 [A]
Dispersion Energy £ 279.5928 K]

Tab. 3.7 1,4 dioxane characteristic parameters for the Perturbed Chain Statistical Association

Fluid Theory Equation of State.
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Fig. 3.11 Vapor Pressure of 1,4 Dioxane: experimental data® and comparison with the

predictions of the Perturbed Chain Statistical Association Fluid Theory Equation of State.

Before attempting to model Vapor Liquid Equilibria of the Water — 1,4 Dioxane
mixture, it is necessary to draw some considerations about the above
mentioned induced association phenomena in polar mixtures. Associating
components show self association under pure conditions, such as hydrogen
bonding in water, while polar components does not give rise to temporary
bonding by themselves. A mixture of polar and associating components will be
characterized by self association of the associating components and by cross
association between them and the polar species. The polar components
hitherto manifest a behaviour, the aforementioned cross association, that is
induced by the presence of the associating species in the mixture and has no
parallel in the behaviour that the polar species manifests under pure component
conditions. This fact pose a serious challenge to the application of the mixing

rules suggested by Wolbach and Sandler, since there are no association
energies gABi and association volumes kABithat can be retrieved by
analysis of the pure component behaviour. Guessing any value for those

parameters will wrongly introduce self association, unless gABJ:O. This
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problem could be overcome treating the association characteristic parameters
of the mixture as fitting parameters, but this choice, although feasible, will boost
the number of the adjustable parameters, deeply hindering the predictive
capabilities of the model. A different approach, proposed by Kleiner®®, can be

exploited assuming that the association energy parameter of the polar
component is equally zero: gABi =0 and that the effective volume of bonding

is equal to the one of the associating component, considering this parameter as
independent from the nature of the interaction itself. With this choice it is
possible to see that no self association is introduced in the description of the
interaction of the polar component, while induced association in taken into
account, mimicking a “donor-acceptor” scheme. This approach has been proven
to be physically sound in the work of Kleiner®. It was previously mentioned that
there are experimental molecular structure data that suggest that water induced
association takes place in the water 1,4 dioxane mixture, such that the
energetic interaction between the molecules promote, at least in a certain
composition range, the formation of water 1,4 dioxane clusters®. Thus this
molecular picture suggest that interaction between water and dioxane takes
place in such a way that is beyond the descriptive capabilities of the dispersion
term alone, substantiating the hypothesis of an induced association mechanism.
This is coherent with the fact that pure dioxane is described very well with

dispersive interaction alone.

Adopting this induced association scheme, Perturbed Chain Associating Fluid
Theory Equation of State can predict very well the Vapor Liquid Equilibria of the
water — 1,4 dioxane mixtures, in the full range of compositions. The azeotropic
behaviour, as well as the other features of the Vapor Liquid isothermal diagrams
are well represented. Only a slight correction, that is obtained setting the binary

interaction coefficient k equal to -0.061 is required. It must be observed that

w.diox
this slight correction affects only the dispersion term: the induced association
scheme does not require any additional tuning. The results are shown in Fig.
3.12.
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Fig. 3.12 Experimental Vapor Liquid Equilibria® for the Water-1,4 Dioxane system and their
comparison with the results of the calculations done with the Perturbed Chain Statistical

Assaociation Fluid Theory Equation of State with the induced association scheme.

Comparison with liquid density data of the mixture®! is less favourable, as the
model overestimates the density of the mixture, although the qualitative shape
of the curves resemble those of the experimental data and the maximum seems
to take place at a composition close to the experimental one. The results of the
calculation, as well as the corresponding experimental data are shown in Fig.
3.13. Adjusting the value of k,, .in order to fit the liquid mixture density data
leads to a poor prediction of VLE, thus due to the higher confidence on the

comparison with VLE, the value k,, ; = —0.06 k =-0061was retained. The

w.diox

overprediction of the liquid mixture density could be blamed to a tendency of the
induced association scheme to overestimate the strength of the induced
association bonding, since the association characteristic energy is estimated

directly from the value of the water, in a asymmetric donor-acceptor scheme.
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Fig. 3.13 Experimental Liquid Mixture Density51 for the Water-1,4 Dioxane system and their
comparison with the results of the calculations done with the Perturbed Chain Statistical

Association Fluid Theory Equation of State with the induced association scheme.

3.7. Modeling of water — 1,4 dioxane - PDLA and wat er —
1,4 dioxane — PLLA ternary liquid liquid equilibria with the
Perturbed Chian Statistical Associating Fluid Theor y
Equation of State

Corroborated by the ability of the model to provide a suitable representation of
the thermodynamic properties of the water — 1,4 dioxane mixture, it was
possible to proceed with the modeling of liquid liquid equilibria of the ternary
mixtures that containing the macromolecular component. In fact, since the
polylactides are completely soluble in the 1,4 dioxane, the role of water, that
acts as anti solvent, should be dictated not only by its direct interactions with the
polymer, but also by its ability to form clusters with 1,4 dioxane and thus a
proper representation of that phenomena is necessary. In fact it could be

speculated that the antisolvent effect takes place not only because water and
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polylactides have poor compatibility, as shown by the pure water solubility in
PDLA, that according to the data reported in the literature®® is in the range 0.005
+0.01 g/gpo, but also because the 1,4 dioxane molecules that are clustered with
water molecules are not anymore available for solvating the polymer. The
model was found able to reproduce successfully the above mentioned cloud
point data made available to us by Professor Brucato, but was also able to
reproduce others set of cloud point data available in the literature, such as
those of those of Witte et al.>* and to model the ternary liquid liquid equilibria at

1.>* and of Tanaka et

fixed pressure and temperature diagram from Witte et a
al.®®. The results of this calculations are shown in the following Fig. 3.14, Fig.
3.15, Fig. 3.16 and Fig. 3.17. In the case PDLA it was required to set

Kupa =—0.0935and Kk, o =—0029, while for the PLLA the binary interactions
parameter were set equal to Kk,p,, =—0078 and Ky, =—0125. The

calculations were found to be independent from the actual value of the polymer

molecular mass.

— PC-SAFT
1.00 o DeWitte et al. 298.15 K
) I 7 7 v > 0.00
0.00 0.25 0.50 0.75 1.00

Water % -->

Fig. 3.14 Experimental Liquid Liquid equilibria> of the water-1,4 dioxane - PDLA system and
their comparison with the results of the calculations done with the Perturbed Chain Statistical

Association Fluid Theory Equation of State with the induced association scheme.
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Fig. 3.15 Experimental Liquid Liquid equilibria54 of the water-1,4 dioxane - PLLA system and
their comparison with the results of the calculations done with the Perturbed Chain Statistical

Assaociation Fluid Theory Equation of State with the induced association scheme.
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Fig. 3.16 Experimental Liquid Liquid equilibria® of the water-1,4 dioxane - PLLA system and
their comparison with the results of the calculations done with the Perturbed Chain Statistical

Association Fluid Theory Equation of State with the induced association scheme.
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Fig. 3.17 Experimental Liquid Liquid equilibria65 of the water-1,4 dioxane - PLLA system and
their comparison with the results of the calculations done with the Perturbed Chain Statistical

Association Fluid Theory Equation of State with the induced association scheme.

The calculations are in really good agreement with the available experimental
data of the ternary system. The only remark is that the prediction of the liquid
water solubility in pure PLLA, that is the value that can be read on the PLLA
axis of the ternary diagram, seems to be quite high respect to the values that
can be found experimentally, even if they are measured on a glassy,
semicrystalline polymer. In fact, liquid sorption experiments conducted on a
sample of semicrystalline PLLA at 308K suggest that liquid water solubility in
PLLA is around 0.011 g/gpol.

3.8. Concluding Remarks

The Sanchez Lacombe Equation of State has been found to be unable, per se,
to provide an adequate representation of the binary system water- 1,4 dioxane,

while application of a non standard, non quadratic mixing rule has made
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possible to deal with this challenging system. Application to the ternary system
is possible, but of doubtful efficacy and with a notable loss of extrapolation

capability.

Perturbed Chain Statistical Associating Fluid Theory Equation of State, albeit
some lack of quality in the representation of the high pressure behavior of the
pure polymers, have been shown to be a powerful and flexible thermodynamic
tool, adequate for addressing the issue of challenging systems, like those that

exhibit solvent- antisolvent effects on the macromolecular component.
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4.Experimental Characterization of Vapors
and Liquids Sorption in Glassy and

Rubbery Polymers

4.1. Introduction

The sorption and the desorption of low molecular weight species, in the liquid or
in the vapor form, in a polymer, plays a major role in many industrial process
and applications, as well as in the field of drug delivery, in the development of
sensors and in the drying of paint and coatings. Actually this list is quite
arbitrary and not exhaustive of all the possible situations that are encountered in
practice. In the above mentioned examples, it is always required to know, or at
least to estimate, how much of the penetrant species will get inside the polymer
phase and how much time will be required before equilibrium (or pseudo
equilibrium) conditions will be attained. For example, a membrane separation
device can be used for recovering an high valued component from a stream in
which the component is mixed with many others only if the permeability of the
desired component in the polymer of the membrane is higher than the
permeability of the other species®. Permeability of a low molecular weight
component is given by its diffusivity and its solubility in the polymer that makes
the membrane. In the case of drug delivery, the solubility of the molecule that

exerts the pharmacological activity in the polymeric matrix that forms the pellet
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that will be ingested by the patient, will dictate the maximum loading of the
pellet itself. On the other hand, diffusivity will dictate the drug release rate and,
ultimately, its concentration in blood and thus, along with its half life time, the
effective pharmacological activity®”. Finally, in the case of the drying of a
polymeric coating, solubility and diffusivity of the solvent in the polymer will
dictate the drying time, and will affect the appearance of coating defects. In fact,
most of the defects arise due to the development of internal stresses, upon

frustrated shrinkage, during the drying process®®"*.

In this chapter, data concerning vapor and liquid solubility in glassy and rubbery
polymers will be presented and discussed. The polymer — penetrant pairs
considered for sorption in glasses are of interest for applications like gas and
vapor separation, organic solvent nanofiltration’?, polymer processing and
sensor development. The polymer — penetrant pairs considered for sorption in
rubbers are relevant to membrane separation process for aroma and

nutriceuticals recovery, as well as for food processing”>°.

The question about how much of the penetrant component will be taken up by
the polymer is answered by the thermodynamic. For the given activity value of
the penetrant, its solubility in the polymer phase arise from the phase equilibria
conditions or, if the polymer phase is glassy, from pseudo equilibrium
considerations. The equilibrium is attained between the components of the
liquid or of the vapor phase outside the polymer and the same low molecular
weight species that in the polymer phase form a mixture with the polymer itself.
Since polymers are commonly used and characterized in the form of dense
phases, in which the low molecular weight species can diffuse, the question
about how much time is required, is answered by the kinetic of the diffusion

process itself.

For pure vapor sorption, it is customary to represent the solubility as a function
of the pressure of the penetrant, or as a function of its thermodynamic activity,
that can be regarded as the ratio between the actual pressure and the vapor
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pressure of the component, at the same temperature. The data measured at
various pressures (or activities) and at fixed temperature will be collected in the
same set, known as a sorption isotherm. The solubility of the pure liquid can
complete that set, providing the value at unit activity. In the case in which the
penetrant can actually behave like a solvent for the macromolecular component,
the solubility of the liquid cannot be measured. For mixtures of liquids it is useful
to represent the solubility data, at fixed temperature, as a function of the
composition of the external liquid phase.

It is useful to recall the fact that the kinetic of diffusion in simple systems can be

modeled by means of the so called Fick's law®

. This law provide a
constitutive equation for the mass flux, that is regarded to be simply proportional
to the concentration gradient of the diffusing component itself, in close analogy
to Fourier's law for heat flux. In terms of concentration, the mass conservation
equation in local form, for a plane sheet of thickness 2J, is a parabolic partial

differential equation, that along with its initial and boundary conditions, can be

written as:
a_C =D azc
ot x>
i1 C(x,0)=C, Ox
' c(st)=C 0Ot=0
aC_(t) =0 0Ot=0
aX x=0

The problem has been stated assuming that at t <0 the concentration of the

penetrant is equal to the initial value C,, that at the beginning of the sorption
experiment the concentration at the boundary is suddenly rose to the value C ,

that will then held constant, and that the middle plane of the slab is a symmetry

plane and thus the mirror condition %—Ccan be applied. It is useful to note that
X

the very same formulation can be used to describe diffusion process in a
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supported film of thickness 9, if the support is not permeable to the penetrant.
The solution of this initial and boundary conditions problem is the function

C(x,t) that satisfy the partial differential equation of the local mass balance. The

solution describe the evolution of the concentration profile inside a system that
obeys the assumptions of the Fick’s law. Unfortunately, the actual concentration
profile is not a property that can be directly characterized in the commonly
performed sorption experiments, since rather complicate apparatus are required
and suitable choices of the penetrant polymer pair need to be selected, as
done, for example in the work published by Long and Richmann ™. The
property that usually is directly or indirectly measured is the mass uptake in the
polymer sample. The sorption experiment is considered finished when the mass

uptake M (t) Is no longer changing with time. That steady state value is usually

indicated as M_ and it is customary to express the mass uptake in a relative

M (t)

form, as " The mass uptake M(t) can be readily obtained by integrating

00

the concentration C(x,t) respect to the spatial variable: M(t):ZAJ'jC(x,t)dx.

The solution C(x,t) is available in the literature and can be obtained through the

standard methods of the variable separation and is in the form of a series of
exponential and trigonometric terms. The integrated form of the series can be

written as’’:

e - {1_ Y e ex'{‘ - HZtDH

00

The mass uptake that is calculated from this formula is proportional to Jt, for
small value of t, then at larger value of the time variable a constant value is
reached, as shown in the Fig. 4.1. Whenever the experimental mass uptake
was found to follow the same behavior, the system was defined as Fickian and
the diffusivity D of the penetrant-polymer pair was retrieved by means of

regression on the experimental data.
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Fig. 4.1 Mass sorption kinetic as calculated by the Fickian Model.

For both of the above mentioned factor, namely solubility and sorption kinetic, it
is necessary to mention the differences that arise between the behavior that is
commonly observed when the polymer is a rubber or a melt, and the peculiar

behavior of polymeric glasses.

In fact, rubbers or polymeric melts are condensed phases that behave, at least
respect to their volumetric properties, just like a liquid. It is commonly accepted
that, upon changes of pressure and temperature (and composition as well),
rubbers or melts will experience a change in volume that can be described by a
volumetric equation of state. That, as already noted, applies only to equilibrium
states. Rubbers and melts can be regarded as equilibrium phases, even if the
huge molecular weight of their chains could certainly slow the kinetic of the
equilibration processes, respect to those observed in low molecular weight

liquids®.

The shape of sorption isotherms of low molecular weight penetrants in rubber is

characterized by a positive curvature, with upward concavity, as shown in Fig.
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4.2, while it is usually expected that the sorption kinetic is well represent by the

Fickian kinetic, previously shown in Fig. 4.1.

RUBBER

Penetrant Solubility [a.u.]

rrrrrTvr T TrrTroTod
Penetrant Pressure [a.u.]

Fig. 4.2 Characteristic sorption isotherm of low molecular weight species in rubbers.

Glassy polymers are non equilibrium phases in which the evolution toward the
equilibrium condition is hampered by the really slow kinetic of the molecular
motions. It is a matter of fact that a temperature exists, known as glass
transition temperature, below which the departure from equilibrium begins and
the glassy behavior start to be evident. Below glass transition temperature the
polymer exhibit elastic behavior, with elastic modulus even some order of
magnitude higher than that of rubbers, it is usually regarded as a tough material
and can be brittle. The glassy phase is amorphous, not ordered and the above
mentioned rise of high elastic modulus is to be regarded as the effect of the
kinetic hindrance of the relative motions between chains. It is commonly stated
that below glass transition temperature only local motions of the chains’
segments are allowed and no motion of the center of mass of the chain is
allowed: self diffusivity of the macromolecular species is close to zero, under

glassy conditions. One of the most relevant property of the glassy phases is that
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their density is lower than the equilibrium value: there is an excess free volume,
that is due to the fact that the chains are not able, due to the above mentioned
kinetic constraints, to pack in the configurations that satisfy the minimum
condition for the Gibbs Free Energy®. Since the glassy state in a non
equilibrium state that is retained only due to the really slow kinetic of the
equilibration process, the system could still evolve with time, even if it could not
be able to reach, in a time compatible with experimental observation, the
equilibrium itself. It is a matter of fact that the properties of some glassy
polymers change along time in a measurable way: this phenomena are
regarded as physical ageing and are commonly believed to affect directly the
volumetric properties of the system. Thermal treatment, such as high
temperature annealing, could accelerate that phenomena, eventually bringing
the system toward a different non equilibrium conditions, that could be regarded
as more prone to evolve. Similar results, obtained through prolonged storage of
the sample under a controlled atmosphere (i.e. in CO2 at high pressure) or in
liquids had been reported in literature®®’. Above glass transition temperature,
the system behaves like a rubber or a melt. The glass transition temperature is
affected by pressure, presence of other species (especially low molecular
weight species that can act as plasticizer) and by the cooling rate at which the
polymer is cooled from the temperature at which it was originally held as a

rubber.

The shape of the sorption isotherms of low molecular weight penetrants in
glassy polymers is characterized by a downward concavity, as shown in Fig.
4.3. It is commonly assumed that this behavior can be somewhat explained by
the assumption that the total sorption is a sum of two different contribution: the
first, known as Henry contribution, accounts for a solubility term proportional to
the penetrant’'s pressure, as it happens for many gases in liquid and solid
equilibrium phases, while the second contribution, known as the Langmuir
contribution, is thought to be related to the adsorption of the penetrant
molecules inside the excess free volume, that is present in the glassy state.
This empiric interpretation is at the base of the so called Dual Mode model®®,
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that albeit non predictive, has been shown to be a reliable correlation tool for
sorption in polymeric glasses. Since glassy state is a non equilibrium state,
solubility and sorption isotherms can be influenced also by the history of the
sample and by the specific operating conditions. For instance it is well kwon that
cycles of sorption and desorption could lead to isteresis effects and that
annealing and other thermal pre-treatments can exert a deep influence as well.
Regarding to the mass uptake kinetic, there are many possible behaviors that
arise due to the specific pair of polymer and penetrant, as well as due to the
characteristic of the sorption experiment. In fact, the behavior could be
completely described by the Fickian kinetic, such as for many light gases in
glassy polymers. But if the penetrant exerts a significant swelling or even
plasticizing action on the glassy matrix, different behavior could arise and

deviations to the Fickian kinetic could be observed. For example, after an initial

Fickian sorption, in which the mass uptake is proportional to Jt, relaxation
process could take place and the mass uptake could start to drift slowly toward
an higher value. In other cases, a sigmoidal shape of the kinetic could be
observed. In some case the mass uptake could be straight proportional with
time. In fact, an empirical way to classify sorption kinetics is to look at the value
of the exponent of the curve t" to which the mass uptake is proportional. The
actual sorption kinetic depends to a great extent on the ratio between the
characteristic time of the relaxation processes (the time required for the local
rearrangements of the chains) and the characteristic time of the diffusion
process. When relaxation processes take much longer than diffusion, or when
relaxation processes are much quicker than diffusion, the usual Fickian
behavior could be observed, at least in the initial portion of the mass uptake
curve. When the relaxation characteristic time and the diffusion characteristic
time are quite similar or separated by only few orders of magnitude, both
processes take place simultaneously and great deviation to the Fickian behavior
could be observed at all the stages of the sorption process. It should be noted
that the amplitude of the activity jump that is applied to the sample plays a

relevant role in determining the kinetic of the sorption process. An extensive
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introduction and to some extent classification of this phenomena could be found

89-91

in the works by Sanopoulou®°* and Petropoulos®.

T GLASS

Penetrant Solubility [a.u.]

Penetrant Pressure [a.u.]

Fig. 4.3 Characteristic sorption isotherm of low molecular weight species in glasses, without

plasticization effects.

It is interesting to note that, when the penetrant is a solvent for the polymer
itself, or at least has a large plasticizing effect, it is possible that, along with
sorption process, the glass transition process takes place. If this is the case, it is
possible to have sorption isotherms, known as sigmoidal isotherms, that exhibit
a marked change in curvature, or that the increase in mobility of the polymer
chains that is promoted by the solvent itself deeply affect the kinetic of the

sorption process.

4.2. Quartz Spring Apparatus

The Quartz Spring Apparatus® is a gravimetric device that can operate sorption

measurements of vapors in dense polymer films, at pressure below the
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atmospheric value. The sample is hanged to the quartz spring, along with a
metallic reference and are kept inside a glass column that is connected to a
system of pipes and vessels that can be used to vaporize the penetrant and to
control its pressure, in order to expose the sample to the desired vapor activity.
The glass column is surrounded by a water jacket that provide the necessary
temperature control. The water is circulated by means of a magnetic pump and
its temperature is adjusted by means of a thermostatic bath. With this setup the
temperature can range from 5 T to 50C. The glass column and the ancillary
vessels can be completely evacuated by means of a vacuum pump. Upon
exposure of the sample to the vapor, its weight will start to increase, due to the
sorption process that is taking place. The elongation of the spring is
continuously monitored and registered in digital form by means of a CCD
camera and the weight change of the sample is then collected for all the phases
of the vapor sorption experiment. The metallic reference is of known size and it
provides the conversion factor between pixels and millimeters, required for
estimating the weight from the elongation, by means of the spring constant.
Quite high activity values can be reached, but care must be taken to avoid
condensation on cold spot and excessive weight gain, since it could happen
that the weight of the sample exceeds the maximum load of the spring. The lay
out of the apparatus is shown in Fig. 4.4.
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Fig. 4.4 Layout of the Quartz Spring Apparatus

The sorption experiments performed with the Quartz Spring Apparatus are
usually differential sorption experiments, in which the vapor activity is raised,
step by step, collecting the mass uptake and thus the solubility data at each of
the activity value. Before increasing the vapor activity enough time is waited to

ensure that equilibrium or pseudo equilibrium conditions have been reached.

4.3. Quartz Crystal Microbalance

The Quartz Crystal Microbalance® is another kind of gravimetric vapor sorption
measurement device in which the mass uptake during the sorption step is
retrieved by means of the change in the natural frequency of oscillation of an
electric resonator that is coated with the polymer. In fact, the change of the
weight of the polymer will affect the oscillation properties of the resonator,
according to the so called Sauerbrey law. The polymer is coated on the
electrode of the quartz crystal, shown in Fig. 4.5, by means of a spin coater, in

order to have a really thin and homogeneous film.
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Quartz Electrode
crystal

Fig. 4.5 The resonator used in the Quartz Crystal Microbalance.

The Quartz Crystal is hosted in a metallic vessel and is provided with piping and
ancillary vessels similarly to those of the Quartz Spring Apparatus, in order to
control the activity of the vapor to which the sample is exposed. Temperature
control is achieved keeping the entire apparatus immersed in a thermostatic
bath that allows to operate at temperature comprised between ambient
temperature and 50C. Also this apparatus is used for running differential

sorption experiments.

4.4, Pressure Decay Apparatus

The Pressure Decay Apparatus® is used for performing gas and vapor sorption
measurements on the base of the principle that the sample is kept in a
calibrated volume comportment and exposed to an initially known vapor
pressure. The compartment is sealed and the change in pressure that is
measured in the compartment during the sorption step can be used to estimate
the residual number of moles in the gas phase, by means of a suitable equation
of state for the gas, and ultimately to evaluate the sample mass uptake. The
scheme of the Pressure Decay Apparatus is shown in Fig. 4.6. The entire

apparatus is hosted inside an incubator, that proved temperature control from
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25T to 65° Again differential sorption experiment s are performed also in this

apparatus.
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Fig. 4.6 The lay out of the Pressure Decay Apparatus.

Measurement of vapor sorption isotherms perfomed with Quartz Spring, Quartz
Crystal Microbalance and Pressure Decay apparatus proved to be in good
agreement with each others and with the data available in literature for the
same polymer penetrant pairs. It has been estimated that the maximum
deviation between Quartz Spring and Pressure Decay measurements is well
below 10%.

4.5. Gravimetric Measurament of Pure and Mixed Liqu ids

Sorption

The measurement of liquid solubility in polymers was done gravimetrically,
directly measuring the mass uptake with a Sartorious analytical balance model
CPA225D-O-CE, that provides a precision of 10> g or with a Mettler Toled
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analytical balance model MS105DU that operates with the same precision. The
sorption experiments were performed according to a classical blot and weight
method: samples were immersed in vials or flasks filled with liquid, placed in a
thermostatic oven or in a thermostatic bath and weighted at regular intervals. In
order to weight the samples and register the mass uptake, the samples were
removed from the liquid, quickly dried with a paper towel, weighted on the
analytical balance and then putted back in the liquid. In this way the mass
uptake as a function of time was obtained. Trials in order to understand if
cooling the sample with liquid nitrogen in order to reduce the evaporation could
improve the measurement process were exploited, but no effective advantage
was recognized. In the case of mixed liquids, only solutions into which one
component was really volatile and the other one had negligible vapor pressure
were used. After that the measurement of the total mass uptake was done
according to the previously described procedure, the samples were left under
hood to let evaporate the volatile component, till constant weight was obtained.
In same case the samples were put in a vacuum chamber for a while and then
weighted again, to check if the removal of the volatile component was complete.
Mass balance calculations provided the separate mass uptake of the volatile

and of the non volatile component.

There are many source of experimental errors in the gravimetric measurement,
for instance the viscosity of the liquid and its surface tension could affect the
wiping procedure, while with species with really high vapor pressures could be
difficult to measure the mass uptake before that desorption start to take place.
Repetition of the measurements, on the same sample and on different samples,
could provide a means to reduce the error. Generally speaking the error
depends significantly on magnitude of the mass uptake. In all the measurement
that were performed the dry mass of the sample was in the range 0.25 + 1 g
and it was found that for polymer penetrant systems in which the solubility of the
liquid is in the 0.1 + 6 g/gpol the relative error is always less then 5.5% and
usually lower than 2.5%. In the case of liquids with solubility lower than 0.1
g/gpol, errors as high as 10% have been estimated.
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4.6. An example of Glassy Polymer: Matrimid 5218

Matrimid 5218%% 7% 73879 i5 3 material that is gaining increasing attention for its
properties and for applications in gas separation and organic solvent
nanofiltration, moreover it is characterized by some peculiar properties, such as
a really high glass transition temperature and was used here as an example of
glassy polymer. Matrimid 5218 used in the sorption experiments was kindly
provided by Huntsman Advanced Materials, has an average molecular weight of
80000 g/mol and its polydisperisty index is 4.5. Matrimid 5218 is a polyimide
based on 5(6)-amino-1-(4' aminophenyl)-1,3,-trimethylindane, fully imidized, and
its molecular structure is shown in Fig. 4.7. Glass transition temperature is
around 320C and at ambient pressure present itself as a tough yellow polymer.
It is known to exhibit good resistance to many organic liquids and it is soluble
only in a limited number of specialty solvents, such as THF, DMF,
dichlorometane and cyclohexanone. For the sorption experiments dense films
were prepared from solution casting, starting from 1% weight (for the samples
used for vapor sorption) and 5% weight (for the samples used for liquid
sorption) solutions in dichloromethane. After drying, the samples were removed
from the Petri disks used for solution casting and were put under vacuum in a
oven for a thermal annealing treatment. Generally speaking the samples were
annealed at 200C for 24h, but other temperatures w ere used for limited testing

and the effect of the treatment temperature will be discussed in the following.
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Fig. 4.7 Molecular structure of Matrimid 5218.
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4.7. An example of Rubbery Polymer: PDMS

Crosslinked Polydimethylsiloxane®’

was used as an example of rubbery
polymer and was selected for its wide use in applications, especially in
membrane separation processes and for its resistance to solvents. The PDMS
samples were prepared by means of reactive solution casting starting from a
filer free commercial uncrosslinked PDMS, commercialized by Wacker
Silicones Corp. under the name of Dehesive 944. The PDMS was crosslinked
by means of a platinum based, proprietary catalyzer-crosslinker system, sold by
the same Wacker Silicones Corp.. In order to promote the formation of the
crosslinks, after drying of the solvents the films were placed into a oven, set at
110, for 30 minutes. After that, a series of thre e extractions cycles with
hexane or heptane were performed in order to remove the catalyst, the residual
unreacted oligomers and any other species that could be still present inside the
gelled network. It was found that after three extractions the weight of the
samples was not anymore changing. Before starting actual sorption
experiments, the samples were put for some hours under vacuum. The
structure of PDMS and a possible crosslinking mechanism is depicted in Fig.
4.8.
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Fig. 4.8 Molecular structure and crosslinking mechanism of PDMS.
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4.8. Sorption in Matrimid 5218

Vapor sorption in Matrimid 5218 was experimentally characterized for the
following species: water, methanol and dichloromethane. The solubility of liquid
water and liquid methanol has been characterized as well, while no attempt was
made to measure liquid dichloromethane solubility since it is a very well known
solvent of the polymer itself. The organic solvent were purchased by Aldrich and
were all of reagent grade purity, while double distilled deionized water, with
conductivity lower than 0.01 uS/cm was used for the vapor and liquid sorption
experiments. Solubility isotherms were collected at 35T with the Quartz Spring
Apparatus, while in the case of dichloromethane, solubility measurements were
done also at 10C, 18T, 32T and 35T using both Q uartz Spring Apparatus
and Quartz Crystal Microbalance. Among this three species water was found to
be the less soluble, with mass uptakes less than 0.03 g/gpol, while solubility of
methanol is up to an order of magnitude higher, reaching for unitary activity the
value of 0.166 g/gpol. Solubility of dichloromethane exhibits quite the same
values at 35T, but it was found to be much higher at lower temperatures,
reaching values as high as 0.6 g/gpol when measured at activities higher than
0.9 at 10TC.

The solubility isotherm of water in Matrimid 5218 is shown in Fig. 4.9. It is
possible to note that for mass uptake higher than 0.01 g/gpol, the sorption
isotherm seems to have a flex point and its curvature seems to indicate an
upward concavity, like that discussed in the case of rubbers or in a sigmoidal
shape like the one that is observed in the case of plasticizing penetrants.
However, since the mass uptake is so little, there should be little chance that
this effect can be related only to a penetrant induced swelling or glass transition
effect. Instead it is reasonable to assume that this effect is due to water
hydrogen bonding, as suggested by Chen et al.'® in their 2011 work about
water vapor permeation in polyimides and with a mechanism analogous to that
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described by Davis et a in their 2012 work on non equilibrium sorption of

water in polylactide.
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Fig. 4.9 Water sorption isotherm in Matrimid 5218 at 308 K.

The sorption isotherm of methanol in Matrimid 5218 is shown in Fig. 4.10. The
solubility follows a slightly depicted sigmoidal shape, but till activity high as 0.6
the usual shape of solubility isotherms in glassy polymers is recognizable. In
Fig. 4.11is shown the mass uptake kinetic of the first vapour sorption step,
ranging from activity equal to zero, to activity equal to 0.089: it is quite evident
that the behaviour adhere to the Fickian’s one. It seems reasonable that in the
first, low activity step, no swelling and relaxation effects are yet detectable. The
third step, shown in Fig. 4.12, has been collected after an activity jump that

ranges from activity 0.19 to activity 0.47 and it is easy to recognize that after

and initial Fickian behaviour, in which the mass uptake is proportional to Jt,
then relaxation phenomena starts to take place and the mass drifts slowly
toward the pseudo equilibrium value. The fourth step, from activity 0.47 to
activity 0.62 is shown in Fig. 4.13: in this case the kinetic deviates completely
from the Fickan behavior and the mass uptake is proportional to t" with the

exponentn that is definitely different from 0.5. Finally in Fig. 4.14 it is shown the
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mass uptake kinetic of the liquid sorption experiment, that is an integral sorption

experiment in which the activity of the penetrant jumps from 0 to 1.
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Fig. 4.10 Methanol sorption isotherm in Matrimid 5218 at 308 K.
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Fig. 4.11 Methanol sorption in Matrimid 5218 at 308 K: first step, from activity O to

activity 0.089.
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Fig. 4.12 Methanol sorption in Matrimid 5218 at 308 K: third step, from activity 0.19 to activity
0.47.

1.1 -
1.0 4
0.9
0.8 4o
0.7
0.6
0.5
0.4
0.3
0.2
0.1
oo 0000000000000
0 50 100 150 200 250 300
tO.S[SO.S]

¢ Mass Uptake

Methanol Relative Mass Uptake [-]

Fig. 4.13 Methanol sorption in Matrimid 5218 at 308 K: fourth step, from activity 0.47 to activity
0.62.
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Fig. 4.14 Liquid Methanol sorption in Matrimid 5218 at 308 K.
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