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a  b  s  t  r  a  c  t

Thermodynamics  of  water  sorption  in  poly(�-caprolactone)  (PCL)  has  been  interpreted  by  using  three
models  based  on  compressible  lattice  fluid  theories,  addressing  the  issue  of self-  and  cross-hydrogen
bond  interactions.  The  models,  available  in the  literature,  are  of  increasing  complexity  and  consist  of a
compressible  lattice  fluid  term  which  could  account  or not  for  non-randomness  of  contacts  and,  in  the
case  of two  of the models,  of  a hydrogen  bonding  contribution.
eywords:
ydrogen bonding
attice models
oly(�-caprolactone)
orption thermodynamics

Models  were  analysed  and  compared  in  terms  of fitting  capability  of  the  experimental  sorption
isotherms  and,  where  appropriate,  of  predicted  amount  of  self-  and  cross-hydrogen  bonds  which  are
established  in  the  PCL–water  mixture.  Results  confirm  that,  to  obtain  a satisfactory  fitting  of  data,  it  is
necessary  to  explicitly  account  for formation  of hydrogen  bonds.

© 2011 Elsevier B.V. All rights reserved.

ater

. Introduction

Poly(�-caprolactone) (PCL) is a synthetic thermoplastic semi-
rystalline polymer which is interesting for its biodegradability
nd biocompatibility [1–3]. It displays a low glass transition tem-
erature (in the range from about −60 to −10 ◦C) [4] and a
elting temperature of around 60 ◦C. This polymer is relatively

ydrophobic and, among biodegradable polymers, exhibits low
ater solubility [5,6] which results in a relatively good barrier

o moisture. In view of its properties, it is an interesting poly-
er  for use in biodegradable food packaging and to make scaffolds

or tissue engineering. These applications motivate the interest in
nderstanding water sorption thermodynamics in PCL, which is
xpected to be characterized by possible self-interactions between
ater molecules sorbed in PCL and between water molecules and
roton acceptor groups present on the polymer backbone. Mod-
lling of equilibrium sorption thermodynamics for such systems
hould hence explicitly account for specific hydrogen bonding (HB).

Many efforts have been carried out in order to model sorption
hermodynamics of low molecular weight compounds in polymers

bove their glass transition temperature. Among them, equation
f state (EoS) approaches based on statistical thermodynamics,
eferred to as semi-theoretical EoS [7],  provide an effective frame-

∗ Corresponding author. Tel.: +39 081 7682512; fax: +39 081 7682404.
E-mail address: mensitie@unina.it (G. Mensitieri).

378-3812/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.fluid.2011.10.012
work to model thermodynamic properties and phase equilibria of
mixtures of polymers and low molecular weight compounds. Two
of the main classes of semi-theoretical EoS models proposed are
those grounded on compressible lattice fluid theory (LF-EoS) [8,9]
and those based on perturbation theory [10]. These theories have
been widely employed to successfully predict solubility of gases
and vapours in rubbery polymer systems in the cases in which
specific interactions can be safely neglected. Among LF-EoS, are
worthy of mention the random mixing compressible LF theory of
Sanchez and Lacombe (SL) [11–13] and the random mixing hole
theory of Simha and Somcinsky (SS) [14]. Conversely, on the basis
of Wertheim’s perturbation approach, several versions of Statisti-
cal Associating Fluid Theory (SAFT) have been proposed, developed
in terms of residual Helmholtz energy, which is factorized in dif-
ferent contributions: number and types of factorization terms can
vary depending on the specific model [15–20].

These approaches are well suited for systems which do not dis-
play specific interactions since, in the case of LF-EoS, only a mean
field contribution is considered when constructing the expres-
sion of Gibbs energy for the mixture or, in the case of SAFT,
interaction among components are accounted for only by a dis-
persive term in the residual Helmholtz energy expression. SAFT
approach, however, offers the advantage of being built in a way

that naturally allows for the inclusion in the model of short range
interactions (association) and long range electrostatic interactions.
In fact, several extensions of the original SAFT theory have been
proposed to account for these effects [7,15–20]. Also LF theories

dx.doi.org/10.1016/j.fluid.2011.10.012
http://www.sciencedirect.com/science/journal/03783812
http://www.elsevier.com/locate/fluid
mailto:mensitie@unina.it
dx.doi.org/10.1016/j.fluid.2011.10.012
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ave been further developed to include the effect of possible self-
nd cross-interactions in polymer–penetrant systems. In particular,
anayiotou and Sanchez [21] have modified the original SL LF-EoS
heory [11–13] to account for the formation of specific interac-
ions, i.e. hydrogen bonding (HB), in polymer–penetrant mixtures.
his model, referred to in the following as PS, assumes that the
onfigurational partition function can be factorized in two  sepa-
ate contributions: one related to mean field interactions and one
ccounting for the effects of specific interactions. The first contri-
ution can be expressed, in principle, by using any available mean
eld LF theory. In particular, the PS model adopts, for the mean field
ontribution, the simple random mixing SL model [11–13] while
he effect of HB interactions is accounted for by using a combi-
atorial approach first proposed by Veytsmann [22,23].  The same
uthors proposed a LF theory where an alternative way to account
or the HB contribution was  introduced by invoking the formation
f multimers of association complexes [24]. This latter model and
he PS model (differing only for the procedure of calculation of HB
ontribution) have been compared by Panayiotou [25], concluding
hat the combinatorial approach for HB, used in PS model, is more
exible and better suited for extension to more complex systems
uch as three dimensional HB network structures.

It is worth noting that the mean field LF theories described
bove, both the original ones and those modified to account for spe-
ific interactions, are based on a simplified statistical framework,
n which the arrangement of r-mers and holes is assumed to be at
andom. However, in the case of non-athermal contacts between
ifferent kind of r-mers and/or holes, such an assumption is likely to
e incorrect [26]. Based on the pioneering work of Guggenheim [8],
everal theories have been developed to deal with non-randomness
istribution of contacts in LF systems, first tackling the cases in
hich occurrence of specific interactions is not accounted for. The

asic idea is that the partition function can be factorized into
n ideal random contribution and in a non-random contribution.
he latter contribution is obtained treating each kind of contact
s a reversible chemical reaction (quasichemical approximation).
uggenheim developed the theory for a lattice fluid system without
oles and Panayiotou and Vera (PV) further improved it by intro-
ucing a compressible LF model accounting for the presence of hole
ites [27]. In this model non-randomness of contacts between mers
f the components of the mixture is assumed, but a random distri-
ution of the holes is imposed (free volume random distribution
ypothesis). Later, You et al. [28] and Panayiotou et al. [29] have
xtended this approach allowing for the non-randomness of all the
ossible couple of contacts, also including those involving the hole
ites, still adopting a non-random quasichemical approximation.

More recently, Yeom et al. [30] and Panayiotou et al. [25,31–35]
xtended this non-randomness approach to include also the contri-
ution of HB interactions, in a way similar to that adopted in the PS
odel to extend random LF approach. In the following we will refer

o non-random model accounting for HB, proposed by the group of
anayiotou in Refs. [31,34],  as ‘Non Random lattice fluid Hydrogen
onding’ (NRHB) model.

A comparison of the capability of NRHB and of a simplified ver-
ion of SAFT (i.e. Simplified Perturbed-Chain SAFT, sPC-SAFT) which
ncludes an association term [36] in interpreting and correlating
uid phase equilibria in complex systems which exhibit specific

nteractions, has been reported by Tsivintzelis at al. [37,38].  Accord-
ng to these authors, NRHB and sPC-SAFT approaches, at least for the
ase mixtures of low molecular weight compounds, have proven to
isplay similar performances in correlating and predicting phase
quilibria in binary mixtures containing several types of associating

uids.

In the present contribution, water sorption behaviour in
CL is interpreted by using models based on the LF framework
nd including HB contribution, i.e. PS and NRHB approaches,
libria 313 (2012) 127– 139

to  account for specific HB interactions that can take place in
PCL–water mixtures. In fact, water molecules can establish spe-
cific self-interactions between their proton donor and proton
acceptor groups. These interactions can take place, as well, in the
water vapour phase in equilibrium with the polymer–penetrant
mixture. Furthermore, specific cross-interactions can occur in
the water–polymer mixture between the proton donor groups of
water molecules and the proton acceptor groups (i.e. ester link-
ages) present on the repeating unit of the polymer. Performances of
PS [21] and NRHB [31,34] models have been compared to those of
PS model without the HB contribution (referred to in the following
simply as ‘LF model’) to interpret gravimetric sorption data.

The PS model has already been successfully used in the litera-
ture to investigate the phase behaviour of water–polymer systems,
as is the case of water–polyethyleneglycole (PEG) mixtures [39].
Furthermore, the extension of the PS model to the case of network
structures [35] has been used by Lele et al. [40] to calculate the
swelling ratio of poly(n-isopropyl acrylamide) (PNIPA) in equilib-
rium with pure liquid water. Also NRHB has been used to describe
vapour–liquid equilibria of binary polymer–solvent systems, where
functional groups of the polymer can self-associate and cross-
associate with the solvent molecules, providing a flexible approach
for considering association in mixtures with complex hydrogen
bonding behaviour. In particular, Tsivintzelis at al. [41] reported on
the use of NRHB for the case of mixtures of poly(ethylene glycol),
poly(propylene glycol), poly(vinyl alcohol) and poly(vinyl acetate)
with several solvents, including water: NRHB provided in all cases
good correlations of the experimental sorption isotherms.

It is important to note that all the models illustrated above,
including those used in the present analysis to investigate the
water sorption behaviour in PCL, are based on the LF framework
which is suitable for totally amorphous rubbery polymers and
does not account for the presence of crystalline domains. For the
sake of interpretation of experimental water sorption isotherms in
semicrystalline PCL, in the present contribution, crystals are mod-
elled as being impervious and the overall solubility is predicted by
rescaling the solubility of the pure amorphous phase to account for
the presence of the crystalline fraction. The solubility in the amor-
phous phase is hence calculated using the approaches illustrated
above, assuming that the presence of crystals does not alter the
thermodynamic behaviour of the amorphous domains.

This approach could be questionable in view of possible effects
of mechanical and mobility constraint exerted on the chains in
the amorphous regions by the crystallites. In fact, a recent con-
tribution by Morbidelli et al. [42] addresses the issue of modelling
sorption thermodynamics of low molecular weight compounds in
semi-crystalline polymers, by assuming that the crystalline phase
is impervious to penetrants. The authors compare the efficacy
of several approaches used in the modelling of thermodynamic
behaviour of the amorphous regions. They compared the effi-
cacy of three different approaches, each of them characterized by
the following different features: (i) the behaviour of the amor-
phous phase in semicrystalline polymers can still be described by
theories for solution thermodynamics developed for equilibrium
rubbery polymers; (ii) the amorphous regions are constrained in
their capability to attain the more compact equilibrium by the
presence of crystallites and the amorphous regions are treated
as glassy-like, out-of-equilibrium systems, adopting the theoret-
ical framework developed to model sorption thermodynamics in
glassy polymers (i.e. Non Equilibrium Lattice Fluid (NELF) theory)
[43]; (iii) the crystallites act as chemical cross-linking junctions
which limit the swelling of polymer matrix induced by the pres-

ence of penetrant and the semi-crystalline polymers are modelled
as networked systems using a modification of standard lattice fluid
theories for equilibrium systems, by adding an ‘elastic’ term [42,44].
In particular, the following models have been analysed and used
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o model the behaviour of the amorphous phase: the equilibrium
anchez–Lacombe (SL) and SAFT models were used to model the
morphous phase as a rubber polymer, the extension of SL to non-
quilibrium glassy state (i.e. NELF model) was used to model the
morphous phase as a mobility restricted glassy polymer, and a
odification of the SL model for cross-linked polymers was used

o model the amorphous phase where crystals are imagined to act
s cross-link junctions.

Morbidelli et al. [42] came to the conclusion that the more rele-
ant effect of crystalline domains on the behaviour of a rubbery
morphous phase is actually “[. . .]  some sort of nonequilibrium
ffect caused by the rigidity, imparted to the rubbery portion of the
olymers, by the presence of the crystallites” and the authors indi-
ate that the overall interpretation of sorption thermodynamics of
ow molecular weight compounds in semicrystalline rubbery sys-
ems based on non-equilibrium approaches is the most appropriate
ince it supplies a more convincing qualitative overall physical
icture of the whole set of experimental findings (i.e. solubility,
welling and values of partial molar volume of the penetrant). How-
ver, in the words of the authors, “[. . .]  this approach is feasible
nly when reliable swelling data are available and this is the major
imitation toward the use of such a model”.

More interestingly for the purposes of the present contribution,
n the same paper it is underlined that, in terms of specific capa-
ility of estimating sorption isotherms, the approach based on an

mpervious crystalline phase and on an amorphous phase mod-
lled simply using an equilibrium lattice fluid theory (SL), performs
ven better than the non-equilibrium approach under a quanti-
ative view point. In fact, the authors conclude that, if swelling
ata are not available and hence it is not possible to use NELF
odel, both standard lattice fluid theories (in their case SL theory)

nd modified network lattice fluid theories [44] “exhibit compa-
able prediction ability when using the interaction parameter as
n adjustable quantity”. These relevant indications reported in the
aper by Morbidelli et al. [42] have been drawn on the basis of
he analysis of sorption of CO2 in several semicrystalline poly-

ers. Although we are interested here in water sorption, the main
eneral conclusions could be reasonably extended to the case at
and.

On the grounds of the results discussed above, in the present
ontribution it has been assumed that the only effect of the pres-
nce of crystalline domains is to limit the fraction of polymer mass
ccessible to water sorption, thus neglecting (i) the sorption capa-
ility of the crystalline domains of PCL, (ii) possible effects related to
hange in crystallinity induced by sorbed water and (iii) the effect
f mechanical constraint exerted by crystals on the amorphous
egions. Therefore, experimental data for overall water sorption of
he semi-crystalline polymer have been simply scaled by account-
ng for the amount of the amorphous phase before comparison with
redictions of lattice fluid EoS models, accounting or not for HB
ontribution.

. Theoretical background

In this section, we review the more relevant features of the two
attice models accounting for HB contribution adopted to interpret

ater sorption isotherms in PCL. In particular, the main governing
quations of the PS and of the NRHB models are briefly illustrated,
eferring for the full details to the original manuscripts and, in
articular, to Ref. [21] for PS and Refs. [31,34] for NRHB.
In the following, it is addressed the specific case of a binary
olymer–penetrant mixture at thermodynamic equilibrium with

 pure vapour phase of the penetrant. It is assumed that the vapour
hase is made of pure penetrant and does not contain any polymer
libria 313 (2012) 127– 139 129

molecule. Subscript ‘1’ refers to penetrant and subscript ‘2’ refers
to polymer.

2.1. PS model

The PS model consists in a lattice fluid theory where N molecules
are assumed to be arranged on a compressible quasi lattice of Nr

sites, N0 of which are empty, with a lattice coordination number z
(here assumed to be equal to 10). Each molecule of type i in the sys-
tem occupies ri sites of the quasi-lattice. Specific interaction forces
and mean field forces are assumed to act separately, so that the con-
figurational partition function associated to the system (i.e. pure
penetrant vapour phase and polymer–penetrant mixture) can be
factorized in a lattice fluid mean field contribution and a specific
interaction (i.e. HB) contribution. Thus, each basic thermodynamic
quantity can be expressed as the sum of a lattice fluid term and of an
hydrogen bonding term: the lattice fluid contribution is expressed
by a slightly modified version of the original SL theory [11], while
the specific interaction term is expressed by using a combinatorial
approach [25,34] based on Veytsmann statistics [22,23]. In this sec-
tion, it is illustrated the system of equations that, in the framework
of the PS model, has been used to describe the phase equilibrium
between a pure water vapour phase and a PCL–water mixture.

Occurrence of phase equilibrium between the binary
polymer–penetrant mixture and the pure penetrant in vapour
phase, implies the equality of the chemical potentials of penetrant
in the two coexisting phases. The penetrant chemical potential in
the polymer–penetrant mixture is expressed as the sum of a LF
and a HB contribution [21]:

�1 = �1,LF + �1,H (1)

where
�1,LF

RT
= ln(�1) +

(
1 − r1

r2

)
�2 + r1�̃�2

2X12

+ r1

[
− �̃ + P̃1ṽ

T̃1
+ (ṽ − 1)ln(1 − �̃) + 1

r1
ln
(

�̃

ω1

)]
(2)

and

�1,H

RT
= r1�H −

m∑
i

d1
i ln

(
�i

d

�i0

)
−

n∑
j

a1
j ln

(
�j

a

�0j

)
(3)

Here the terms �i and �i represent, respectively, the ‘close packed’
volumetric fraction and the surface fraction of component i. P̃1 =
P/P∗

1 is the scaled pressure of penetrant (P is the pressure of the sys-
tem and P∗

1 is the characteristic pressure of penetrant), T̃1 = T/T∗
1

is the scaled temperature of penetrant (T is the temperature of
the system and T∗

1 is the characteristic temperature of penetrant).
Moreover, �̃ = �LF /�∗, where the scaling parameter �* represents
the close packed density of the mixture, while �LF represents a kind
of lattice fluid contribution to the density of the mixture and is
defined as:

�LF = �∗
(

rNv∗

VLF

)
(4)

where rN represents the total number of occupied cells, v∗ is the
‘close-packed’ volume of an elementary cell of the system and VLF

is the lattice fluid contribution to the total volume. The parameter
ω1 in Eq. (2) represents the number of configurations available to
a molecule of penetrant in the close-packed state and cancels out
when equating the penetrant chemical potentials between two  dif-
ferent phases at fixed pressure and temperature. Furthermore, X
12
is defined as:

X12 = ε∗
11 + (s1/s2)ε∗

22 − 2(s1/s2)1/2(1 − k12)(ε∗
11ε∗

22)1/2

RT
(5)
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n which R is the universal gas constant, k12 is the mean field lat-
ice fluid interactional parameter which measures the departure
rom the geometric mean of the mixing rule for the characteristic
nergies of the lattice fluid, ε∗

ii
represents the average mean field

nteraction energy per segment of molecule ‘i’ and si is the average
umber of LF contacts per segment (i.e. a surface to volume ratio
haracteristic of molecule i). Values for si can be calculated using
NIFAC procedure [45].

In Eq. (3) vH represents the average number of hydrogen bonds
er molecular segment and is defined as:

H =
m∑
i

n∑
j

vij =
m∑
i

n∑
j

Nij

rN
(6)

n the previous expressions, Nij is the total number of hydrogen
onding interactions between proton donor groups of type i and
roton acceptor groups of type j and vij represents the average
umber per molecular segment of hydrogen bonding established
etween a proton donor of type i and a proton acceptor of type j.
or the meaning of the other symbols in Eq. (3) see “List of symbols”
r refer to the literature [21].

In the particular case of PCL–water system, the number of types
f proton donors has been taken to be equal to 1 (i.e. m = 1): it cor-
esponds to the H atoms in H2O molecule. No donor groups are
ssumed to be present on the polymer backbone. The number of
ypes of proton acceptors has been taken to be equal to 2 (i.e. n = 2)
nd they correspond, respectively, to the O atom on H2O molecule
proton acceptor type 1) and to –O–C O group on polymer repeat-
ng unit (proton acceptor type 2).

Following the approach of Panayiotou [35], it has been assumed
hat the number of donor groups and the number of acceptor groups
resent on a water molecule are both equal to 2. Moreover, the
umber of proton acceptor groups per polymer repeating unit has
een taken to be equal to 1 or 2. More on this in Section 4.2.

Based on the mentioned assumptions, in the case at hand we
ave self-hydrogen bonding only between water molecules, occur-
ing both in the pure water vapour and in the polymer–water
ixture, in a number equal, respectively, to NV

11 and NWP
11

nd we have water–polymer cross-hydrogen bonding in the
olymer–water mixture, in a number equal to NWP

12 .
The expression of the chemical potential of pure penetrant in

apour phase can be formally obtained by imposing that the ‘close
acked’ volumetric fraction of penetrant is equal to 1, i.e. �1 = 1, in
q. (2) and by properly modifying the summation terms in Eqs. (3)
nd (6),  by referring only to the acceptor and donor groups present
n the penetrant molecule.

To model phase equilibrium, EoSs for both the pure vapour
hase and for the polymer mixture have to be coupled with the
xpression stating the equality of penetrant chemical potentials in
he two phases. The EoS expressions, obtained by minimizing Gibbs
nergy as a function of number of holes, are formally identical for
he pure vapour phase and for the polymer–water phase and take
he form:

˜ 2 + P̃ + T̃
[

ln(1 − �̃) + �̃
(

1 − 1
r

+ �H

)]
(7)

˜
 and T̃  are defined, respectively as the ratio of pressure and tem-
erature of the system with the scaling pressures and temperatures
f the pure components or of the mixture. The procedure used to
alculate the scaling parameters for mixtures is detailed in Ref. [21].

hen Eq. (7) is referred to a pure component, r represents the

umber of cells occupied by one molecule of species i and is also

ndicated as ri, while, in the case of a mixture, the value of r, which
epresents the average number of cells occupied by a molecule in
he lattice, is obtained as molar average of ris.
libria 313 (2012) 127– 139

Finally, in order to close the problem, one needs to couple
another set of equations, defined for each of the phases at equi-
librium, relating the lattice fluid reduced density contribution �̃ for
each phase to �ij. These equations are obtained by minimizing the
Gibbs energy as a function of the number of each type of hydrogen
bonding interactions and have the following form:

�ij

�i0�0j
= �̃ exp

(
−

G0
ij

RT

)
, for all (i, j) (8)

where vi0 represents the average number of unbonded proton
donor of type i per molecular segment and v0j represents the aver-
age number of unbonded proton acceptor of type j per molecular
segment, while G0

ij
is expressed as:

G0
ij = E0

ij − T · S0
ij + P · V0

ij (9)

Here G0
ij
, E0

ij
, S0

ij
and V0

ij
represent, respectively, the molar Gibbs

energy of formation, the molar internal energy of formation, the
molar entropy of formation and the molar volume of formation
associated to hydrogen bonding between the proton donor group
of type i and the proton acceptor group of type j. As for the volume
change associated to the formation of a water–water self-HB, the
values of G0

11, E0
11 and S0

11 are the same both in the vapour and in
the polymer mixture phase. In the present context, V0

12 has been
assumed to be equal to zero. In fact, in Eq. (9) it is multiplied by
the system pressure, that has very low values in the case at hand,
thus contributing a term which is orders of magnitude lower than
the other terms in the expression. The assumption V0

12 = 0 is some-
what relevant only if one is interested in the exact prediction of the
volume of the system, but does not affect to any significant degree
the calculations performed here. Two  cases are instead considered
for V0

11, one in which it is imposed that V0
11 = 0 and one in which

V0
11 /= 0, its value being taken from literature [40].

In summary, the PS model consists in the following set of equa-
tions to be solved to determine the penetrant solubility in a rubbery
polymer:

a) Equality of chemical potentials of penetrant in the two phases.
b) Equations of state for the vapour and for the polymer mixture

phases (see Eq. (7)).
(c) Equations for the number of different hydrogen bonds estab-

lished in the two phases at equilibrium (see Eq. (8)).

Solution of this system of equations supplies, at fixed values
of pressure and temperature, the density of the two phases, the
concentration of penetrant in the polymer–penetrant mixture and
the number of each type of hydrogen bonds in the two phases (i.e.
NV

11, NWP
11 and NWP

12 ). This model has been used to fit experimental
sorption isotherms of water in PCL, assuming as fitting parameters
k12, E0

12 and S0
12.

Lattice fluid scaling parameters for PCL (i.e. T∗
2 , P∗

2 and �∗
2) have

been determined by independent fitting of PVT data for PCL using
Eq. (7) (setting vH = 0, since no self-hydrogen bonding is assumed
to occur between groups located on the polymer backbone). In the
case in which we have imposed V0

11 = 0, lattice fluid scaling param-
eters for water (i.e. T∗

1 , P∗
1 and �∗

1), and self-HB parameters (i.e. E0
11

and S0
11) have been determined by simultaneous fitting of literature

data for density of the pure vapour and liquid water phases at equi-
librium and of literature data for equilibrium water vapour pressure
[46]. To this aim, it has been used the set consisting of the equality

of water chemical potentials, of Eq. (7) and of Eq. (8),  as specialized
for the case of phase equilibrium of pure water. Conversely, in the
case in which it has been taken V0

11 /= 0, scaling parameters and HB
parameters, including V0

11, have been taken from the literature [40].
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The formulation of PS model for the case in which no hydrogen
onding contribution is assumed to occur, and hence accounting
nly for mean field interactions, is referred to here as ‘LF model’ and
s very close to the original lattice fluid model proposed by Sanchez
nd Lacombe [11]. In the following, when LF model is used, the only
tting parameter needed in interpreting sorption isotherms is k12.
CL scaling parameters are identical to those used for the PS model
nd the water scaling parameters can be taken from the literature
alue reported in the case of SL model [11], since their numerical
alues are the same both for the PS model without HB contribution
nd for SL model.

.2. NRHB model

In this section, it is briefly illustrated the system of equations
hat, in the framework of the NRHB model, have been used to
escribe the phase equilibrium between pure water vapour phase
nd a PCL–water mixture.

As already anticipated, NRHB model differs from PS model only
n the lattice fluid contribution and, in the following, we  will focus
nly on this term. In particular, in contrast to the PS model, NRHB
odel accounts for non-randomness of lattice fluid contacts [34].

he scaling parameters differ from the case of PS: the first two  scal-
ng parameters are ε∗

h
and ε∗

s and are needed for the calculation of
he mean interaction energy per mole of segment of component i,
∗
ii
. The third scaling parameter is v∗

sp,0 and is used for the calcu-
ation of the close packed density �∗ = 1/v∗

sp, as by the following
quation:

∗
sp = v∗

sp,0 + (T − 298.15)v∗
sp,1 (10a)

ere v∗
sp is expressed in cm3 g−1. In the case one deals with a poly-

er, Eq. (10a) takes the form:

∗
sp = v∗

sp,0 + (T − 298.15)v∗
sp,1 − 0.135 × 10−3 × P (10b)

here P is expressed in MPa. In Eqs. (10a) and (10b) v∗
sp,1 is treated

s a characteristic parameter for a given homologous series and
alues are reported in the literature [41]. For the specific case of
ater it is taken to be equal to −0.3 × 10−3 cm3 g−1 K−1 while in

he case of PCL it is taken to be equal to 0.150 × 10−3 cm3 g−1 K−1.
The value of ri can be obtained by the following expression:

i = (M.W.)v∗
sp

v∗ (11)

here M.W.  and v∗
sp stand for molecular weight of component i. Dif-

erently from PS, the hard-core volume per segment, v*,  is assumed
o be the same for all fluids and equal to 9.75 cm3 mol−1 [31]. As for
S model, the shape factor, si, defined as the ratio of molecular sur-

ace to molecular volume, si = zqi/zri = qi/ri, can be calculated from
NIFAC group contribution method [31].

For binary mixtures the following mixing rules are used:

∗ =
2∑

i=1

2∑
j=1

�i�jε
∗
ij (12)

here

∗
12 = (1 − k12)

√
ε∗

11ε∗
22 (13)
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The resulting expressions of the equation of state and of the
chemical potential of component 1 in a binary mixture, are respec-
tively represented [34] by Eqs. (14) and (15):

P̃ + T̃

[
ln(1 − �̃) − �̃

(
2∑

i=1

�i
li
ri

− vH

)
− z

2
ln
(

1 − �̃ + q

r
�̃
)

+ z

2
ln 	00

]
= 0

(14)

�1

RT
= ln

�1

ω1r1
− r1

2∑
j=1

�jlj
rj

+ ln �̃ + r1(ṽ − 1)ln(1 − �̃)

− z

2
r1

[
ṽ − 1 + q1

r1

]
ln
[

1 − �̃ + q

r
�̃
]

+ zq1

2

[
ln 	11 + r1

q1
(ṽ − 1)ln 	00

]
+ r1

P̃ṽ
T̃

− q1

T̃1
+ �1,H

RT
(15)

The corresponding expressions of the EoS and of the chemical
potential for the pure component 1 (i.e. the penetrant) can be
obtained from Eqs. (14) and (15) by setting �1 = 1 and the num-
ber of components in the summation equal to 1. In Eqs. (14) and
(15) li is a dimensionless parameter defined in Ref. [34].

In Eq. (15) ω1 is a characteristic quantity for the penetrant and,
as for PS model, takes into account the flexibility and the symme-
try of the molecule. As already mentioned, this parameter cancels
out in all equilibrium calculations of interest here. The state vari-
ables 	 00 and 	 11 are non-random factors for the distribution,
respectively, of an empty site around another empty site and of
molecular segments of penetrant around a molecular segment of
the penetrant itself. Their values can be obtained by solving a set
of equations, which we do not report here for the sake of brevity
(see for details Ref. [34]), obtained by minimizing Gibbs energy as a
function of number of different kinds of lattice fluid contacts and by
imposing material balance expressions for the lattice fluid contacts.
These equations do not introduce any new unknown parameter
and are coupled with EoS equations and expressions for chemical
potentials. The characteristic temperature, T*, and pressure, P*, are
related to the mean inter-segmental energy, ε*, by:

ε∗ = RT∗ = P∗v∗ (16)

The HB contributions, i.e. vH in the EoS expression (Eq. (14))
and �1.H/RT in the expression of penetrant chemical potential (Eq.
(15)), are identical to the case of PS model and are not reported
again here. It is worth of note that, in applying the NRHB approach
for interpreting water sorption isotherms in PCL, we have imposed
V0

11 = 0, according to the assumption made by the authors of NRHB
in recent publications [41]. As suggested in the same paper [41] and
as already done in the case of PS, we have also assumed that V0

12 = 0.
Moreover, as for PS model, the values of G0

11, E0
11 and S0

11 have been
taken to be the same both in the vapour and in the polymer mixture
phase.

In summary, the set of equations to be solved to determine the
water solubility in PCL according to the NRHB model are as follows:

(a) Equivalence of chemical potentials of penetrant in the two
phases.

(b) Equations of state for the vapour and for the polymer mixture
phases (see Eq. (14))

(c) Equations for the number of hydrogen bonds establishing in the
two  phases at equilibrium (see Eq. (8)).

(d) Equations for 	 00 and 	 11 state variables in the two  phases

(see Ref. [34]).

Solution of this system of equations supplies, at fixed values
of pressure and temperature, the density of the two phases, the
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of amorphous phase of pure PCL, mcry
2 the mass of crystalline phase

of pure PCL, wam = mam
2 /(mam

2 + mcry
2 ) is the mass fraction of amor-

phous phase in the pure polymer. wam
1 can be readily converted

into the corresponding volumetric fraction �am
1 according to the

corresponding lattice fluid definitions [13,21,34].
ig. 1. DSC scan of PCL – melting onset temperature (40.85 ◦C) and melting peak
emperature (61.54 ◦C) are indicated.

oncentration of penetrant in the polymer–penetrant mixtures, the
umber of each type of hydrogen bonds in the two phases (i.e. NV

11,
WP
11 and NWP

12 ) and the values of 	 00 and 	 11 parameters in the
wo phases. This model has been used to fit experimental sorption
sotherms of water in PCL, assuming as fitting parameters k12, E0

12
nd S0

12.
Lattice fluid scaling parameters for pure PCL (i.e. ε∗

h2, ε∗
s2 and

∗
sp,02) have been determined by independent fitting of PVT data
or PCL using Eq. (14) (setting vH = 0, since no self-hydrogen bond-
ng is assumed to occur between groups located on the polymer
ackbone). Lattice fluid scaling parameters for water (i.e. ε∗

h1,
∗
s1 and v∗

sp,01), E0
11 and S0

11 have been taken from the literature
41].

. Materials and methods

.1. Materials

A film grade thermoplastic PCL, CAPA® FB100, was used, sup-
lied by Solvay Warrington (Cheshire, WA4  6HB, United Kingdom).
he material was  supplied as a 100% resin in the form of 3 mm pel-
ets. The mean molecular weight is Mw = 80,000. The material has
een processed by using a film blowing equipment obtaining a film
ith a thickness of around 45 �m.  Film blowing was performed

n a lab scale equipment (Collin E 20T, Germany). The tempera-
ures of the four heating sections of the extruder barrel and of the
ie (80/100/120/110/110), the velocity of the take-off rolls and the
olume of the bubble were adjusted in order to achieve a stable
ubble. The screw speed was set at 40 rpm.

.2. Thermal analysis

Differential scanning calorimetry (DSC) was conducted using
 Q1000 calorimeter by TA Instruments (New Castle Delaware,
SA) to study the thermal properties of PCL. The heating scan was
erformed under temperature with a heating rate of 10 ◦C min−1,
etween −80 and 100 ◦C. Tests were performed under nitrogen
tmosphere in a non-hermetic aluminum pan. Each measurement
as been duplicated.

The PCL calorimetric scan (see Fig. 1) displays an endothermic

eak in the range between 50 and 80 ◦C, with an onset of melting

ocated at around 40.8 ◦C, with a melting temperature, Tm, equal to
1.54 ◦C and with an enthalpy of melting, 
Hm, equal to 78.77 J g−1.
libria 313 (2012) 127– 139

The weight percent crystallinity of the PCL sample, �C, was esti-
mated to be equal to 58.2% by using the equation:

�C = 
Hm


H0
m

× 100 (17)

where the enthalpy of melting per gram of a pure crystal of PCL,

H0

m, has been taken to be equal to 135.31 J g−1, according to data
available in the literature [47].

3.3. Water vapour sorption isotherms

Water vapour sorption isotherms were determined using a
Q5000 SA automatic microbalance by TA Instruments (New Castle
Delaware, USA) which has a nominal weight range of 0.1 g, a sensi-
tivity better than 10−7 g and a signal resolution equal to 10−8 g. The
microbalance can operate in the temperature range 5–85 ◦C under
a flux of nitrogen at atmospheric pressure humidified at an auto-
matically controlled preset value of humidity. The relative humidity
control range is 0–98% with a control accuracy equal to ±1%.

Before each sorption analysis, samples were dried at the
test temperature until a constant weight was obtained. Sorption
isotherms were determined at 298, 303 and 310 K and, at each tem-
perature, tests were performed at six values of relative humidity
ranging from 0.15 to 0.85. The highest value of test temperature
(310 K) was  chosen to be lower than the one of melting onset
(313.8 K), to avoid even slight decrease of the starting crystallinity.
The humidity was increased stepwise after having reached sorp-
tion equilibrium in the previous step. Detection of equilibrium was
automatically performed by the instrument according to a user
defined threshold of relative weight change. Experimental anal-
yses were performed at each temperature on a virgin sample. Each
sorption isotherm was performed twice on the same sample veri-
fying that data were repeatable, thus confirming that contact with
water at highest activity did not modify the polymer structure.

Sorption data obtained for semi-crystalline PCL were re-
elaborated to rescale the sorbed values with respect to the
amorphous fractions, by assuming that water is not soluble in
the crystalline phase. In details, the experimental mass fraction of
water (wtot

1 ) referred to the total mass of polymer is given by:

wtot
1 = m1

m1 + mam
2 + mcry

2

(18)

The mass fraction of water referred only to the amorphous phase
of polymer, wam

1 , which is defined as:

wam
1 = m1

m1 + mam
2

(19)

can be calculated by rescaling the experimentally determined wtot
1

according to the following equation:

wam
1 =

(
1 + wam

(
1

wtot
1 − 1

))−1

(20)

In the previous expressions, m1 is the mass of water, mam
2 the mass
It  is worth noticing that, in performing these calculations, it has
been assumed that the amount of crystalline phase is not affected
by sorbed water.
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Fig. 2. Fitting of PVT data for PCL by using LF model. The arrow indicates the
increasing direction of temperature. Marker symbols for data determined at six tem-
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Table 1
LF EoS parameters for pure components (PCL and water). T*, P* and �* for PCL have
been obtained by fitting PVT data using LF model for pure fluids. T*, P* and �*
for  water have been taken form the literature [11]. The values of s, both for PCL
and  water, are taken from the literature [31], calculated using group contribution
calculation scheme UNIFAC [45].

Component T∗
i

[K] P∗
i

[MPa] �∗
i

[g cm−3] S

with LF model for fluid mixtures using as fitting parameter only
k12 (optimized value is reported in Table 3). Data fitting has been
performed using a Levenberg–Marquardt minimization algorithm
which operates by comparing experimental sorption data with
eratures are, respectively, 400 K (©), 421 K (�), 431 K (�), 441 K (�), 451 K (
) and
71  K (�). The lines represent the theoretical results. Best fitting parameters are
eported in Table 1.

.4. PVT behaviour of PCL

In order to evaluate the EoS parameters for pure PCL, the PVT
ehaviour of PCL has been evaluated using a GNOMIX high pressure
ilatometer (Boulder, CO, USA). This instrument is based on the
ell-established bellows technique, in which an hydrostatic pres-

ure is applied to a sample of known volume in correspondence of
he starting pressure and temperature of the test, through a con-
ning fluid (mercury). In this way, volume changes of the sample
re measured by a linear variable differential transformer mounted
eneath the pressure vessel. This technique is described in detail

n Ref. [48]. Since the dilatometer provides only measurements of
olume change, the knowledge of polymer density at known pres-
ure and temperature conditions is needed. To this aim, density
f PCL was evaluated at 25 ◦C and 1 atm using a gas pycnometer
Micromeritics Accupyc 1342).

The PVT behaviour has been determined by using isothermal
ompressions procedure (defined as ‘ITS runs’ on GNOMIX soft-
are), which has been performed up to a pressure of 200 MPa  (in

0 MPa  steps) and in the 25–200 ◦C (10 ◦C steps) temperature range.

. Results and discussion

.1. Interpretation of water sorption isotherms in PCL using LF
odel

As already detailed in the theoretical background section, the LF
odel corresponds exactly to the PS model without the HB contri-

ution. It is a purely lattice fluid theory with no terms accounting for
elf- and cross-hydrogen bonding. We  first illustrate here the capa-
ility of LF model to interpret sorption isotherms of water vapor in
CL, Sections 4.2 and 4.3 will be then respectively focused on PS
nd NRHB models.

Scaling parameters for PCL have been obtained by fitting exper-
mental PVT data with pure fluid LF equation of state. Data fitting
as been performed using a Levenberg–Marquardt minimization
lgorithm which operates by comparing experimental densities
ith those predicted theoretically, which have been calculated by

sing a Newton–Raphson method to solve model equations for
quilibrium density. In Fig. 2 are reported the density–pressure
xperimental isotherms for pure PCL at the molten state which
ave been measured at six different temperatures. The three scaling
PCL 594 ± 10 468 ± 10 1.163 ± 1 × 10−3 0.818
Water 623.0 2687.1 1.105 0.861

parameters for PCL (T∗
2 , P∗

2 and �∗
2) have been determined by per-

forming a simultaneous fitting of all the isotherms and fitting lines
corresponding to the optimized parameters are reported in Fig. 2
as well.

The values of corresponding LF model parameters for pure
water were taken from the literature referred to the classical
Sanchez–Lacombe (SL) EoS theory for pure fluids [11], since the
forms of SL and LF model EoS are identical for the case of pure
fluids. The values of the three independent scaling parameters for
water and PCL, i.e. the characteristic temperatures (T∗

1 and T∗
2), the

characteristic pressures (P∗
1 and P∗

2) and the characteristic densi-
ties (�∗

1 and �∗
2), are reported in Table 1. In the same table are

also reported the values of the surface to volume ratio character-
istic of each molecule. This parameter, as already pointed out, has
been taken from the literature [31] and its value is the result of the
UNIFAC group contribution calculation scheme [45].

LF model has been then used to fit water sorption isotherms
in the amorphous phase of PCL (see Fig. 3). As detailed in the
experimental section, isotherms data points reported in Fig. 3 are
referred to the water mass fraction in the amorphous phase of PCL,
as calculated after proper re-scaling of data obtained for the semi-
crystalline polymer. This same set of data has been used to test
all the models discussed in this work. The amorphous phase mass
fraction used for the data normalization was equal to 0.418. The
accuracy of water solubility data in the amorphous phase deter-
mined by this procedure, as already discussed, obviously rests
on the hypothesis that an actually negligible amount of water is
absorbed in the crystalline domains and that the amount of crys-
talline phase is unaffected by water sorption.

The scaled experimental sorption isotherms have been fitted
Fig. 3. Fitting of water sorption isotherms in PCL by using LF model. Model fitting is
represented by continuous lines. Water mass fraction refers to the amorphous phase
of  PCL. Marker symbols for data obtained at three temperatures are, respectively,
298 K (�), 303 K (�) and 310 K (�). The fitting parameter, k12, is reported in Table 3.
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Table 2
PS EoS parameters for pure components (PCL and water). T*, P* and �* for PCL have been obtained by fitting PVT data using PS model for pure fluids. T*, P*, �*, E0

11 and S0
11 for

water  have been obtained by fitting of vapour–liquid equilibrium data, taken from Ref. [46], using PS theory for pure fluids, for the case in which it was  assumed V0
11 = 0. In

the  case in which V0
11 /=  0 was  assumed, the parameters T*, P*, �*, E0

11, S0
11 and V0

11 for water were taken from the literature [40]. The values of s, both for PCL and water, are
taken  from the literature [31] where they have been calculated using group contribution calculation scheme UNIFAC [45].

Component T∗
i

[K] P∗
i

[MPa] �∗
i

[g cm−3] E0
11 [J mol−1] S0

11 [J mol−1 K−1] s V0
11 [cm3 mol−1]
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PS model has been applied in the two different cases V0
11 = 0 and

V0
11 /= 0: in both cases the model exhibits a very good fitting capa-

bility of the sorption isotherms. The quality of fitting is the same
both in the case of two  proton acceptor groups per repeating unit as
PCL 594 ± 10 468 ± 10 1.163 ± 1 × 10
Water  484 ± 10 453 ± 10 1.065 ± 1 × 10−3

Water  518 475 0.853 

hose predicted theoretically, which have been calculated by using
 Newton–Raphson method to solve model equations for water
oncentration. This procedure has been adopted also when using
S and NRHB models.

As can be appreciated LF model results in a fitting which is not
ompletely satisfactory in the whole activity range, likely due to
he fact that this model is intrinsically unable to account for inter-
ctions by hydrogen bonding.

.2. Interpretation of sorption isotherms using PS model

The PS model, which is able to explicitly account for possi-
le PCL–water and water–water hydrogen bond interactions, is
xpected to display an improved capability of correctly interpret-
ng water sorption thermodynamics in PCL. In fact this theory, as
ompared to LF model, introduces an additive contribution to the
ibbs energy of the mixture related to self- and cross-hydrogen
onding occurring in the mixture. The PS model still retains the
andom nature of site contacts in the lattice, despite the fact that
he presence of specific interactions affects the reliability of this
ypothesis.

In view of the structure of the model for pure fluids and of
he fact that no self-hydrogen bonding is expected for pure PCL,
he scaling parameters for PCL are the same as those adopted for
F model. In the case of water self-association by HB two cases
ave been considered, i.e. V0

11 = 0 and V0
11 /= 0. In the first case,

alculation of the values of the parameters, i.e. the three lattice
uid scaling parameters (T∗

1 , P∗
1 and �∗

1) and the two  parameters
elated to water self-hydrogen bond formation (i.e. E0

11 and S0
11),

as been performed by simultaneously fitting (see Section 2) data
or equilibrium water vapour pressure and for densities of the
apour and of the liquid phases at equilibrium [46]. As suggested
y Panayiotou [34], hydrogen bonding interactions between water
olecules have been modelled assuming two equivalent proton

onor groups and two equivalent proton acceptor groups for each
olecule. The fitting has been performed in a range of temperatures

nd pressures well below the critical point, since the mean field
pproach implemented by the PS theory is not suited to describe
he behaviour of systems near the critical point [7].

As evident in Fig. 4, the model supplies an accurate fitting over
he entire temperature range considered. The values obtained for
he fitting parameters are reported in Table 2. The values for si are
he same as for the case of LF model since they are independent on
he adopted model.

In the case of V0
11 /= 0, parameters were already available in the

iterature [40] and are reported as well in Table 2. It is worth noting
hat literature values are again based on the assumption that on
ach water molecule there are two equivalent proton donor groups
nd two equivalent proton acceptor groups.

PS model has been then used to interpret water sorption
sotherms in amorphous PCL. Preliminary FTIR analyses point to

he occurrence of two species of sorbed water, one establishing self-
B interactions and one establishing HB with the carbonyl group
f PCL, although water interaction with the ether group cannot be
resently ruled out. These findings were used in the formulation of
– – 0.818 –
24 ± 200 −19.8 ± 0.1 0.861 0
00 −16.6 0.861 −4.2

the model to select the types and number of proton acceptor and
proton donor groups involved in HB.

In particular, it has been assumed that only water molecules are
capable of forming self-HB and the same number of proton acceptor
and proton donor groups per molecule has been adopted as for the
case of pure water. As already mentioned, the energy and entropy of
formation of self-HB, i.e. E0

11, S0
11 and V0

11 have been taken, according
to the original model [24], to have the same values in the mixture
as for the case of pure water.

Concerning cross-HB interactions, it has been assumed that the
two proton donor groups present on each water molecule inter-
act with proton acceptor groups located on the polymer backbone.
Two cases have been considered, differing in the number of pro-
ton acceptor groups per polymer repeating unit. In the first case,
one proton acceptor is considered, identifying it with the carbonyl
group. In the second case, two proton acceptors are considered,
respectively the carbonyl and the ether groups. In both cases,
three fitting parameters are present, i.e. the mean field PCL–water
interaction parameter, k12, the internal energy of formation of
PCL–water HB interaction, E0

12, and the entropy of formation of
PCL–water HB interaction S0

12. In fact, in the case of two  proton
acceptor groups per repeating unit of PCL, E0

12 and S0
12 parameters

represent average values between the two  different proton accep-
tors (carbonyl and ether groups). This approach has been adopted
in order to limit the number of fitting parameters to three also in
the case where two  proton acceptor groups per polymer repeating
units are assumed. Based on the arguments [41] already invoked in
the section on theoretical background, the volume change associ-
ated to formation of cross-hydrogen bonds, V0

12, has been imposed
to be zero.
Fig. 4. Determination of PS model parameters for pure water. Model fitting (con-
tinuous lines) of literature data [46] for water vapor pressure (left) and water liquid
and  vapor densities (right) at liquid–vapor equilibrium. Best fitting parameters are
reported in Table 2.
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Fig. 5. Fitting of water sorption isotherms in PCL by using PS model. The case of two
proton acceptor groups per repeating unit of PCL and V0

11 = 0 is reported. Model
fitting is represented by continuous lines. Water mass fraction is referred to the
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Fig. 6. Predicted values of water self-HB and water–polymer cross-HB in terms of
moles of established hydrogen bonds, in the PCL–water mixture, per gram of amor-

0

T
L

morphous phase of PCL. Marker symbols for data obtained at three temperatures
re, respectively, 298 K (�), 303 K (�) and 310 K (�). Fitting parameters are reported
n  Table 3. Dashed lines represent statistical bounds for predicted 310 K isotherm.

ell as in the case of one proton acceptor group per repeating unit
f PCL. As an example, in Fig. 5 is reported the case of PS model with
0
11 = 0 and two proton acceptors. Results of fitting with PS model
re considerably better than in the case of LF model, thus indicating
hat the occurrence of HB in the systems has to be accounted for to
btain reliable interpretation of water sorption thermodynamics in
CL.

The best fitting values of the three parameters for the two cases
f application of PS model are reported in Table 3. For the V0

11 = 0
ssumption, the values determined for E0

12 for one and two  proton
cceptor groups per repeating unit of polymer are very close to each
ther and appear to be in the range of values generally expected for
ydrogen bonding interactions [41]. Values for E0

12 obtained in the
ase of the V0

11 /= 0 assumption are very close to the ones obtained
n the case of the V0

11 = 0 assumption. Further, the values of S0
12

btained in the V0
11 = 0 and in the V0

11 /= 0 cases, are quite differ-
nt when the assumption one and two proton acceptor groups per
epeating unit are compared. Moreover, greater values for S0

12 have
een obtained in the case of the V0

11 /= 0 assumption as compared
o calculations performed in the case of the V0

11 = 0 assumption.
Values of parameters in Table 3 are reported indicating also

he 95% confidence intervals estimated through Jacobian analy-
is in correspondence of the set of optimized fitting parameters.
s a consequence of the statistical uncertainty of parameters val-
es, the resulting predicted isotherms are actually estimates. In Fig.

 this uncertainty of the model prediction is represented graphi-
ally in the form of two  bounds (dashed curves) for the isotherm at

10 K (for the sake of clarity the same representation for the other

sotherms has been omitted) for the case of V0
11 = 0. These bounds

ave been evaluated by perturbing the estimated fitting param-
ters within the confidence intervals. The analysis indicates that,

able 3
F and PS mean field interaction parameters and PS cross-HB parameters for the PCL–wat

Model Proton acceptors per
PCL repeating unit

k12

LF – 0.0619 ± 10−3

PS  1 −0.0900 ± 10−3

PS  2 −0.0620 ± 10−3

PS  with V0
11 /= 0 1 −0.1876 ± 10−3

PS  with V0
11 /= 0 2 −0.1742 ± 10−3
phous dry polymer as a function of water mass fraction. Predictions performed by
using PS with V0

11 = 0 and V0
11 /=  0 for the case of two proton acceptor groups and

T  = 298 K.

although the range of investigated temperatures is rather limited,
the reliability of the set of estimated parameters is satisfactory. The
same conclusion also applies for the case of V0

11 /= 0.
Experimental FTIR in situ analysis of water sorption in PCL is

in progress in order to directly obtain the values of entropies and
energies of HB formation from elaboration of vibrational spectra,
thus reducing considerably the number of fitting parameters.

Once the optimized parameters have been determined by the
fitting procedure, PS model has been used to predict the amounts
of self-HB (i.e. 1–1) cross-HB (i.e. 1–2) interactions forming in the
PCL–water mixture. In Fig. 6 are reported, as an example, the predic-
tions of calculations performed in the case of two proton acceptor
groups per repeating unit for the cases V0

11 = 0 and V0
11 /= 0 at

T = 298 K. In details, the moles of self-HB occurring between the
proton donor and the proton acceptor groups of water molecules
present in the water–PCL mixture, normalized per mass of amor-
phous phase of PCL (i.e. nwp

11 /mam
2 ) and the moles of cross-HB

occurring between the proton donor groups of water molecules
and the proton acceptor groups present on PCL backbone, normal-
ized per mass of amorphous phase of PCL (i.e. nwp

12 /mam
2 ), are both

reported as a function of water mass fraction in the amorphous
phase of PCL.

As it is evident, the concentration of self-HB displays an upward
concavity, reflecting the clustering tendency of water molecules
as water concentration increases. The model predicts (results not
shown) that self-association decreases with increasing the temper-
ature, as expected for exothermic processes. Predictions obtained
imposing V0

11 = 0 are quantitatively and qualitatively close to those

obtained for the case V11 /= 0

As opposed to self-HB, the concentration of cross-HB increases
with water concentration displaying a downward concavity. This
behaviour reflects the tendency to approach a saturation level of

er system, as obtained from data fitting of experimental sorption isotherms.

E0
12 [J mol−1] S0

12 [J mol−1 K−1] V0
12 [cm3 mol−1]

– – –
−13,230 ± 100 −10.17 ± 0.1 0
−13521 ± 100 −16.02 ± 0.1 0
−13,500 ± 100 −19.27 ± 0.1 0
−13,400 ± 100 −24.07 ± 0.1 0
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Table 4
NRHB EoS parameters for pure components (PCL and water). ε∗

h
, ε∗

s and v∗
sp,0 for PCL have been obtained by fitting PVT data using NRHB model for pure fluids. ε∗

h
, ε∗

s , v∗
sp,0, E0

11

and S0
11 for water have been taken from the literature [41]. The values of s, both for PCL and water, are taken from the literature [31], where they have been calculated using

group  contribution calculation scheme UNIFAC [45].

Component ε∗
h

[J mol−1] ε∗
s [J mol−1 K−1] v∗

sp,0 [cm3 g−1] E0
11 [J mol−1] S0

11 [J mol−1 K−1] s V0
11 [cm3 mol−1]

Water 5336.5 −6.506 0.97034 

PCL 5876 ± 50 3.824 ± 0.01 0.8873 ± 0.005 

Fig. 7. Fitting of PVT data for PCL by using NRHB model. The arrow indicates the
increasing direction of temperature. Marker symbols for data determined at six tem-
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eratures are, respectively, 400 K (©), 421 K (�), 431 K (�), 441 K (�), 451 K (
) and
71  K (�). The lines represent the theoretical results. Fitting parameters are reported

n Table 4.

ross-H bonds, related to the limited amount of proton acceptor
roups available for the interactions (the concentration of ester
inkages amounts to around 0.0088 mol  g−1 of polymer). The model
redicts (results not shown) that the number of cross-HB decreases
ith temperature as is expected in view of the exothermicity of the
rocess. Again, predictions obtained imposing V0

11 = 0 are quantita-
ively and qualitatively close to those obtained for the case V0

11 /= 0
Qualitatively analogous results are obtained also in the case of

ne proton acceptor group per repeating unit of PCL.
These outcomes of the theoretical analysis could be used to

heck the reliability of the whole modelling approach by compari-
on with experimental results obtainable from FTIR spectroscopy.
n fact, specific in situ FTIR transmission experiments have been
lanned on PCL films exposed to water vapour at different relative
ressures and temperatures, to gather quantitative information
n the amount of different types of HB interactions established
etween sorbed water molecules and between sorbed water
olecules and proton acceptor groups on polymer backbone.

.3. Interpretation of sorption isotherms using NRHB model

Despite its more complex structure, the NRHB model still main-
ains the same total number of fitting parameters as for PS. Three

∗ ∗ ∗
attice fluid scaling parameters, i.e. ε
h
, εs and vsp,0, are used to

escribe the PVT behaviour of pure PCL and have been determined
y fitting PVT data. A numerical procedure analogous to that used
or PS has been followed. In Fig. 7 results of model fitting are plotted

able 5
RHB mean field interaction parameter and cross-HB parameters for the PCL–water syste

Proton acceptor per
PCL repeating unit

k12 E0
12 [J mo

1 −0.1152 ± 0.005 −11,130
2  −0.0922 ± 0.005 −11,270
−16,100 −14.7 0.861 0
– – 0.818 –

along with experimental data and the corresponding values for
parameters are reported in Table 4. As for the case of PS, the val-
ues of si, evaluated using UNIFAC calculation procedure, have been
taken from the literature [31]. Again, three lattice fluid parame-
ters and two  hydrogen bonding parameters (i.e. internal energy,
and entropy of formation of hydrogen bonds, E0

11 and S0
11) have

been used for pure water. Their values have been taken from the
literature [41] and are reported in Table 4 as well.

Interpretation of water sorption isotherms using NRHB has been
then performed by using three fitting parameters: the water–PCL
mean field interaction parameter, k12, and the internal energy and
the entropy of formation of water–PCL hydrogen bonds, i.e. E0

12 and
S0

12 (best fitting values are reported in Table 5 along with the 95%
confidence intervals).

As already mentioned, the volume of formation of self- and
cross-HB has been taken to be equal to zero. In analogy to the
case of PS, two  different cases have been considered, differing in
the number of proton acceptor groups per polymer repeating unit,
i.e. one and two  proton acceptor groups per repeating unit of PCL.
Moreover, the values of energy and entropy of formation of self-
HB between water molecules sorbed into PCL are assumed to take
the same values as for the case of pure water. As for the case of
PS model, best-fitting values of E0

12 are close to each other in the
case of one and two proton acceptor groups per repeating unit of
polymer, while values of S0

12 are quite different.
As an example, fitting of sorption isotherms using NRHB model

with two  proton acceptor groups per repeating unit of PCL, is
reported in Fig. 8. A statistical analysis of the parameters has been
carried out, similar to that performed for the case of PS model. In
Fig. 8 are in fact reported also bounds, for the case of 310 K isotherm,
obtained by perturbing the estimated fitting parameters within the
confidence intervals. Again, the analysis indicates that the relia-
bility of the set of estimated parameters is satisfactory. The same
quality of fitting is attained also in the case of NRHB model with
one proton acceptor group.

Finally, in Fig. 9 are reported the values of nwp
11 /mam

2 and nwp
12 /mam

2
as a function of water mass fraction in the amorphous phase of PCL,
as predicted by using NRHB model with two  proton acceptor groups
per repeating unit of PCL at 298 and 310 K. Qualitatively similar
results are obtained in the case of one proton acceptor group per
repeating unit of PCL. The shape of the curves as well as the trend
with temperature are similar to the predictions of PS model.

By comparing the results of PS and NRHB models in interpret-
ing the experimental sorption isotherms, it is evident that the
two approaches exhibit very similar qualitative and quantitative
behaviours. Also the numerical values predicted for nwp

11 /mam
2 and
n12 /m2 using NRHB model are very close to those obtained apply-
ing PS approach. Quantitative differences have been found only for
the entropic cross-HB parameter, the absolute values of S0

12 evalu-
ated using the NRHB approach being significantly lower.

m, as obtained from data fitting of experimental sorption isotherms.

l−1] S0
12 [J mol−1 K−1] V0

12 [cm3 mol−1]

 ± 200 −6.13 ± 0.1 0
 ± 200 −11.59 ± 0.1 0
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Fig. 8. Fitting of water sorption isotherms in PCL by using NRHB model. The case of
two  proton acceptor groups per repeating unit of PCL is reported. Model fitting is
represented by continuous lines. Water mass fraction is referred to the amorphous
phase of PCL. Marker symbols for data obtained at three temperatures are, respec-
tively, 298 K (�), 303 K (�) and 310 K (�). Fitting parameters are reported in Table 5.
Dashed lines represent statistical bounds for predicted 310 K isotherm.

Fig. 9. Predicted values of water self-HB and water–polymer cross-HB. In terms of
moles of established hydrogen bonds, in the PCL–water mixture, per gram of dry
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PCL–water mixture
morphous polymer as a function of water mass fraction; predictions performed by
sing NRHB for the case of two proton acceptor groups per repeating unit of PCL at

 = 298 and 310 K. Water mass fraction is referred to amorphous phase of PCL.

. Concluding remarks

A satisfactory quality of fitting of equilibrium sorption isotherms
f water in amorphous regions of PCL can be obtained with lattice
uid thermodynamic models only by accounting for the formation
f self- and cross-HB. In fact, both PS and NRHB models display

 better fitting capability of water vapour sorption isotherms in
morphous PCL as compared to LF model.

Overall, PS and NRHB theories exhibit a similar qualitative and
uantitative behaviour, differing significantly only for the cross-HB
ntropic parameter. Regarding PS approach, the two  cases exam-
ned, one assuming V0

11 = 0 and the other V0
11 /= 0, both display a

ery close behaviour in terms of fitting of sorption isotherm, of
rediction of hydrogen bond formation and of values of relevant
arameters. Only the value of the HB entropic parameter differs
ppreciably.
The assessment of appropriateness of the hypotheses adopted in
sing these approaches for the description of water sorption ther-
odynamics in PCL, with particular reference to HB interactions
libria 313 (2012) 127– 139 137

issue, is certainly not feasible on the basis of the sole gravimetric
data. A more exhaustive analysis can be performed if supported
by experimental data for the amount and strength of HB interac-
tions [41]. To this aim, a valuable help could be provided by FTIR
in situ spectroscopy. In fact, spectroscopic analysis performed on
PCL–water mixtures could be used to determine experimental val-
ues for energy and entropy of formation of cross-HB and to gather
qualitative and quantitative information on the amount and type
of self- and cross-HB forming in the mixture.

List of symbols

a1
j

number of proton acceptor groups of kind j present on a
molecule of type 1

d1
i

number of proton donor of type i on the molecule of type
1

E0
ij

molar internal energy of formation of hydrogen bonding
between proton donor group of type i and proton acceptor
group of type j [J mol−1]

G0
ij

molar Gibbs energy of formation of hydrogen bonding
between proton donor group of type i and proton acceptor
group of type j [J mol−1]

k12 mean field lattice fluid binary interactional parameter
li parameter defined in Ref. [34]
m number of types of proton donors
m1 mass of water [g]
mam

2 mass of amorphous phase of PCL [g]
mcry

2 mass of crystalline phase of PCL [g]
M.W. molecular weight [g mol−1]
n number of types of proton acceptors
nwp

11 moles of self-hydrogen bondings between the proton
donor and the proton acceptor groups of water molecules
within the polymer–water mixture [mol]

nwp
12 moles of cross-hydrogen bondings between the proton

donor groups of the water molecules and the proton
acceptor groups of the PCL within the polymer–water
mixture [mol]

N number of molecules in the lattice
Nr number of lattice sites
N0 number of empty sites in the lattice
Nij number of hydrogen bondings involving a proton donor

of type i and a proton acceptor of type j
NV

11 number of water self-hydrogen bondings between the
proton donor and the proton acceptor groups of water
molecules within water vapour phase.

Nwp
11 number of self-hydrogen bondings between the proton

donor and the proton acceptor groups of water molecules
within the polymer–water mixture

Nwp
12 number of cross-hydrogen bondings between the pro-

ton donor groups of the water molecules and the proton
acceptor groups of the PCL, within the polymer–water
mixture

P pressure of the system [MPa]
P* characteristic pressure of pure components or average

characteristic pressure for the mixture [MPa]
P∗

1 characteristic pressure of component 1 [MPa]
P∗

2 characteristic pressure of component 2 [MPa]
P̃1 scaled pressure of pure component 1
q average number of lattice contacts per molecule in the
q1 number of lattice contacts per molecule for component 1
r average number of lattice cells occupied by one molecule

in the PCL–water mixture
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i number of lattice cells occupied by one molecule of com-
ponent i

1 number of lattice cells occupied by one molecule of com-
ponent 1

2 number of lattice cells occupied by one molecule of com-
ponent 2

 universal gas constant [J K−1 mol−1]
 number of lattice contacts per segment of molecule
1 number of lattice contacts per segment of molecule of

component 1
2 number of lattice contacts per segment of molecule of

component 2
i number of lattice contacts per segment of molecule of

component i
0
ij

molar entropy of formation of hydrogen bonding between
proton donor group of type i and proton acceptor group
of type j [J mol−1 K−1]

 temperature of the system [K]
* characteristic temperature of pure components or aver-

age characteristic temperature for the mixture [K]
∗
1 characteristic temperature of component 1 [K]
∗
2 characteristic temperature of component 2 [K]

˜1 scaled temperature of pure component 1
∗ close-packed volume of an elementary cell of the lattice

[cm3 mol−1]
˜  scaled lattice fluid volume of the pure components or of

the mixture (i.e. VLF /rNv∗)
∗
sp close packed specific volume of the pure components

[cm3 g−1]
∗
sp,0 temperature independent contribution to close packed

specific volume of the pure components [cm3 g−1]
∗
sp,01 temperature independent contribution to close packed

specific volume of the pure component of type 1 [cm3 g−1]
∗
sp,02 temperature independent contribution to close packed

specific volume of the pure component of type 2 [cm3 g−1]
∗
sp,1 characteristic parameter for a given homologous series

[cm3 g−1 K−1]
 volume of the polymer–penetrant mixture [cm3]
LF lattice fluid contribution to volume of the

polymer–penetrant mixture [cm3]
0
ij

molar change of volume associated to the formation of
hydrogen bonding between proton donor group of type i
and proton acceptor group of type j [cm3 mol−1]

am mass fraction of amorphous phase in the pure PCL
tot
1 ratio of mass of water to total mass of system
am
1 ratio of mass of water to the sum of mass of sorbed water

and mass of amorphous part of PCL
12 scaled lattice fluid energy of mixing for binary mixtures

 lattice coordination number

reek letters
Hm melting enthalpy of semicrystalline PCL [J g−1]
H0

m melting enthalpy of 100% crystalline PCL [J g−1]
00 non-random factor for the distribution of an empty site

around another empty site in the lattice
11 non-random factor for the distribution of a site occupied

by component 1 around another site occupied by compo-
nent 1 in the lattice

ii lattice fluid interaction energy per mole of contact i–i

[J mol−1]

* average lattice fluid intersegmental interaction energy
per mole of average segment in the polymer–water mix-
ture [J mol−1]
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ε∗
h

enthalpic contribution to lattice fluid interaction energy
per mole of segment [J mol−1]

ε∗
h1 enthalpic contribution to lattice fluid interaction energy

per mole of segment of component 1 [J mol−1]
ε∗

h2 enthalpic contribution to lattice fluid interaction energy
per mole of segment of component 2 [J mol−1]

ε∗
s entropic contribution to lattice fluid interaction energy

per mole of segment [J mol−1 K−1]
ε∗

s1 entropic contribution to lattice fluid interaction energy
per mole of segment of component 1 [J mol−1 K−1]

ε∗
s2 entropic contribution to lattice fluid interaction energy

per mole of segment of component 2 [J mol−1 K−1]
ε∗

ii
average lattice fluid interaction energy per mole of seg-
ment of one molecule of component i [J mol−1]

ε∗
ij

average lattice fluid interaction energy per mole of aver-

age segment in the binary i–j mixture [J mol−1]
�i surface fraction of component i
�1,LF lattice fluid contribution to the chemical potential of

water [J mol−1]
�1,H hydrogen bonding contribution to the chemical potential

of water [J mol−1]
�1 chemical potential of water [J mol−1]
�H average number of hydrogen bonds per molecular seg-

ment
�i

d
average number of proton donor of type i per molecular
segment

�i0 average number of unbonded proton donor of type i per
molecular segment

�j
a average number of proton acceptor of type j per molecular

segment
�0j average number of unbonded proton acceptor of type j

per molecular segment
�ij average number per molecular segment of hydrogen

bonding established between a proton donor of type i and
a proton acceptor of type j

�* close packed density of the pure components or of the
mixture [g cm−3]

�LF lattice fluid contribution to the system density [g cm−3]
�̃ scaled density of pure components or of the mixture
�∗

1 close packed density of component 1 [g cm−3]
�∗

2 close packed density of component 2 [g cm−3]
�1 ‘close packed’ volumetric fraction of component 1
�2 ‘close packed’ volumetric fraction of component 2
�am

1 ‘close packed’ volumetric fraction of water referred only
to the amorphous phase of PCL

�C percent by weight crystallinity of PCL
ω1 number of configurations available to a molecule of com-

ponent 1 in the close-packed state
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