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a  b  s  t  r  a  c  t

Solubility,  diffusivity,  specific  volume  and  interfacial  tension  of  molten  poly(!-caprolactone)/CO2 solu-
tions  have  been  simultaneously  measured  by  using  a  fully  experimental  technique.  This  technique,  based
on the  coupling  of a gravimetric  measurement  with  the  Axisymmetric  Drop  Shape  Analysis  (ADSA),  pro-
vides all  of  the aforementioned  properties  in  a single  experiment,  without  relying  on  any  theoretical
assumption  or equation  of  state  at any  stage  of  the  properties  evaluation.  Measurements  have  been
performed  at  three  different  temperatures  (80,  90 and  100 ◦C)  and  at CO2 pressures  up to 4.2  MPa.  Depen-
dencies  of  the aforementioned  properties  upon  temperature  and  CO2 pressure  have  been  highlighted.
Sorption  isotherms  have been  modeled  using  the  Sanchez–Lacombe  lattice  theory,  while  the  interfacial
tension  data  have been  interpreted  by using  empirical  correlations.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Use of supercritical fluid in processing of polymeric materials
has been widely investigated and adopted, in the last decades,
for the manufacture of several types of products, such as foams,
microparticles, membranes and fibers [1,2]. In particular, gas
foaming technologies have been drawing increased attention
because of the extremely wide range of application of polymeric
foams in fields such as packaging, acoustic and thermal insulation,
tissue engineering and separation processes [3].  The development
of supercritical fluid foaming techniques, for example, paved the
way to the production of microcellular foams, in which mean pore
diameter is smaller than 10 "m and population density is larger
than 109 cells per cm3 and which are characterized by improved
mechanical and impact properties as compared to standard foams
[4].  In fact, fine tuning of processing conditions and selection of
blowing agent allows the tailoring of the structure of a foam and,
in turn, its final properties, to the specific application [5–7]. In this
context, modeling of the foaming process represents a challenging
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issue in order to develop effective design tools allowing the
prediction of foam structure on the basis of process conditions. To
this aim, availability of theoretical as well as empirical correlations
among process variables, foam structure and final properties is of
paramount importance.

Recent efforts in modeling of foam formation have addressed
simultaneous nucleation and growth phenomena as inspired by
the pioneering work of Shafi and Flumerfelt [8] and of Taki [9].
In particular, bubble nucleation is commonly dealt with by refer-
ring to classical theory of homogeneous nucleation, derived, in its
original form, for droplet formation from the vapor phase [10].
Developments of this theory to account for bubble formation in
polymer/gas solutions were proposed, among others, by Colton
and Suh [11], Goel and Beckman [12], Baldwin et al. [4] and Han
and Han [13], which provided a semi-quantitative frame for the
investigation of the effect of working conditions (e.g. temperature
and gas pressure) and thermodynamic, interfacial and mass trans-
port properties of polymer/gas solutions on the kinetics of foam
formation and on pore structure of the foam. In particular, those
properties which play a role in the homogeneous bubble nucle-
ation in thermoplastic polymers induced by dissolved gas are: gas
solubility, low molecular weight compound/polymer mutual diffu-
sivity, interfacial tension and specific volume of the polymer/gas
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solution. In addition to the aforementioned properties, the rheo-
logical behavior of polymer/gas solutions plays an important role
in the control of the growth stage [14–17],  until the vitrification or
crystallization of the polymeric matrix lock-in the foamed structure
[18,19]. Bubble growth is governed by heat, mass and momen-
tum balances and the approaches proposed in the literature are
fully quantitative, provided that the constitutive equations for the
rheological, interfacial, mass transport and thermal properties are
available. Therefore, from the previous discussion, it is clear that
the knowledge of the involved phenomena and the availability of
information on the aforementioned properties are important to
utilize the cited simultaneous nucleation and growth models of
foam formation. It is worth of note, here, that the properties of
interest in these models are the non-equilibrium ones, in corre-
spondence to the gas/polymer interphase, since characteristic time
of the involved phenomena are much shorter that those required
to attain local equilibrium. Furthermore, the macroscopic surface
tension may  not be quite an adequate descriptor of surface prop-
erties for the case of small clusters preceding the bubble (see, for
instance, Lee and Flumerfelt in [20]). However, knowledge of equi-
librium macroscopic information on polymer/gas solutions may
still be useful to those involved in foam modeling, also in view of the
difficulties in retrieving more specific information at a molecular
level.

In fact, numerous pieces of scientific literature deal with the
measurement and modeling/prediction of these properties, the lat-
ter being of relevant interest since it is not always easy to perform
experiments in the temperature and pressure ranges of interest
in the foaming process. Typically, sorption thermodynamics and
mass transport properties – e.g. solubility and diffusivity – are
determined by means of gravimetric techniques, which consist in
continuously weighing the polymer exposed to a gaseous atmo-
sphere. Interfacial tension of the separation surface between a
molten polymer–gas solution and gas itself is commonly deter-
mined by means of Axisymmetric Drop Shape Analysis technique
(ADSA), which is based on the evaluation of the shape of an axisym-
metric pendant drop [21] and on fitting the shape of the drop
to the theoretical drop profile according to the Laplace equation
[22,23], properly modified to account for the action of the gravi-
tational field [24–26].  In both of these techniques (i.e. gravimetric
and ADSA), the knowledge of the specific volume of molten poly-
mer/gas solution is necessary for the elaboration of the collected
data. In fact, regarding the experimental evaluation of solubility
in polymers of gases at relatively high pressures, data on spe-
cific volume of the polymer/gas solutions are needed in order to
correct sorption data from buoyancy effects [27]. When the poly-
mer  (either in the glassy [28,29] or in the rubbery [30] state) is
exposed to a gaseous penetrant, its volume changes as a conse-
quence of sorption of gas and the compressive action of pressure,
thus modifying the buoyancy effect due to gravity. An incorrect
evaluation of this effect in turn leads, unavoidably, to an inaccu-
rate evaluation of the sorption data. A possible way  to circumvent
this difficulty is a trial and error analysis of experimental data
performed by combining the gravimetric measurements with the
theoretical prediction of the equilibrium mixture density obtained
from solution theories grounded on statistical thermodynamics
(e.g. Sanchez and Lacombe [31–33] or Simha and Somcynsky [34]
equations of state, to mention a few). However, the scarcity of
experimental swelling data and, consequently, the actual vali-
dation of the effectiveness of the adopted models in correctly
predicting the volume of the specific mixture under analysis do
suggest a certain caution in using these procedures [35]. As a
consequence, a reliable evaluation of the amount of absorbed
gas can only be obtained if a direct experimental evaluation of
the specific volume of the molten polymer/gas mixture is avail-
able.

Regarding the ADSA-based interfacial tension measurement, the
interfacial tension of polymer/gas solutions can be measured pro-
vided that the coordinates of several points of the drop profile, the
specific volume of the fluid surrounding it and the specific volume
of the gas saturated polymer drop are available [24–26].  Hence,
also in this case, the specific volume of the polymer–gas solution is
required for proper calculation.

From this brief description, it is clear how a reliable evalua-
tion of solubility and interfacial tension would certainly benefit
from a concurrent volume and weight evaluation in a single exper-
iment under identical experimental conditions. In turn, as stated
before, a successful modeling of foaming process relies upon reli-
able values of these properties. For instance, since nucleation rate
is a strong function of interfacial tension (it is, in fact, proportional
to exp(−!3), according to the classical approach), an inaccurate
measurement of this property can lead to a large error in the
predictions.

A number of contributions dealt with the precise measurement
of sorption as well as interfacial properties of polymer/gas solutions
and addressed the need for specific volume evaluation to properly
correct the experimental data for the effect of buoyancy. Among
others, it is worth to recall here the pioneering works by Jaeger
et al., Dimitrov et al. and Park et al. for the details of the proposed
approaches [36–38].

In a previous paper, we  have presented a purely experimen-
tal approach allowing the direct and concurrent determination
of solubility, diffusivity, interfacial tension and specific volume of
polymer/gas solutions without relying on any theoretical assump-
tion or equation of state at any stage of the properties evaluation
[39]. In fact, the adopted approach is based on the coupling of gravi-
metric gas sorption and ADSA measurements, as already described
by Jaeger et al. [36], allowing for the simultaneous measure of
those properties in a single experiment. The experimental set-up
consists of a magnetic suspension balance equipped with a high
pressure and temperature view cell where both gravimetric and
interfacial tension measurements are performed at the same time.
The pendant drop method (a molten polymer drop hanging from
a rod) has been coupled with the classical gravimetric measure-
ment performed on samples placed in a cylindrical crucible. In this
experimental configuration, while the magnetic suspension bal-
ance is measuring the weight change during sorption of the sample
placed in the crucible, the profile of the pendant drop, at the same
temperature and pressure, is monitored with a high-resolution
camera.

In the present contribution we illustrate the results of our inves-
tigation performed with this methodology on molten PCL/CO2
solutions. The choice of this binary system is strongly connected
to the recent increasing interest in “eco-friendly” foaming pro-
cesses, that involve two environmental issues: a biodegradable
polymer matrix, that is frequently used to manufacture scaf-
folds for tissue engineering and that also represents a potential
valid alternative to common polymer materials for packaging
applications and the use of supercritical carbon dioxide as a
blowing agent, that is an alternative to the traditional blow-
ing agents belonging to the class of chlorofluorocarbons, that
are known to contribute to seriously deplete the ozone layer
[1,5].

In this work, simultaneous measurements of solubility, dif-
fusivity, interfacial tension and specific volume of PCL/CO2
solutions have been performed at three different tempera-
tures (80, 90 and 100 ◦C) and at CO2 pressures up to 4.2 MPa.
Sorption isotherms have been modeled in the light of the
Sanchez–Lacombe lattice theory, while the relationships between
interfacial tension, the specific volume of the solution and gas
concentration have been described by using empirical correla-
tions.
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2. Experimental

2.1. Experimental set-up

The experiments were carried out by using a custom-designed
measuring device, consisting of a rod to which the polymer–gas
solution drop is stuck (for ADSA) and a crucible containing a few
grams of polymer–gas solution (for weight monitoring), placed in
a high temperature/high pressure (HT–HP) view cell of a magnetic
suspension balance (Rubotherm Prazisionsmesstechnik GmbH,
Germany). Maximum operating conditions of the equipment are
250 ◦C and 13.5 MPa. The crucible hangs from the hook of the bal-
ance weight measuring unit and the rod is fixed inside the cell in
such a way as to avoid any interference with the gravimetric mea-
surement and to allow the reliable continuous acquisition of the
drop shape (see Fig. 1). Drop monitoring is made possible through
two optical quality windows, mounted perpendicular to the axis of
the cell, by using an adjustable high resolution CCD camera (BV-
7105H, Appro), equipped with a modular zoom lens system (Zoom
6000, Navitar). A uniform bright background is provided by light

Fig. 1. Schematic illustration of experimental equipment and of data flow used in
the  coupled sorption–ADSA measurement. Data from ADSA are used to evaluate
the volume of the polymer/gas solution contained in the crucible (A), allowing for
the  correction of sorption data with the proper buoyancy force and, consequently,
for  the calculation of actual solubility and diffusivity of the polymer/gas solution
at each gas pressure (B). From gas sorption amount and solution volume per unit
mass of polymer, the specific volume of the polymer/gas solution is then calculated
(C). As a final step, this value is fed to the ADSA software to calculate the interfacial
tension (D).

emitting diodes, allowing the achievement of an optimal thresh-
old for digitizing the drop image. The CCD camera is connected to
a computer, and commercial software (FTA32 Video 2.0, First Ten
Angstroms) is used to analyze drop profile.

Full details of the equipment and the description of the prelim-
inary experimental phases, such as drop preparation, optimization
of CCD parameters and image calibration (pixel/"m calibration and
aberration correction), are given in a previous work [39]. In this
measurement, a titanium rod with a diameter of 1.786 mm  was cho-
sen as drop holder. The drop was  created on the polished bottom
surface of the rod by melting ca. 9 mg  of neat polymer.

After having placed both the crucible containing the polymer
and the rod with the drop in the HT–HP view cell, sorption and ADSA
experiments were carried out by isothermal pressure increments
up to 4.2 MPa, at 80 ◦C, and then at 90 and 100 ◦C. In detail, sorption
measurements were conducted by performing step-wise incre-
ments of the gas pressure (about 0.5 MPa  steps) with pre-heated
gas, after the attainment of equilibrium sorption in the previous
step. Concurrently, during each pressure step, image acquisition of
the pendant drop was  performed every 10 min and drop volume
was calculated by using the commercial software.

2.2. Materials

Poly(!-caprolactone), a biodegradable polymer with a melt-
ing point of ca. 60 ◦C, was supplied by Solvay Interox Ltd. (PCL
CAPA 6800, Mn  = 69,000 ± 1500, Mw = 120,000 ± 2000) and used as
received. High purity grade carbon dioxide was supplied by SOL
(Italy).

2.3. Data treatment

Data treatment is described in the following according to the
measurement flow chart reported in Fig. 1. Details of the whole
data treatment chain are described in a previous work [39].

A. Evaluation of the volume of polymer/gas solution. For each
pressure step, drop volume was estimated from drop profile
integration, as performed by the ADSA software. The volume of
the polymer/gas solution contained in the crucible, Vc, at equi-
librium, can then be calculated as:

Vc(T, p) = Vd(T, p)
W0
c

W0
d

, (1)

where Vd is the volume of the drop, W0
d and W0

c are, respec-
tively, the initial weight of the polymer forming the drop and of
the polymer contained in the crucible as measured by an ana-
lytical balance with a sensitivity of 10−5 g (Mettler AE240). It
was assumed that, at equilibrium, drop curvature has negligible
effects on specific volume and local gas concentration [40] and,
consequently, that the drop and the sample in the crucible reach
the same volume per unit mass of starting polymer.

B. Actual solubility and diffusivity.  Data from section A were used
for a proper correction of sorption data, to obtain the actual gas
weight fraction in the gas/polymer solution (ωACT), as by Eq. (2).

ωACT (T, p) =
Wgas
ACT (T, p)

W0
c + Wgas

ACT (T, p)
(2)

where the actual gas weight gain, Wgas
ACT is calculated as by Eq.

(3):

Wgas
ACT (T, p) = BRe − BR0

e + #gas(T, p)[Vc(T, p) + Vh(T)] (3)

Here, BRe is the Rubotherm balance reading at equilibrium at
each pressure (polymer/gas solution), BR0

e is the initial balance
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Fig. 2. Actual sorption isotherms for the PCL/CO2 systems. Experimental data and
isotherms predicted by SL-EoS (continuous lines); 80 ◦C (!); 90 ◦C ($); 100 ◦C (!).

reading at equilibrium (under vacuum), #gas is the CO2 density
[30], Vh is the volume of crucible and of hook.

The average mutual diffusivity (D̄) in each step-wise sorption
experiment was calculated as follows [41]:

D̄ = $L2

4

✓
d(BRt/BR∞)
d(

√
t)

◆2

(4)

where BRt is the balance reading at time at time t, BR∞ is the
balance reading at equilibrium and L is the actual sample thick-
ness (sample is exposed to the gas phase on one side only). The
value of D̄ calculated through Eq. (4) corresponds to the value of
the carbon dioxide mutual diffusivity, D(C) at an intermediate
concentration, C, the value of which can be calculated according
to the procedures proposed by Vrentas and Duda [42].

C. Evaluation of specific volume of the solution. Data from sections A
and B allowed for the calculation of the specific volume of the
polymer/gas solution, vs, as by Eq. (5).

vs(T, p) = Vc(T, p)
Wc(T, p)

= Vc(T, p)

W0
c

⇣
1 + 1

1−ωACT (T,p)

⌘ , (5)

where Wc is the weight of the sample contained in the crucible.
D. Evaluation of interfacial tension of the polymer/gas solution.

Using the specific volume determined as illustrated in section
C, the equilibrium value of interfacial tension was calculated at
each value of CO2 pressure by using the ADSA software and, in
particular, the algorithm based on the Bashforth–Adams equa-
tion (see Refs. [24–26] for details).

3. Results and discussion

3.1. CO2 sorption isotherm in molten PCL

The actual sorption isotherms of CO2 in PCL at the three inves-
tigated temperatures are reported in Fig. 2. As expected, ωACT
increases with the pressure and decreases with the temperature.

The experimental data were fitted with the Sanchez–Lacombe
equation of state (SL-EoS) for molten polymer/penetrant mixtures
[33]. The SL-EoS is a classical compressible lattice fluid theory
which has been originally introduced for neat polymers [43] and
which has been then extended to the case of polymer/penetrant
mixtures by adopting appropriate mixing rules for the reduc-
ing parameters of the single components. We  refer to the cited
literature and references therein for the model description and
associated governing equations. Assumption of geometric mean
combination rule between the penetrant and the polymer for the
characteristic pressure of the mixture allows for a predictive use
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Fig. 3. Comparison between fully experimental sorption isotherm (full circles) and
SL-EoS corrected sorption isotherm (open circles). Data refer to 90 ◦C.

of the model in calculating the solubility of the penetrant at spe-
cific temperature and pressure conditions. In such a case, the value
of the so-called interaction parameter,  , is taken as being equal
to 1. However, in some cases the interaction parameter is taken
as a fitting parameter of experimental solubility data. In fact its
value is likely to be different from 1 in the case of mixture com-
ponents characterized by different types of interaction energies. In
the present study, in view of the polar nature of CO2, we  used   as
a fitting parameter and the resulting best-fitting theoretical sorp-
tion isotherms are reported in Fig. 2 (continuous lines), along with
the solubility data, showing a good fitting capability of the model.
Best fitting value determined for   is equal to 0.976 ± 0.001 in the
whole pressure and temperature range. We  utilized for neat PCL
the SL-EoS parameters obtained experimentally in a previous work
from our group [44] and for CO2 the SL-EOS parameters as taken
from the literature [45] (see Table 1).

In order to evidence the need for proper buoyancy correction in
calculating sorption data, it is useful to compare results gathered
from the present fully experimental approach (which allows for a
direct measure of volumetric properties of polymer/gas solutions)
with other consolidated semi-empirical approaches that adopt a
buoyancy correction based upon a theoretical EoS, as proposed,
among others, by Li et al. [35]. Accordingly, an iterative algorithm
evaluating, by means of the SL-EoS, the fitting parameter   and the
corresponding specific volume of the polymer–gas solution at each
experimental temperature, pressures and calculated gas concen-
tration has been implemented. Convergence of iteration procedure
provided the value of   by minimizing the difference between
the theoretical sorption isotherm predicted by SL model with the
experimental sorption isotherm corrected according to the result-
ing calculated specific volume of the polymer/gas solution. The
comparison between the fully experimental sorption isotherm and
the semi-empirical, SL-EoS-corrected one is shown in Fig. 3, high-
lighting a noticeable difference between the two  isotherms for gas
pressures higher than 2000 kPa (only data at 90 ◦C are depicted,
for the sake of clarity). This finding indicates that the buoyancy
correction is an increasingly dominating factor in evaluating gas
solubility and that an incorrect evaluation of the specific volume of
the polymer–gas solution can lead to relevant errors in the mea-
sured property.

3.2. Evaluation of CO2 mutual diffusivity

The values of D̄ for carbon dioxide in PCL, as obtained from
Eq. (4),  are reported in Fig. 4, as a function of CO2 mass fraction.
Within the investigated pressure range, it was found that D̄ exhibits
no significant dependence on CO2 concentration. As expected, we
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Table  1
Characteristic SL-EoS parameters of PCL and CO2 utilized in this study.

Characteristic temperatures [K] Characteristic densities [g/cm3] Characteristic pressure [MPa] Reference

PCL 637.7 1.158 548.6 [44]
CO2 305.3 1.510 574.5 [45]
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Fig. 4. Mutual diffusivity for the PCL/CO2 solution as a function of CO2 concentra-
tion; 80 ◦C (!); 90 ◦C ($); 100 ◦C (!). Inset: temperature dependence of average CO2

mutual diffusivity.

observed an increase of D̄ with temperature, with an Arrhenius-
type dependence (see the inset in Fig. 4).

3.3. Specific volume of PCL/CO2 solutions

The specific volume of the PCL/CO2 solutions is reported in Fig. 5
as a function of CO2 mass fraction, evidencing a non-monotonic
dependence in the experimental pressure and temperature range.
This behavior can be justified by observing the dependences of
the volume and mass of the drop with CO2 mass fraction, showed
in Fig. 6, where reduced quantities are reported. Clearly, despite
the monotonic increase of both drop volume and mass, their ratio
(i.e., the specific volume) may  follow a non-monotonic dependence
on carbon dioxide mass fraction. In fact, when a molten polymer
is exposed to a high-pressure gas, two mechanisms compete in
affecting the specific volume: (i) compression of the gas saturated
polymer melt by the mechanical action of pressure exerted by the
external gas; (ii) gas-solubilization. With the increase of external
gas pressure, the latter mechanism is responsible for an increase
of the volume, while the first is responsible for a reduction of the
volume. In our case, the drop volume is monotonically increasing
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Fig. 5. Specific volume of the solution PCL/CO2 as a function of CO2 mass fraction.
Error bars were evaluated by accounting for the whole measurement chain; 80 ◦C
(!);  90 ◦C ($); 100 ◦C (!).

with gas pressure, proving a prevailing effect of the gas solubiliza-
tion. However, mass increase of the gas saturated polymer drop is
occurring. As a final balance, at low gas concentration, the mass
increase is the dominant effect, and a reduction of the specific
volume is observed. At higher gas concentration, conversely, the
volume increase becomes the predominant effect.

There is evidence that carbon dioxide in PCL is present in at
least two  ‘populations’ [46]: one ‘polymer-associated’, i.e. interact-
ing with the PCL carbonyl groups and the other ‘nonassociated’.
A lower volume of mixing is likely related to polymer-associated
species, in view of the interaction that keeps the CO2 molecules
closer to polymer backbone as compared to nonassociated species.
It is hence possible that the volume of mixing of polymer with asso-
ciated CO2 species is negative, with a total volume of the mixture
that is lower than the one calculated on the basis of simple vol-
ume  additivity. Now, since it is expected that at low pressures (and
hence at low concentration of CO2 inside the polymer) the associ-
ated species prevail, on this basis one can justify the experimental
finding that at low pressures the specific volume decreases with
pressure.

3.4. Interfacial tension

The values of the interfacial tension of the polymer/gas solution,
as evaluated on the basis of the procedure described above, are
shown in Fig. 7 as a function of CO2 concentration. In the selected
experimental range, interfacial tension of the solution was a nearly
linear decreasing function of the CO2 pressure.

The decrease in the interfacial tension with the gas pressure
has already been reported elsewhere [46–50] and is generally
attributed to two concurrent phenomena [49,50]: (i) as pressure
increases, the free energy density of CO2 becomes closer to that
of the polymer phase and the interfacial tension decreases; (ii) as
gas pressure increases, the concentration of CO2 in the polymer
phase increases thus further promoting a decrease of interfacial
tension since the two  phases in contact become more similar. Tem-
perature drives the interfacial tension down, too: Fig. 8a shows
the dependence of the interfacial tension on temperature for the
pure polymer and for the polymer–CO2 solution at about 0.036
mass fraction of gas. It was  also estimated that, for the neat PCL,
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the interfacial tension decreases with a temperature coefficient of
−0.063 mNm/◦C as compared to −0.081 mNm/◦C found for the mix-
ture. The dependence of the interfacial tension on gas pressure is
shown in Fig. 8b: as observed in the case of polystyrene/CO2 solu-
tions [47], when reporting the interfacial tension as a function of
gas pressure, the data at different temperatures tend to converge
at high pressures. This convergence can be ascribed to the coun-
teracting effects of temperature (that, as stated before, leads to the
reduction of the interfacial tension) and of solubility of CO2 in the
polymer, that decreases with temperature and results into a higher
value of interfacial tension.

A common and widely used treatment of interfacial tension data,
known as the parachor method, is based on the collapse of inter-
facial tension data on a master curve when reported as function of
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Fig. 8. Effect of temperature (a) and gas pressure (b) on the interfacial tension; 80 ◦C
(!);  90 ◦C ($); 100 ◦C (!).
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the difference of densities between the gas and the liquid phase (in
our case the molten polymer/gas solution). Macleod proposed the
following expression:

!sol = P(#sol − #gas)n (6)

where !sol is the interfacial tension of the solution, P is the parachor,
#sol is the density of the polymer and #gas is the density of the
gas and n is the Macleod’s exponent. The exponent n is close to 4
for many unassociated liquids of low-molecular-weight substances
[51]. In our case, interfacial tension data collapse on a single curve,
as reported in Fig. 9. The parachor is, in our case, equal to 3.156
while Macleod’s exponent is equal to 3.33.

0.945

0.95

0.955

0.96

0.965

0 1000 2000 3000 4000 5000

Sp
ec

ifi
c 

Vo
lu

m
e 

[c
m

3 /g
]

CO2 press ure [ kPa]

(a)

21

22

23

24

25

26

27

28

0 0.01 0.02 0.03 0.04 0.05

[m
N

/m
]

Te
ns

io
n

In
te

rfa
ci

al

CO2 mass fract ion [g/g]

(b)

Fig. 10. Comparison of the proposed fully experimental approach (full symbols)
with the semi-empirical one (open symbols): (a) specific volume of the polymer–gas
solution as a function of gas pressure; (b) interfacial tension of the solution as
function of gas concentration. Data refer to 90 ◦C.
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The values of the interfacial tension of the solution can be also
correlated to CO2 concentration by using the following empirical
equation [52]

!sol = (1 − ωACT )!1/r
pol (7)

where !sol is the interfacial tension of the solution, ωACT is the
weight fraction of the dissolved fluid. From the fitting of the exper-
imental data in the whole temperature range (not shown), the
parameter r was estimated to be equal to 0.222.

Finally, it is useful to compare the properties obtained according
this fully experimental technique with those obtained by a semi-
empirical approach. In particular, Fig. 10a reports the values of
specific volume of the polymer–gas solution as calculated as by
the procedure adopted in the present contribution and those cal-
culated by using the SL-EoS semi-empirical approach, as described
in Section 3.1.  Furthermore, the comparison has been performed
also in terms of interfacial tension, as shown in Fig. 10b. In partic-
ular, the semi-empirical interfacial tension data have been derived
by using the predicted values of polymer–gas solution specific vol-
ume  into the fitting of the experimental drops. These comparisons
highlight the differences among the fully experimental based cal-
culations and the properties derived on the basis of theoretical
assumptions, thus evidencing the importance of the adopted cou-
pled measurement to obtain a reliable estimation of the solution
properties.

4. Conclusions

Simultaneous measurement of solubility, diffusivity, specific
volume and interfacial tension of molten PCL/CO2 solutions has
been performed at three different temperatures and at CO2 pres-
sures up to 4.2 MPa. Solubility, as expected, increased with CO2
pressure and decreased with temperature; data were modeled
by using Sanchez–Lacombe theory and the interaction parame-
ter,  , in the whole pressure and temperature range, was equal
to 0.976 ± 0.001. Mutual diffusivity coefficients have been found to
have no significant dependence on CO2 concentration in the range
of investigated pressure and temperature and they increased with
temperature with an Arrhenius-type dependence. Quite interest-
ingly, specific volume of the PCL/CO2 solution was  found to show
a non monotonic profile, that has been justified hypothesizing that
CO2 within molten PCL is present in two forms: species “associ-
ated” and species “nonassociated” with PCL. Associated ones prevail
at low pressure, thus being responsible for a volume of mixing
smaller than that calculated on the basis of simple volume addi-
tivity. Interfacial tension of the solution was found to decrease,
with a nearly linear trend, with gas concentration and tempera-
ture. Macleod empirical approach provided the description of the
relationship between the interfacial tension and the density dif-
ferences of the two phases in equilibrium (gas and polymer/gas
solution), with a collapse of the whole set of data at the different
temperatures on a single master curve.
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