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In this work, low density polyethylene (LDPE) films were loaded by scCO2-assisted impregnation with R-
(−)-carvone, the main component of M. spicata and A. polystachya essential oils with antimicrobial and in-
secticidal activity. Impregnation runs were performed in a lab-scale high-pressure cell, and the effect of CO2

density (240–700 kg m−3) and temperature (35–60 °C) on impregnation yield was evaluated. Impregnation
yields of 2.0–4.8% (w/w) were obtained, achieving higher values at low CO2 density. Thermal and mechanical
properties of the films, before and after impregnation, were also investigated. The diffusion coefficient of car-
vone in scCO2-swollen films was estimated by impregnating film rolls and modeling the concentration profile
through the roll thickness using an analytical solution of second Fick’s law. Release profiles into air were de-
termined, allowing to estimate diffusivity values in non-swollen films at ambient conditions.

1. Introduction

Supercritical CO2 (scCO2) assisted impregnation of polymeric films
has been proposed and studied by several authors as a suitable tech-
nology for producing active materials for food packaging applications.
In this way, a great variety of polymeric materials (petroleum-based as
well as natural biopolymers) have been impregnated with antioxidant
[1,2], antimicrobial [3–5] and insecticidal agents [6–8] using scCO2 as

solvent and swelling agent. In addition to the well-known advantages of
scCO2 as an eco-friendly solvent [9–12] and the high solubility of many
natural active compounds even at mild conditions, scCO2-assisted im-
pregnation is based on the ability of scCO2 to absorb in many polymeric
matrices and swell them, increasing the system free volume and the
mobility of the polymer chains, enhancing internal diffusivity in several
orders of magnitude [9]. Under this state, the solute molecules dis-
solved in the supercritical fluid phase can penetrate more easily into the
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polymer network, where specific interactions may occur. After some
contact time, which can lead to polymer saturation, the system is de-
pressurized, CO2 molecules are rapidly desorbed from the polymer and,
due to the drastic decrease in solubility and diffusivity, solute molecules
are retained into the matrix to a great extent. As a result, polymers are
generally impregnated more deeply and faster than when liquid sol-
vents are used.

On the other hand, in the last decades the activity of several botanic
compounds has been studied and proposed for their use as active sub-
stances in replacement of synthetic additives in order to improve food
safety and extend its shelf life. Simultaneously, due to the increasing
consumer demands for minimally processed and preservative-free
products, food industries perceive active and intelligent packaging as a
promising technology for food preservation. Furthermore, this interest
has been encouraged by the publication of new regulations concerning
the use of these active materials in food contact applications.
Consequently, the incorporation of EOs in plastic films to avoid food
spoilage is nowadays considered an attractive option for packaging
manufacturers and demanding consumers [13–17].

In this work, the incorporation of carvone (2-methyl-5-(prop-1-en-2-
yl)cyclohex-2-en-1-one) into low density polyethylene (LDPE) films
using scCO2-assisted impregnation technology is investigated. Carvone,
whose chemical structure is shown in Fig. 1, is the main component of
several essential oils (EOs). This compound has been used for decades
in the food industry as a flavoring agent, but nowadays it plays a new
role due to its antimicrobial and insecticidal activity [16]. It is an op-
tically active monoterpene, being a very effective bioinsectide as well as
antimicrobial agent, presenting both antibacterial and antifungal ac-
tivities. Moreover, many in vitro evaluations have demonstrated the
antimicrobial properties of both optical isomers [16–18]. In particular,
R-(−)-carvone has been proved to be very effective against storage
diseases of potatoes like silver scurf and dry rot, caused by Hel-
minthosporium solanii and Fusarium sulfureum [16]. The insecticidal ac-
tivity of R-(−)-carvone and essential oils rich in this compound has also
been reported by several authors. For instance, spearmint EO and pure
R-(−)-carvone have proved to be highly toxic against adults moths [19]
and stored product beetles [20–22].

Several authors have studied and reported the incorporation of ac-
tive EOs (and their purified components) as well as other extracts from
plants into a wide spectrum of both bio- and petroleum-based poly-
meric matrices commonly used for food packaging by different meth-
odologies [23]. Nevertheless, active packaging systems are mostly
based on polyolefin-based films −due to their good technological
properties (mechanical, barrier, optical and thermal)– combined with
antimicrobial or antioxidant additives [24,25].

Several techniques are conventionally used at industrial scale for
incorporating active substances or additives into polymers. Some of

them imply the risk of thermal decomposition of sensitive organic
compounds due to they operate above the polymer melting tempera-
ture, such as hot melt extrusion or casting techniques. In other pro-
cesses organic liquid solvents are used which must be removed after-
wards in order to meet the rigorous regulations concerning materials
for food, biomedical and pharmaceutical applications [26]. ScCO2-as-
sisted impregnation overcomes both limitations, allowing to operate at
mild temperature conditions and without liquid solvents, and it has
been proven to be very effective for developing active packaging ma-
terials exhibiting the same kind of activity as the pure active com-
pounds [1,3,4,27–29]. Nevertheless, to the best of our knowledge, the
incorporation of carvone in LDPE films using scCO2-assisted impreg-
nation has not been yet reported in the literature.

Although in most studies single films are impregnated (generally
until saturation), industrially it is more convenient to deal with film
rolls. In this sense, the few studies that have undertaken pilot or in-
dustrial scale research −which are related to scCO2-assisted dying of
textile polymers [30,31] have included the impregnation of entire rolls
of film. The design and optimization of such processes require some
knowledge of the diffusion coefficient of the loaded substance into the
swollen polymer at supercritical conditions, as well as the saturation
(thermodynamic) loading limit.

Moreover, it is also important to assess the possible effects of the
supercritical impregnation treatment on the thermal and mechanical
properties of the material. Morphological changes −such as the mod-
ification in crystallinity degree, or the rearrangement of crystalline
domains–may be induced by scCO2 sorption and the incorporation of
additives, which can in turn affect the mechanical behavior, in terms of
strength, ductility and elasticity. These properties represent relevant
parameters for evaluating an application, as they indicate the ability of
the material to maintain integrity under the stress conditions related to
processing, handling and storage [3,32,33].

Based on these facts, the objectives of this work are: (a) to determine
the impregnation yield of R-(–)-carvone in LDPE films at different
temperature and pressure conditions; (b) to determine the diffusion
coefficient of R-(–)-carvone in scCO2-swollen LDPE at different opera-
tion conditions, using a film-roll method [34]; (c) to evaluate the
thermal and mechanical properties of the obtained films and detect
possible modifications due to the impregnation treatment; (d) to study
the release kinetics of R-(–)-carvone from the impregnated films, de-
termining its diffusion coefficient under ambient conditions.

2. Materials and methods

2.1. Materials

Commercial films of low density polyethylene (LDPE, density:
896 kg m−3, thickness: 30 ± 1 μm) used as polymeric matrix in the
impregnation tests, were kindly provided by Converflex (ARCOR
Group, Córdoba, Argentina).

R-(–)-carvone (purity: 98%; bp: 227–230 °C; MW: 150.22 g/mol)
was purchased from Sigma-Aldrich (Steinheim, Germany) and in-
dustrial extra-dry carbon dioxide (water content ≤ 10 ppm v/v), used
as impregnation solvent, from Linde (Argentina).

Ethanol (96% v/v, food grade, Porta, Argentina) was used as solvent
in the characterization tests.

2.2. Supercritical impregnation experiments

ScCO2–assisted impregnation runs were carried out in a lab-scale
batch system described in a previous work [26] and schematically
shown in Fig. 2. In brief, each impregnation run was performed in a
high-pressure cell (a stainless-steel vessel of 50 cm3 of internal volume),
under constant pressure, temperature and agitation conditions for a
period of time, after which the CO2 was released at constant de-
pressurization rate using a micrometering valve.Fig. 1. Chemical structure of R-(–)-carvone.
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In this work, impregnation runs were performed at two temperature
levels (35 and 60 °C) and four CO2 density levels (∼240-700 kg·m−3),
while depressurization was performed at a constant rate of 0.6
MPa·min−1 for all runs. CO2 density was controlled by setting the
system pressure at proper values. For this purpose, pure CO2 data from
NIST were used [35]. The experimental conditions for all runs are
shown in Table 1. The initial concentration of carvone in the fluid phase
was fixed and selected in order to operate under single phase condi-
tions, i.e., below the solubility value at each temperature and pressure
condition. The corresponding amounts of carvone loaded into the cell in
each experiment were calculated taking into account the cell volume
and the corresponding CO2 density. The determination of the carvone
solubility in CO2 is explained in Section 2.3.

In each run, three films (approx. 10 cm2 each) were placed into the
cell using a metal-mesh support, the corresponding amount of carvone
was loaded and the cell immediately closed. The support allowed to
maintain the films separated from each other and in a vertical position,
allowing the diffusion through both sides of the films as well as mini-
mizing the precipitation of carvone droplets onto the film surfaces
during the depressurization step. Afterwards, CO2 was delivered to the
cell until the desired pressure was achieved (corresponding to the
specified temperature and density conditions), and the system was kept
at constant pressure and temperature for 2 h, after which the CO2 was
released from the system at a constant depressurization rate (0.6
MPa·min−1). Preliminary tests were conducted at different times
(t = 2–4 h) in order to check whether the saturation of the films with
carvone occurred at t = 2 h.

The films were removed from the cell and gently dried with tissue
paper in order to remove any residual amount of carvone from the
surface. The mass of carvone loaded into the films was calculated
gravimetrically by measuring the mass gain of the films after the assay
in a precision balance (± 0.0001 g). Then, the impregnation yield (Y%)
was defined as follows (Eq. (1)):

=
−

×Y
m m

m
% 100f 0

0 (1)

where mo and mf are the original and the final mass of the film,

before and after impregnation, respectively.
Preliminary tests were performed in order to ensure that the film

mass is not affected by the pressurization-depressurization process (e.g.,
due to the extraction of additives) as well as to confirm that CO2 des-
orption from the films is complete within few minutes after de-
pressurization [7]. These tests were carried out by treating LDPE films
with pure scCO2 at the operation conditions and weighing them after
depressurization. It was verified that the films recovered their original
weight within 2 min, indicating a fast desorption of CO2. In the same
way, it was verified in release experiments from carvone-loaded films
that the mass loss due to carvone desorption was in the order of 1–2% in
the same period.

The gravimetric determination was validated by comparison with
UV spectrophotometric analysis of selected samples. Film samples of
known mass were placed in flasks containing ethanol under vigorous
agitation during 1 h, in order to extract the impregnated carvone. Two
extraction steps were required in order to exhaust the film samples. The
concentration of carvone in the ethanolic solution was then determined
by measuring absorbance at 236 nm in a UV–vis spectrophotometer
(Lambda 25, Perkin Elmer, USA). For that purpose, a calibration curve
was prepared using different concentrations of carvone in ethanol
ranging from 0.002 to 0.040 mg·ml−1. The absorbance at 236 nm of
this set of solutions was acquired, and the relationship between the
concentration of carvone and the absorbance was adjusted with a linear
function. The calibration curve was performed by duplicate. The ex-
traction of carvone was considered complete after obtaining at least two
carvone-free extracts. Furthermore, direct UV analysis of the exhausted
films was performed immediately afterwards, using a neat LDPE film as
reference, confirming the absence of the carvone absorption peak in the
spectrum.

2.3. Estimation of carvone solubility in scCO2

In order to perform the impregnation tests at homogeneous condi-
tions in the fluid phase, as previosuly mentioned, the concentration of
carvone was set below its solubility value at each condition. For that
purpose, the solubility behavior of carvone in scCO2 at 35 °C and 60 °C
was estimated by predictive calculations using the Group Contribution
Equation of State (GC-EOS) [36], over the experimental range. The
model equations and the parameters (pure group, binary interaction
and binary non-randomness parameters) used in the calculations, as
well as the group structures, are reported in Appendix A. With this set
of equations, the solubility was calculated from the equilibrium mole
fraction of carvone in the CO2 phase by solving multiphasic P,T-flashes
with the subroutine GCTHREE [37].

GC-EOS calculations were previously validated by comparison with
experimental data reported in the literature at 39 and 49 °C within a
pressure range of 6–10 MPa [38,39]. The model deviation was esti-
mated as the average absolute relative deviation (AARD%) at each
temperature, defined as (Eq. (2)):

∑=
−

×
=

AARD
NP

y y
y

% 1 100
i

NP
calc i exp i

exp i1

, ,

, (2)

where ycalc and yexp are the calculated and experimental solubility va-
lues (in mole fraction) and NP is the number of experimental points.

2.4. Fourier transformed infra-red spectrometric analysis (FTIR)

Impregnated film samples were analyzed by Fourier transformed
infrared (FTIR) spectrometry in order to confirm the incorporation of
carvone. Absorbance spectra were obtained in an infrared imaging
microscope (Nicolet iN10 Mx, Thermo Fisher Scientific, USA), with a
resolution of 2 cm−1, in a wavenumber range of 400–4000 cm−1 with
16 scans, at room temperature. Spectra of pure carvone, neat LDPE film
and impregnated film samples were acquired and compared in order to

Fig. 2. High-pressure impregnation system. 1: CO2 reservoir; 2: cooling coil; 3: pressure
generator; 4: manometer; 5: impregnation cell; 6: temperature controller; 7: magnetic
stirrer; V: valves; MV: micrometering valve.

Table 1
Experimental conditions for the impregnation of LDPE films with R-(–)-carvone.
Depressurization rate = 0.6 MPa·min−1 and time = 2 h for all runs.

Run no. Temperature (°C) Pressure (MPa) CO2 density (kg m−3)

1 35 7.6 288.4
2 60 9.1 240.3
3 35 7.9 365.5
4 60 11.5 395.8
5 35 8.1 490.8
6 60 13.4 529.6
7 35 9.7 700.7
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identify characteristic absorbance bands. Background spectra were ac-
quired before each test for air humidity and carbon dioxide correction.

2.5. Differential scanning calorimetry (DSC)

Thermal properties were evaluated in a Discovery DSC equipment
(TA Instruments, USA). Thermograms were obtained directly on film
samples heating from 25 °C to 180 °C and cooling from 180 °C to 25 °C,
both at a rate of 10 °C min−1. Analysis was performed on neat polymer
films as well as impregnated samples in order to evaluate the variation
of the properties during high-pressure treatment (with and without
carvone). For this reason, as the polymer thermal history should not be
removed, only the first heating cycle was considered. Melting tem-
peratures and enthalpies were recorded, and the crystallinity degree
was calculated taking into account all melting peaks in the thermo-
grams, by comparison with the melting enthalpy of pure crystalline
LDPE (ΔHm=288 J/g).

2.6. Mechanical properties

In order to determine the impact of the high pressure treatment and
the incorporation of carvone on the mechanical properties of the films,
tensile strength tests were performed on carvone-impregnated, scCO2-
pressurized and neat polymer film samples, using a universal testing
machine (Instron, USA). Rectangular probes (100 × 10 mm) were used
in all cases, with an initial grip separation of 70 mm. Tests were con-
ducted under a constant cross-head speed of 100 mm min−1 until
break. Young modulus, yield strength, tensile strength and elongation
at break were recorded along each test and reported as mean
value ± standard deviation of at least 6 replicates.

2.7. Diffusion coefficient estimation under impregnation conditions

The mass transfer kinetics of carvone in LDPE films under scCO2

conditions was investigated by studying the effect of temperature and
CO2 density on the diffusion coefficients of this compound in the films.
For that purpose, the “film roll method” reported by Sicardi et al. [34]
was used, with some modifications. For all the experiments, the film roll
was prepared as follows: First, polymer film strips of 2–5 m length
(depending on the experiment) and 2 cm wide were wrapped tightly
around a glass tube of 0.6 cm diameter forming a roll, which was held
together by a capillary glass rod pressed against it by two Teflon©

threads, keeping a flap of film (2 cm long) separated from the roll in
order to be in contact with the scCO2 by both sides. A graphical re-
presentation of the film roll is shown in Fig. 3. These precautions were
taken in order to avoid direct contact of the inner layers of the roll with
the fluid phase and ensure that the mass transfer of carvone is by dif-
fusion from outer to inner layer, as in a continuous medium [34]. The
roll was then placed into the high-pressure cell previously described in

Section 2.2, and impregnation was conducted for a certain period of
time, which varied in each experiment and was in the range 40–60 min.
After depressurization, the films were unrolled and cut in pieces of
approx. 1.5 cm × 1.5 cm, each one corresponding to a film layer. These
pieces were cut from the center of the strip, leaving apart de edges
(which might be exposed to direct contact with scCO2 due to small
imperfections of the rolls). The amount of carvone incorporated in each
film sample was determined by extraction with ethanol and UV spec-
trophotometric analysis following the same procedure described in
Section 2.2. The exhausted films were allowed to dry until constant
weight, which was assumed to be equal to the original (carvone-free)
weight. In this way, the concentration profile of carvone over the film
roll thickness was determined for each experiment.

From these data, the diffusion coefficient of carvone in the scCO2-
swollen LDPE films was estimated by fitting a mass transfer model
based on the second Fick’s law for non-steady diffusion, as proposed by
Crank [40]. The following hypothesis are assumed: (a) the diffusion
process can be described by Fick’s laws; (b) the film roll can be de-
scribed as a unidimensional slab, as its thickness is small compared to
its total diameter; (c) scCO2 sorption is faster than carvone diffusion,
and therefore the polymer roll is considered to be completely swollen
when impregnation begins; (d) the concentration of carvone in the film
at the fluid-polymer interphase (C0) is constant, as the scCO2 phase is
saturated throughout the experiment; (e) the diffusion coefficient of
carvone under supercritical impregnation conditions (DSC) is constant,
which can be assumed due to its low concentration in the film. Under
these assumptions, an analytical solution of the second Fick’s law is
given by Eq. (3):

⎜ ⎟= ⎛
⎝

⎞
⎠

C
C

erfc w
DSC0

1/2 (3)

where C is the concentration of carvone in each layer, and the variable
w is defined as:

=w x
t2 1/2 (4)

x is the position along the roll thickness (measured from the outer
layer) and t is the diffusion time. The pressurization and depressur-
ization times being of a few minutes, the diffusion time twas considered
equal to the static impregnation time at the desired T and P conditions
[34]. During the impregnation process, the flap of film became satu-
rated and provided the value of carvone concentration in the polymer at
the polymer-fluid interface (C0). Saturation was confirmed by quanti-
fying the carvone concentration in the flap and comparing to the im-
pregnation yield previously obtained at similar conditions.

It has to be noted that Eq. (3) is a valid solution only for semi-
infinite slabs, and therefore only experiments where carvone diffusion
did not reach the inner layers of the roll were considered for estimating
DSC values. These were estimated by fitting Eq. (3) to the experimental
concentration profiles using the MS Excel Solver tool, by minimizing
the sum of squared errors (SSE) calculated according to Eq. (5):

∑ ⎜ ⎟ ⎜ ⎟= ⎡

⎣
⎢⎛

⎝
⎞
⎠

− ⎛
⎝

⎞
⎠

⎤

⎦
⎥

=

SSE C
C

C
Ci

NP

exp calc1 0 0

2

(5)

where NP is the number of experimental and calculated points.

2.8. Release kinetics at ambient conditions

The release kinetics of carvone from impregnated LDPE films into
air was determined gravimetrically by monitoring the mass decrease of
rectangular film samples of approx. 12 cm2 exposed to air, at different
time intervals until reaching a constant value. These samples were
specially impregnated for these tests following the methodology de-
scribed in Section 2.2, under the same temperature (35 and 60 °C) and
CO2 density (240-700 kg m−3) conditions previously studied. AfterFig. 3. Diagram of film roll used for diffusion experiments.
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impregnation, they were stored in 2 ml hermetic glass vials in re-
frigerator at 4 °C, until the beginning of the release experiments, in
order to minimize the losses of carvone. Release tests were performed at
ambient laboratory conditions (20 °C and 1 atm), with air ventilation
and controlled relative humidity (approx. 60%). The films were kept in
vertical position in order to allow the release from both sides. Neat
LDPE films (control) were weighed along with the impregnated samples
in order to dismiss any possible weight variation due to ambient hu-
midity absorption or desorption.

The diffusion coefficient values of carvone in LDPE at ambient
conditions (Da) were estimated by fitting a Fickian mass transfer model
for non-steady diffusion to the experimental cumulative release curves
[40–43], given by Eq. (6):

∑= −
+

⎡
⎣⎢

− + ⎤
⎦⎥∞ =

∞M
M π n

exp n π
L

D t1 8 1
(2 1)

(2 1)t

n
a2

0
2

2 2

2 (6)

where Mt is the mass of carvone released after time t, M∞ is the total
released mass (or the initial carvone content in the film) and L is the
film thickness. This analytical solution of second Fick’s law is valid
under the following assumptions: (a) the diffusion process can be de-
scribed by Fick’s laws; (b) the diffusion coefficient is constant during
the desorption process (i.e., concentration-independent), which can be
assumed when the concentration of solute is low; (c) mass transfer only
occurs in the direction of the film thickness (unidimensional diffusion),
and edge effects are negligible; (d) the only resistance to mass transfer
is located in the polymer side (perfect sink conditions can be assumed in
the air side); (e) the initial concentration of carvone in the film is
uniform.

This model has been applied by many authors for the mathematical
description of absorption/desorption processes into/from polymers, in
gas and liquid phase, such as the absorption of flavor compounds
(terpenes, esters and phenolics) by food packaging films [44–48] and
the emission of volatiles (phenol, dodecane) from polymeric building
materials [49]. Eq. (6) involves an infinite series of terms. In our cal-
culations, only the first 20 terms were included, due to the fact that the
contribution of the terms for n> 20 proved to be negligible. The model
fitting was performed using the Microsoft Excel Solver tool, minimizing
the sum of squared errors (SSE), calculated according to Eq. (7):

∑ ⎜ ⎟ ⎜ ⎟= ⎡

⎣
⎢⎛

⎝
⎞
⎠

− ⎛
⎝

⎞
⎠

⎤

⎦
⎥
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SSE M

M
M
Mi

NP
t

exp

t

calc1

2

(7)

where NP is the number of experimental and calculated points

2.9. Statistical analysis

All experiments were performed at least in duplicate. The results
were expressed as: mean value ± standard deviation. The differences
in mean values between samples were assessed using Student’s t-test
and were considered significant at p < 0.05.

3. Results and discussion

3.1. Supercritical impregnation of R-(–)-carvone in polymeric films

As previously mentioned, preliminary calculations of the carvone
solubility in CO2 were performed with the GC-EOS model, in order to
select a concentration value to be used in all impregnation experiments.
Fig. 4(a) shows the calculated solubility of carvone as a function of
pressure at 39 and 49 °C, in comparison with experimental data re-
ported in the literature [38,39]. The numerical values, as well as the
model deviation (expressed as AARD%), are provided in Table 2. It can
be seen that the GC-EOS predictions reproduced satisfactorily the ex-
perimental solubility data, which is a remarkable feature of this model
previously assessed with other terpene compounds [50,51]. Therefore,
predictive calculations at the selected impregnation temperatures (35

and 60 °C) were performed, as shown in Fig. 4(b). From these data, a
fixed mole fraction of carvone in the fluid phase of y= 2.4 × 10−4

(corresponding to 0.8 mg/g CO2) was selected for all the impregnation
experiments. This value corresponded to the lowest concentration of
our experimental design, therefore ensuring single phase conditions for
the CO2 phase in all runs.

As described in Section 2.4, the impregnated films were analyzed by
FTIR spectroscopy in order to confirm the incorporation of carvone.
Absorption spectra of pure carvone, neat LDPE and impregnated LDPE
films are shown in Fig. 5. It can be seen that the typical absorbance
band of the carbonyl group at ∼1680 cm−1 is present in the im-
pregnated film spectrum, indicating the incorporation of carvone. In
addition, no changes are observed in the LDPE sprectrum that could
indicate chemical modification of the polymer due to the impregnation
treatment.

The effect of CO2 density (240-700 kg m−3) at two different tem-
perature levels (35 and 60 °C) on the impregnation yield of LDPE films
with carvone was investigated. Results are presented graphically in
Fig. 6. As can be seen, impregnation yield ranged from 2.0 to 4.8% (w/
w), at both temperatures. These values are in agreement with data
previously reported by the authors regarding the impregnation of LDPE
with other terpene compounds (eugenol, pulegone, thymoquinone)
[7,26], as well as data reported by other authors using LDPE and related
compounds such as thymol [28], 2-nonanone [29] and clove essential
oil [1]. These relatively low values suggest that LDPE has a limited
loading capacity, which can be explained by the combination of several
factors: (a) the absence of polar functional groups capable of strong
interactions with the solute molecules; (b) the semicrystalline nature of
the polymer, with amorphous domains easily impregnable and crys-
talline regions with very limited sorption capacity; and (c) the high
solubility of these types of solutes in scCO2, yielding high partition
coefficients between the fluid phase and the polymer.

It can be observed that yield values decrease with scCO2 density.
Moreover, this effect seems independent of temperature, as nearly the
same trend and values were obtained at 35 and 60 °C. The role of CO2

density in the impregnation process has been previously observed and
discussed. On one hand, CO2 sorption by the polymer is enhanced at
high density conditions, facilitating the diffusion and penetration of
solute molecules. On the other hand, the solvent power of scCO2 in-
creases with density, and therefore the partition coefficient is enhanced
towards the fluid phase. The interplay of both effects may determine
different behaviors. In this sense, an increase [52], a decrease [53] or a
maximum yield at an intermediate density value [54,55] have been
reported by different authors. The occurrence of each behavior will
depend on the particular system studied, as discussed by Champeau
et al. [52]. In our case, the decreasing of impregnation yield over the
broad density range studied reveals that the effect on the solute parti-
tion coefficient is predominant, which seems to be the typical behavior
in systems composed by solutes of high solubility and non-polar poly-
mers. Additionally, the fact that temperature has no effect on carvone
loading may be the result of two counterbalanced phenomena: an in-
crease of carvone vapor pressure with temperature (which favors its
fluid/polymer partition coefficient), and a diffusivity increase (by in-
creasing the molecular motion of both the solute and the polymer
chains).

3.2. Thermal and mechanical properties

Thermograms of neat and impregnated LDPE films are presented in
Fig. 7. The main melting temperatures and the calculated crystallinity
degree are reported in Table 3. The impregnated samples correspond to
three different temperature/density conditions: (A) 35 °C/273 kg m−3,
(B) 35 °C/700 kg·m−3 and (C) 60 °C/272 kg m−3. In the case of neat
LDPE, two main melting regions can be observed, identified as Tm3 and
Tm4, located at approx. 111 °C and 118 °C, which may be assigned to
two populations of crystalline lamellae with different thickness or
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degree of perfection. Besides, a minor peak Tm1 appears at ∼48 °C,
indicative of short chain and more defective lamellae. This multiple
melting behavior is typical of blends containing different types of LDPE,
as is usually the case in the commercial blown films [32,56]. Some
modifications can be observed after impregnation. In the samples im-
pregnated at 35 °C, the main feature that can be noticed is that Tm1

shifts to a higher value (∼55 °C). Tm3 and Tm4 are not altered, but in the
samples impregnated at 700 kg·m−3 (B) the Tm4 peak becomes nar-
rower. These results suggest that CO2 sorption as well as the in-
corporation of carvone, had a plasticizing effect that promoted re-
crystallization phenomena. On one hand, Tm1 crystals recrystallized
forming more perfect and thicker lamellae, with higher melting point,
and this phenomenon occurs equally at low and high CO2 density,
suggesting that this effect is independent of the concentration of car-
vone in the film. In the case of Tm4 crystals, the narrower peak in

sample B may indicate that the morphology of this population becomes
more homogeneous. These thicker and more perfect crystals melt at a
much higher temperature than the impregnation condition, and there-
fore a higher CO2 sorption degree is required for plasticization, which
explains the fact that this phenomenon is only appreciated at high CO2

density conditions.
On the contrary, in the case of sample C (impregnated at 60 °C) Tm1

is reduced to 42 °C, while a distinct melting region (Tm2) appears at
85 °C. Plasticization is expected to increase with temperature, and in
this case a crystal population which originally melted in a broad range
about 85 °C, recrystallizes in a preferential orientation producing a
narrower peak at this specific temperature.

As can be seen in Table 3, the total crystallinity degree of LDPE films
is not significantly altered, showing a slight increase which is highest
when operating at low temperature and high CO2 density. Therefore, it
could be concluded that the crystalline domains undergo morphological
changes and a reorganization process, without the net formation of new
crystals. However, further studies by X-ray diffraction analysis should
be performed in order to gain deeper insight of these changes in the
crystalline phases during the impregnation process.

The effect of scCO2 impregnation process on the mechanical prop-
erties of LDPE films is shown in Table 4, where the Young modulus,
yield strength, tensile strength and elongation at break (or ductility) are
given for neat, scCO2-treated and carvone-loaded LDPE films, obtained
at 35 °C and two CO2 density conditions (∼270 and 700 kg m−3). In
Fig. 8, some typical strain-stress curves are provided. In Table 4, it can
be seen that the tensile strength of the films is not significantly affected
by the pure scCO2 treatment itself, but the impregnation with carvone
reduces it in approx. 15% compared to the neat film, but only when it is
performed under high density conditions. The same trend can be ob-
served with the Young modulus, which is significantly affected only by

Fig. 4. Solubility of carvone (y2) in scCO2 as a
function of pressure. (A) Dots: experimental values at
(♦) T = 39 °C and (○) T = 49 °C [38,39]. Solid
lines: GC-EOS predictions. (B) GC-EOS predictions at
T = 35 °C and T = 60 °C and selected concentration
value.

Table 2
Experimental [38,39] and calculated solubility of carvone in CO2.

T (°C) P (MPa) CO2 density (kg m−3) yexp × 106 ycalc × 106 AARD%

39 6.21 160.2 90 71 32.8
6.89 195.0 136 107
7.58 244.4 331 198
7.93 280.6 400 310
8.27 323.2 1411 583

49 6.21 143.6 92 110 15.0
6.89 169.5 150 145
7.58 200.6 198 206
8.27 239.1 349 322
8.96 289.4 409 567
9.31 321.7 757 801
9.65 358.4 1571 1165

Fig. 5. FT-IR spectra of LDPE film, pure carvone and carvone-loaded LDPE
film (impregnation conditions: T = 35 °C, CO2 density = 240 kg m−3,
t= 2 h, depressurization rate = 0.6 MPa min−1). AU: Arbitrary units.

M.L. Goñi et al. The Journal of Supercritical Fluids 133 (2018) 278–290

283



impregnation at high density conditions. The yield strength, which re-
presents the starting point of plastic deformation, is reduced by the pure
scCO2 treatment itself as well as by the incorporation of carvone at high
density conditions. The elongation at break was not significantly af-
fected, but it has to be noted that the deviations among samples were
high.

The analysis of these results suggests that neither the incorporation
of carvone nor the CO2 treatment alone explain by themselves the ob-
served trends, which appear as a combination of both factors: on one
hand, the plasticizing effect caused by the incorporation of small pe-
netrant molecules, which affect the mobility of polymer chains of the
amorphous zones, as previously observed for LDPE films impregnated
with other terpene compounds [26]; on the other hand, the above
mentioned orientation effect under recrystallization conditions induced
by scCO2 sorption, which was stronger under high density conditions,
and may further facilitate the mobility of entire polymer regions as
reflected in the mechanical behavior changes. As a result of the inter-
play of both phenomena, the plasticization of this material seems to
require the presence of carvone molecules as well as the

rearrangements induced by high CO2 density. The fact that the most
significant effects were observed at a condition where the carvone
concentration in the films was lower may indicate a “saturation” be-
havior for this phenomenon. A more systematic correlation between
thermal and mechanical analysis data should be required in order to
gain deeper insight on this hypothesis.

3.3. Diffusion coefficient estimation under impregnation conditions

The amount of carvone loaded into the cell for the impregnation of
film rolls was calculated taking into account the solubility of carvone in
scCO2 and the impregnation yield obtained at different operation con-
ditions. An excess amount (960 mg) was used in order to ensure that the
concentration of carvone in the fluid phase was constant along the
experiments (assumption (d) in Section 2.7). This value was in excess
with respect to the solubility limit as well as to the hypothetical
quantity necessary for impregnating the entire roll at the saturation
value (Y%).

Adimensional concentration profiles of carvone along the film roll

Fig. 6. Effect of process conditions on the impregnation yield (Y%) of
carvone in LDPE films at T = 35 °C (■) and T = 60 °C (○). Vertical bars
represent standard deviation. Lines only provide eye guidance.

Fig. 7. DSC thermograms for neat and impregnated LDPE films obtained at
different process conditions. A: 35 °C-273 kg m−3, B: 35 °C-700 kg m−3

and C: 60 °C-272 kg m−3.
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thickness at different density and temperature conditions are shown in
Fig. 9. As explained in Section 2.7, these data were used to estimate
diffusion coefficient values for carvone in scCO2-swollen LDPE under
impregnation conditions, by fitting Eq. (3). Results are shown in
Table 5. It can be seen that DSC increases with temperature as well as
with CO2 density, from 6.5 × 10−11 m2 s−1 (at 35 °C and 273 kg m−3)
to 3 × 10−10 m2·s−1 (at 60 °C and 273 kg m−3) and
8.5 × 10−10 m2 s−1 (at 35 °C and 700 kg m−3), respectively. In the
first case, it can be assigned to the increased molecular motion of car-
vone molecules and polymer chains, promoted by temperature. In the
case of density, the one-order-of-magnitude increase relies on the free
volume increment due to CO2 absorption and the plasticizing effect of
CO2 molecules, which enhance the mobility of polymer chains, which is
in fact the basis for the supercritical impregnation process [9]. Al-
though it is a key factor for designing and modeling CO2-assisted im-
pregnation processes, there are few works in the literature that report
diffusion coefficients in scCO2-swollen polymers, and the available data
are mainly related to supercritical dying. Schnitzler and Eggers have
reported DSC values of 1.07 × 10−13 m2/s and 1.93 × 10−11 m2/s for
two synthetic azo dyes (disperse red 324 and dispersed orange 149) in
PET samples at 120 °C and 30 MPa (CO2 density: 585 kg m−3) [57].
Sicardi et al. have reported diffusivity data in the range
1.4 × 10−14–1.1 × 10−13 m2/s for disperse blue and disperse yellow
in PET films at 90–110 °C and 22–25 MPa (CO2 density:
484–580 kg m−3), determined by the film roll method [34]. Although
the reported values are several orders of magnitude lower than for
carvone in LDPE −which is consistent with the higher molecular mass
of azo dyes and the different morphology of PET–, these authors have
observed the same increase in diffusivity with temperature and CO2

density.
Diffusion coefficients of similar compounds in LDPE and LLDPE

films swollen by (or in contact with) other solvents have been reported
in the literature. For example, release kinetics of 2-nonanone [29] and
thymol [28] from LLDPE films into food simulants (aqueous solutions of
10–95% ethanol) have been investigated, with diffusion coefficients
ranging from 7 × 10−13 to 6 × 10−12 m2 s−1. Data for linear paraffins
in completely swollen LDPE have also been reported, being
1 × 10−12 m2 s−1 for undecane and 9 × 10−13 m2 s−1 for tridecane,
measured at 40 °C [58]. Although comparison with other compounds
should be done cautiously, these results suggest that diffusivity in
scCO2-swollen LDPE is at least one order of magnitude higher than in
LDPE swollen with liquid solvents (polar and non-polar) at atmospheric
pressure, which is the reason of the shorter contact times required for

penetration in scCO2-assisted impregnation and one major advantage of
this process.

3.4. Release kinetics at ambient conditions

As previously explained in Section 2.8, the diffusion coefficient of
carvone in LDPE films loaded under different impregnation conditions
was estimated from the release profiles to air at ambient conditions
(Da). The estimated values are shown in Fig. 10, for all tested condi-
tions. Overall, Da values range between 3 × 10−14 and
6 × 10−14 m2 s−1. To the best of our knowledge, there are no data for
this particular system in the literature, but results can be compared to

Table 3
Thermal properties for neat and impregnated LDPE films, processed at different impregnation conditions (depressurization rate = 0.6 MPa·min−1, time = 2 h).

Timp (°C) CO2 density (kg m−3) Tm1 (°C) Tm2 (°C) Tm3 (°C) Tm4 (°C) Crystallinity degree (%)

Neat LDPE – – 48 – 111 119 47.60
Carvone-loaded LDPE 35 273 55 – 111 119 49.07

35 700 55 – 112 118 49.32
60 700 42 85 110 118 48.43

Table 4
Mechanical properties for neat, pressurized and carvone-impregnated LDPE films, at different process conditions (T=35 °C, depressurization rate = 0.6 MPa·min−1).

CO2 density (kg m−3) Young modulus (MPa) Yield strength (MPa) Tensile Strength (MPa) Elongation at break (%)

Neat LDPE – 345.4 ± 10.7a 14.0 ± 1.2a 38.4 ± 1.9a,b,c 130.6 ± 26.3a

scCO2-treated LDPE 273 330.6 ± 17.4a 12.3 ± 0.5b 39.6 ± 0.8a 151.4 ± 10.3a

700 328.8 ± 26.5a 12.5 ± 0.6b 38.2 ± 1.1a,b,c 133.1 ± 20.8a

[Carvone+scCO2]-treated LDPE 273 335.7 ± 15.0a 12.3 ± 1.0b 37.3 ± 1.3b 152.6 ± 17.0a

700 286.3 ± 14.8b 9.8 ± 1.1c 32.8 ± 1.9d 133.2 ± 35.0a

Results are shown as mean values ± standard deviation (n=6-10).
Different letters in the same column indicate significant differences (p<0.05).

Fig. 8. Stress–strain curves for scCO2-treated LDPE at T=35 °C and CO2 densi-
ty = 273 kg m−3 (1) and 700 kg m−3 (2), compared with neat LDPE films (3). (a):
samples treated only with CO2 and (b): carvone-impregnated samples.
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the diffusion coefficient of pulegone −a closely related terpene ketone–
in LDPE at 24 °C, which has been reported elsewhere [41] ranging from
1.2 × 10−13 to 4.5 × 10−13 m2 s−1. The one-order of magnitude ob-
served difference can be attributed to the measurement temperature.
Other authors [47] have also reported similar values for the diffusion
coefficients of citral (2.5 × 10−13 m2 s−1) and limonene
(1.2 × 10−12 m2 s−1) at 25 °C, in LDPE. However, as previously men-
tioned, comparisons with other studies should be performed cautiously,
as the density of the LDPE films used by other authors may vary, af-
fecting the diffusivity.

Results indicate that Da is almost independent of impregnation
density at 35 °C, but it increases with impregnation temperature at

constant density conditions, especially above ∼400 kg m−3. In other
words, the combination of scCO2 density and temperature during the
impregnation process enhances the observed diffusivity of carvone in
the obtained films when released to air at ambient conditions. An ex-
planation can be attempted as follows. Diffusion in semicrystalline
polymers is often explained in terms of the network tortuosity, i.e., the
path that the solute molecules must follow in order to move across the
amorphous regions of the polymer surrounding the impermeable crys-
talline domains, which act as barriers to diffusion. Therefore, as the
crystallinity degree of LDPE is not substantially affected by the treat-
ment (Table 3), diffusion rate will depend on the size, morphology and
distribution of the crystallites. It has been reported that the annealing
process can reduce the tortuosity factor in semicrystalline polymers up
to 50% [59], and this phenomenon has been explained by the formation
of semi-permeable gaps or microvoids in the crystallites due to local
recrystallization. The absorption of CO2 under high pressure conditions
has been analyzed as analogous to the annealing process, as the in-
creased mobility of polymer chains (CO2-induced plasticization) allows
a similar recrystallization process [60]. Conducting impregnation at
higher temperature should enhance this phenomenon. Moreover, it has
been shown by DSC analysis that a population of crystals of inter-
mediate melting temperature (Tm2) becomes more oriented during re-
crystallization when impregnation is conducted at 60 °C. As a result of

Fig. 9. Penetration curves of R-(–)-carvone in LDPE film rolls during su-
percritical CO2-assisted impregnation at T = 35 °C with low (■,
273 kg m−3) and high (▯, 701 kg m−3) CO2 densities; and T = 60 °C with
low (○, 272 kg m−3) CO2 density. Dots: experimental values; solid and
dash lines: model fitting.

Table 5
Diffusion coefficient (DSC) for R-(–)-carvone in scCO2-swollen LDPE films under impreg-
nation conditions, estimated according to Eq. (3). (t = 2 h, depressurization rate = 0.6
MPa·min−1).

Temperature (°C) Pressure
(MPa)

CO2 density
(kg m−3)

DSC × 1010

(m2 s−1)
NP SSE

35 7.5 273 0.65 10 0.003
35 9.7 700 8.50 16 0.004
60 9.7 272 3.00 11 0.008

Fig. 10. Effect of impregnation process variables on the diffusion coeffi-
cient (Da) of carvone in LDPE films at room conditions: (■) Timp=35 °C;
(○) Timp=60 °C. Values estimated by fitting Eq. (6) to experimental
measurements (NP=6; SSE=6.0 × 10−4–1.2 × 10−2).
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all this, the network tortuosity may decrease under these conditions,
with a consequent increase in carvone molecules diffusivity, even
though the global crystallinity degree does not change. It is also con-
sistent with the increase of the plasticizing effect observed at high CO2

density previously discussed in the mechanical properties analysis,
corresponding to higher mobility and/or free volume of the amorphous
zones, which also enhance diffusivity.

4. Conclusions

In this work, the scCO2-assisted impregnation of commercial LDPE
films, commonly used as packaging material, with R-(–)-carvone −a
terpene ketone with antimicrobial and insecticide activity, naturally
occurring in many essential oils– was studied. It was observed that the
impregnation yield decreases with CO2 density, showing practically no
dependence with temperature at the tested values (35 and 60 °C). This
behavior is consistent with the high solubility of this compound in
scCO2 and the lack of strong interactions with the polymer. From the
point of view of maximizing the amount of active compound in the
films while minimizing energetic costs, the best impregnation condition
among the operational range studied in this work would be at the
lowest temperature and density conditions (35 °C and ∼290 kg m−3,
corresponding to a pressure of 7.6 MPa), obtaining an impregnation
yield (Y%) of 4.38 ± 0.28%.

Thermal and mechanical properties of the obtained films showed
some degree of plasticization, reflected in lower Young modulus and

yield strength values, especially in the samples impregnated with car-
vone under high CO2 density conditions.

The diffusion coefficient of carvone in scCO2-swollen LDPE films
could be estimated by the film-roll method, being several orders of
magnitude higher than the diffusion coefficients in the non-swollen
polymer at ambient conditions (10−10 vs 10−14 m2 s−1), determined
from the release kinetics to air. This information is fundamental for the
design and optimization of an impregnation process of film rolls (or
pieces with higher thickness) as well as for the modeling of the release
process and the prediction of the life time of the packaging material.

In conclusion, the optimal impregnation conditions will depend on
the requirements of each specific application, and therefore in the
suitable combination of carvone content, mechanical behavior and re-
lease profile.
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Appendix A. GC-EOS equations and parameters for the calculation of carvone solubility in scCO2

As mentioned in Section 2.3, the solubility of carvone in scCO2 was modeled using the Group Contribution Equation of State (GC-EOS). The
detailed description of this model can be found in the works by Skjold-Jørgensen [36]. Briefly, the GC-EOS model computes the residual Helmholtz
energy (Ares) by two additive contributions: a repulsive or free volume term (Afv) and an attractive term accounting for intermolecular forces (Aatt):

= +A A Ares fv att (A1)

The free volume term is modeled using a Carnahan-Starling type hard sphere expression, developed by Mansoori and Leland [61]:
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V is the total volume, NC the number of components in the mixture, ni is the number of moles of component i, n is the total mole number and di is the
temperature dependent hard sphere diameter of each component, calculated as:
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where dci is the pure component critical hard sphere diameter. This parameter can be fitted to a vapor pressure point, or calculated from the pure
compound critical properties (Tc and Pc) as:
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The attractive term is a group contribution version of a NRTL type expression [62] with density dependent mixing rules:
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= −g g gΔ ij ij jj (A11)

NG is the number of groups, z is the coordination number of any segment (set to 10), νij is the number of groups of type j in molecule i, qj is the
number of surface segments assigned to group j, θk is the surface fraction of group k, q͠ is the total number of surface segments, gij is the attraction
energy parameter between groups i and j (gij = gji), and αij is the binary non-randomness parameter (αij ≠ αji). The binary interaction parameters
between unlike groups are calculated as:
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with the following temperature dependences:
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Table A1
Pure compounds physicochemical properties.

MW (g mol−1) Tc (K) Pc (MPa) Tsat (K) Psat (MPa)

CO2 44.0 304.2 7.28 – –
Carvone 150.2 724.5a 2.82a 355.2b 0.00053b

a Estimated by Joback group contribution method [66].
b Data from literature [67].

Table A2
Group structure of pure compounds.

Group CO2 Carvone

CH3 – 2
cyCH2 – 1
cyCH – 1
C]CH2 – 1
C]CH – 1
CH2C]O – 1
CO2 1 –

Table A3
GC-EOS pure group parameters.

Group T* q g g' g”

CH3 600.0 0.848 316910 −0.9274 0
cyCH2 600.0 0.540 466550 −0.6062 0
cyCH 600.0 0.228 466550 −0.6062 0
C]CH2 600.0 0.988 323400 −0.6328 0
C]CH 600.0 0.676 546780 −1.0966 0
CH2C]O 600.0 1.180 888410 −0.7018 0
CO2 304.2 1.261 531890 −0.5780 0

Table A4
Binary interaction parameters (kij above diagonal, k’ij below diagonal).

Group CH3 cyCH2 cyCH C]CH2 C]CH CH2C]O CO2

CH3 1 1 1 1 0.977 0.834 0.898
cyCH2 0 1 1 1.040 1 0.870 0.928
cyCH 0 0 1 1.040 1 0.870 0.928
C]CH2 0 0 0 1 1.094 1 1.057
C]CH 0 0 0 0 1 0.975 1
CH2C]O 0.084 0.097 0.097 0 0 1 1.025
CO2 0 0.210 0.210 0 0 0.108 1
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where g*jj is the interaction parameter for the pure group j at the reference temperature T*j .
The relevant physico-chemical properties of carvone and CO2 are presented in Table A1. The GC-EOS group structures are presented in Table A2.

The pure group, binary interaction and binary non-randomness parameters used in the model are reported in Tables A3–A5 and correspond to the
latest updates available in the literature [51,63–65].
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