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Supercritical fluids (SCFs) are unconventional solvents
exhibiting tunable physicochemical properties that make
them highly interesting to perform both physical processing
and chemical reactions.
Most of the processes based on SCFs take advantage of
the near-critical region where substances exhibit gas-like
transport properties (viscosity, diffusivity), but they can
assume densities from gas-like to liquid-like values depending on the pressure. For this reason, SCFs are sometimes
known as “variable geometry” solvents. This unique property,
coupled with the environmentally friendly characteristics
of some common SCFs make them attractive for a large
variety of processes. Most of the investigations are performed
using supercritical carbon dioxide (SC-CO2 ) that cumulates tunability of thermodynamic and transport properties
with favourable technoeconomical features such as wide
availability and low cost, biocompatibility, and mild critical
parameters.
During the last four decades, extensive research has been
carried out worldwide about a large variety of applications of
SCFs. Some fields have been abandoned while others have
been developed up to industrial production. It is relevant
to highlight that supercritical fluids utilization covers broad
amplitude of applications, and new applications are very often
proposed in the scientific literature.
An important research theme that is going to be object of
growing interest and is not covered in this issue is the study
of thermal or thermocatalytic processes in near/supercritical

water to convert biomasses into fuels and/or chemicals. The
topic is located in the context of biorefinery, and the interest
in its development is stimulated by the fact that using as
solvent compressed water in near-critical or supercritical
conditions it is possible to work with wet biomasses limiting energetic penalty associated with latent heat of water
vaporization and having access to operating conditions in
which permanent gases, such as hydrogen, are fully miscible
with the solvent, and transport properties of the reaction
medium are similar to those of a gas with consequent intensification of mass transfer rate controlled steps. Examples
of the researches developed in this field are the gasification
of lignocellulosic biomasses in supercritical water [1–3] and
the liquefaction of aquatic biomass [4]. Other emerging
and sound technologies for industrial applications include
spray processing for micro-/nanoparticles production [5–7],
adsorption of drugs on silica aerogels [8–10], production of
biocompatible biodegradable polymers for drug release by
supercritical technology [11, 12], recycling polymer wastes
by dissolution and SC-CO2 technology [13], supercritical
impregnation of bioactive lipids [14], the formation of SCCO2 dried aerogels [15, 16], and enzymatic reactions in SCCO2 media [17–19].
In addition to these themes, this special issue was
developed to give the reader an overview of some possible
utilizations of supercritical fluids. The special issue contains
six papers, of which two are related to the utilization of supercritical fluids in biomedical application for the preparation
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of polymeric drug carriers or drug-cyclodextrins inclusion
complexes.
Two articles cover the topic of supercritical fluid assisted
modification of polymer based matrixes to obtain controlled
foaming of poly(methyl methacrylate)/silica nanocomposites
or polymer fibers by electrospinning. One is devoted to
the utilization of supercritical carbon dioxide to perform
mild temperature pasteurization of food liquids, and one
reports the extraction of oil fractions from complex biomass
matrixes.
“Controlling foam morphology of poly(methyl methacrylate) via surface chemistry and concentration of silica nanoparticles and supercritical carbon dioxide process parameters” by
D. Rende et al. studies the effects of surface modification in
the polymer nanocomposite foam morphology, as well as the
treatment with supercritical CO2 to obtain low average size
cells improving the density and therefore their mechanical
properties. The surface modification of silica nanoparticles
with CO2 -philic surfactants has the strongest effect on foam
morphology.
“Characterization of ketoprofen/methyl-𝛽-cyclodextrin
complexes prepared using supercritical carbon dioxide” by M.
Banchero et al. describes the encapsulation of ketoprofen
in methyl-𝛽-cyclodextrin by a supercritical impregnation
method, to obtain complexes with enhanced release kinetics.
The study is focused on the characterization of the product
by several techniques (DSC/XRD/FTIR structural analyses
and in vitro drug release tests).
“Producing polymer fibers by electrospinning in supercritical fluids” by L. Li et al. reviews a new process where
electrospinning is conducted in supercritical or near-critical
CO2 to produce porous or hollow nanofibers. Moreover,
authors discuss the reason why a compressed N2 -assisted
electrospinning is unsuccessful.
In the field of supercritical fluid extraction a paper is
presented entitled “Quality of cosmetic argan oil extracted by
supercritical fluid extraction from Argania spinosa L.” by C.
Taribak et al. This paper evaluates the influence of pressure
and temperature for the supercritical CO2 extraction of argan
oil. Furthermore, the argan oil extracts were characterized
based on their bioactive compounds contents as well as their
antioxidant capacity for possible cosmetic applications.
In the area of pasteurization, a paper entitled “Quality
attributes of fresh-cut coconut after supercritical carbon dioxide
pasteurization” by G. Ferrentino et al. is part of this especial
edition. In this contribution, the impact of supercritical CO2
technology on the quality attributes of fresh-cut coconut in
terms of quality was investigated at optimal pasteurization
conditions that allows the maximum reduction of coconut
microbial content. The results showed effects on coconut
attributes, such as color, pH, fat content, enzyme activity, total
phenols, flavonoids, antioxidant capacity, enzyme activity,
and sensory attributes (aroma, taste, appearance, and texture).
In the area of particle formation, an important contribution entitled “Supercritical assisted atomization: polyvinylpyrrolidone as carrier for drugs with poor solubility in
water” by S. Liparoti et al. was discussed. In this contribution, supercritical assisted atomization was used to
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produce microparticles of polyvinylpyrrolidone as carrier
for dexamethasone, an important pharmaceutical compound
with poor solubility in water, allowing high dissolution rate.
Microparticles produced with 0.8–1 𝜇m of diameter in this
study showed regular and spherical shape, depending on
the polyvinylpyrrolidone/dexamethasone weight ratio. This
carrier can be further used with other drugs of poor solubility
in water.
Of course, these topics and papers are not a comprehensive representation of the area of this special issue. Nonetheless, they represent the rich and many-faceted knowledge that
we have the pleasure of sharing with the readers.
Giuseppe Caputo
Ignacio Gracia Fernández
Marleny D. A. Saldaña
Alessandro Galia
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The impact of supercritical CO2 (SC-CO2 ) process on the quality attributes of fresh-cut coconut has been investigated to establish
the acceptability of SC-CO2 treated products by the consumers. Two process conditions, previously identified as optimal to reduce
the microbial content of the product, were studied: 12 MPa, 40∘ C, 30 min and 12 MPa, 45∘ C, 15 min. The results highlighted that both
conditions induced some effects on product attributes. After 30 min of treatment at 12 MPa and 40∘ C a decrease of lightness (8%),
pH (13%), fat content (24%), total phenol content (29%), flavonoid compounds (49%), antioxidant capacity (30%) and an increase of
dry matter (11%) and titratable acidity (51.1%) were observed while polyphenol oxidase (PPO) exhibited 35% and 98.5% inactivation.
Peroxidase enzyme activity increased by 77.8% and 30.4% at 12 MPa, 40∘ C, 30 min and 12 MPa, 45∘ C, 15 min, respectively. Sensory
evaluations revealed no significant differences in appearance, texture, taste, and aroma of treated fresh-cut coconut compared to
the untreated. The study confirms the feasibility of SC-CO2 process for the pasteurization of fresh fruits with a firm structure and
opens the door to the possibility of exploiting such a technology at industrial level.

1. Introduction
Fresh-cut fruits and vegetables, fresh raw products, are processed to supply ready-to-eat or ready-to-use foods [1, 2]. They
are becoming popular within the consumers who demand
hygienically safe [3] and economically convenient products,
with fresh-like characteristics. Coconut (Cocos nucifera L.)
prepared as fresh-cut fruit to be eaten and served as a
snack is gaining great appeal; however, the operations for
its production such as cutting and washing could fasten the
microbial growth and accelerate enzymes’ actions, shortening
its shelf-life in comparison with the fresh product [4]. To
avoid or retard microbial and enzymatic spoilage of the
product reducing or minimally compromising its quality
aspects, while maintaining a fresh appearance, its original
flavor and texture, several treatments are currently under
investigation such as sodium chloride treatments [5]; steam
blanching [6]; immersion in acid or basic solutions [7]; and
use of modified atmosphere packaging [8].

Supercritical carbon dioxide (SC-CO2 ) is a promising
alternative process potentially able to inactivate microorganisms and enzymes in liquid foods with minimal effects on
phytochemicals and organoleptic characteristics. The main
advantage of the technique consists of the relatively low temperature which avoids the thermal effects of the traditional
heat pasteurization, retaining the food freshness in terms of
physical, nutritional, and sensory qualities [9]. Concerning
solid foods, the research is still at its infancy: few papers have
been published so far in the field [10]. A deleterious effect
in terms of gross tissue destruction on strawberries, honeydew melon, cucumber [11], and pear [12] which negatively
influenced product aspect, discouraging the application of
the technology to products with soft structures, was reported.
Differently, Ji et al. [13] demonstrated that shrimps CO2 processed gained a cooked appearance, positively accepted by the
panelists, and proved that these changes could be attractive
for shrimps consumption in the Chinese diet custom. Their
findings demonstrated that modifications of the product
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appearance could not be a restraint but an improvement in
the development of an innovative pasteurization technique,
depending on people and cultural habits.
As concerns fresh-cut coconut, one study has been
recently published to assess the effectiveness of SC-CO2 as
nonthermal technique for the pasteurization of such a product, assuring its microbial safety. The results clearly demonstrated the potential of SC-CO2 pasteurization of freshcut coconut which significantly reduced total mesophilic
microorganisms, total coliforms, yeasts and molds, and lactic
acid bacteria naturally present on its surface. The optimal
process conditions identified were 12 MPa, 40∘ C, 30 min and
12 MPa, 45∘ C, 15 min at which 4 Log(CFU/g) reductions were
achieved for the mentioned microbial strains [14].
At this stage the investigation of the impact of such
technology on the quality attributes of the product is needed
in view of a possible development of SC-CO2 process at
industrial scale. In this concern, the aim of the present study
is the evaluation of the effects of SC-CO2 process on the
quality attributes of fresh-cut coconut in terms of color,
pH, titratable acidity (TA), fat content, dry matter (DM),
indigenous enzyme activity, total phenol content (TPC),
flavonoid compounds (FC), antioxidant capacity, and sensory
attributes (aroma, taste, appearance, and texture).

2. Materials and Methods
2.1. Sample Preparation. Coconut (Cocos nucifera) was purchased from a local market, deshelled, cleaned, washed
with water, and manually cut in pieces. The samples were
transferred into the reactor and treated at 12 MPa, 40∘ C for
30 min and 12 MPa, 45∘ C for 15 min. The process conditions
were chosen on the basis of the previous study on microbial
inactivation [14]: they assured the highest pasteurizing effect
(4.7 log reductions of mesophilic microorganisms, 2.6 log
reductions of lactic bacteria, 4.6 log reductions of total
coliforms, and 3.2 log reductions of yeasts and molds) on the
natural microbial flora occurred on fresh-cut coconut.
2.2. High Pressure Carbon Dioxide Equipment. SC-CO2
treatment was performed in the batch apparatus shown
in Figure 1. Liquid CO2 (99.990% purity, Messer Group
GmbH, Germany) was fed into a high pressure vessel by a
volumetric pump (LCD1/M910s, LEWA GmbH, Germany)
with a maximum flow rate of 11 l/h. The vessel consisted
of a 310 mL stainless steel cylinder (height: 110 mm, inner
diameter: 60 mm) and was equipped with a resistance temperature probe (Pt 100 Ω, Endress+Hauser, Milano, Italy)
and a pressure gauge (Gefran, Brescia, Italy). The sample was
loaded into the vessel, heated to a defined temperature, and
subsequently pressurized with CO2 . The system was kept at
the process conditions of temperature and pressure for the
time required for the treatment, and then slowly depressurized. Pressure and temperature were continuously recorded

TA (lauric acid g/L) =

by a real time data acquisition system (field point FP-1000
RS 232/RS 485, NATIONAL INSTRUMENTS, Austin, Texas,
USA) and monitored by a specific software (LabVIEW 5.0).
The depressurization step was performed by partially opening
two micrometric valves (2S-4L-N-SS, Rotarex, Brescia, Italy)
placed on the output line of the system, heated with an
electrical resistance (80 W, CSC2, Backer Fer, Ferrara, Italy)
to prevent CO2 freezing during the expansion to ambient
pressure. After each experimental run, the reactor was
washed with water and sterilized in autoclave (121∘ C, 15 min)
to prevent possible contaminations, while CO2 was flushed at
6 MPa through all tubes to ensure a good level of cleaning.
2.3. Color Measurements. Color parameters were measured
with a high resolution miniature spectrometer (HR2000+,
Ocean Optics Inc., Dunedin, FL) to which a fiber optic
reflection probe (QR600-7-UV-125BX, Ocean Optics Inc.,
Dunedin, FL) was connected. The probe transmitted the light
from a halogen lamp to the sample surface by the illuminating
fibers while the reflected light from the sample was acquired
by a reading fiber and measured by the spectrometer. After
calibration, the sample was placed on a holding device and the
signal acquired by a specific software (Spectra Suite, Ocean
Optics, Dunedin, FL, USA) which provides L∗ (lightness),
a∗ (redness) and b∗ (yellowness) parameters. Color analyses
were performed on samples treated three times at the same
process conditions and the mean values together with the
standard deviations reported. Additionally, in order to quantify the overall color differences, Δ𝐸 values were evaluated
based on the following equation [15]:
2

2
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Δ𝐸 = √(𝐿∗1 − 𝐿∗2 ) + (𝑎1∗ − 𝑎2∗ ) + (𝑏1∗ − 𝑏2∗ ) ,

(1)

where L∗ , a∗ , and 𝑏∗ with subscript numbers represent
lightness, redness, and yellowness measured before and after
treatments, respectively. More details of the procedure can be
found elsewhere [16].
2.4. pH Determination. The sample (30 grams) was homogenized with 30 mL of distilled water and the pH was measured
using a digital pH meter (Eutech Instruments, Nijkerk,
The Netherlands), after calibration with commercial buffer
solutions at pH 7.0 and 4.0. The measurements, in triplicate
for each condition, were performed recording the pH of
10 mL of the homogenized solutions.
2.5. Titratable Acidity Measurements. 10 mL of a solution
obtained from the sample (30 grams), homogenized with
30 mL of distilled water, was titrated against standardized
NaOH (0.05 N) to the phenolphthalein end point (pH = 8.2 ±
0.1). The volume of NaOH was converted to grams of lauric
acid (considered the prevalent acid in fresh-cut coconut) per
mL of the homogenized solution and titratable acidity (TA)
calculated based on the following formula:

(mL NaOH used) ⋅ (Normality of NaOH) ⋅ (Molecular weight of lauric acid)
.
mL homogenized sample

(2)
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Figure 1: Schematic of the SC-CO2 apparatus. V1 to V4: valves; R1, R2: electrical resistance; PT: pressure transducer; T: thermocouple; PI:
pressure manometer.

Measurements were performed in triplicate and mean values
and standard deviations were evaluated.

All measurements were performed in triplicate and mean
values and standard deviations were evaluated.

2.6. Dry Matter Content. Dry matter (DM) was determined
according to the official AOAC method [17] by drying the
samples at 105∘ C to reach a constant weight. The dry matter
content, measured as the remaining weight of sample after
drying, was expressed as percentage of the fresh sample.

2.7.3. HPLC Analysis of Phenolic Compounds. Coconut
extracts were analyzed for their phenolic acids content
according to the IOOC [21] method with some modifications.
The samples were filtered through a 0.45 𝜇m filter (Nylon
Membranes, Supelco, Bellefonte, USA), and 20 𝜇L were analyzed using a HPLC device (Agilent 1100/1200 Series, Santa
Clara, USA) with a Diode Array detector (scanning between
200 and 400 nm, with a resolution of 1.2 nm) and a reversedphase column (250 × 4.6 mm, 5 𝜇m i.d.) (Nucleosil C-18, Phenomenex, Torrance, USA). The solvents used for the analyses
consisted of 0.2% orthophosphoric acid (solvent A), HPLC
grade methanol (solvent B), and HPLC grade acetonitrile
(solvent C) at a flow rate of 1.5 mL/min. The elution was
performed with a gradient starting from 2% B and 2% C to
reach 25% B and 25% C in 40 min with a column temperature
of 30∘ C. Chromatograms were recorded at 280 nm. Phenolic
compounds were identified by comparing the retention times
and the spectral data with the standards. Data acquisition
and elaboration were carried out using a specific software
(Chemstat 32, Scientific Software Group, Utah, USA). All the
analyses were performed in triplicate and mean values and
standard deviations were evaluated.

2.7. Determination of Phenolic Compounds and
Antioxidant Capacity
2.7.1. Preparation of the Samples. Fresh-cut coconut endocarp
and mesocarp were ground in a domestic blender and dried
in a conventional laboratory dryer for 3 hrs at 60∘ C. In order
to eliminate lipids, each sample was subjected to extraction
for 48 hrs with petroleum ether using a Soxhlet apparatus
[18]. The defatted samples were air-dried for 24 hrs to remove
the residual organic solvent and extracted with 20 mL of 50%
ethanol/water solution (v/v) for 1 hr in an ultrasonic bath
(Elmasonic S 120, Elma, Singen, Germany). After extraction,
the mixture was centrifuged for 10 min at 4000 rpm, and the
supernatant was decanted and filtered to remove the residual
particles and obtain 20 mL of extract. The flask containing
the extract was flushed with nitrogen, stored in a freezer at
–18∘ C, and subsequently analyzed for the determination of
total phenol content (TPC) and antioxidant capacity.
2.7.2. Total Phenol and Flavonoid Content. Total phenol content (TPC) was determined spectrophotometrically according to the modified method of Lachman et al. [19]. Total
flavonoids were precipitated using formaldehyde, which
reacted with the hydroxyl groups at the C-6 or C-8 positions in the benzene rings of 5,7-dihydroxy flavonoids. The
condensed products of these reactions were removed by
filtration and the remaining nonflavonoid phenols determined, according to the procedure for total phenol content
determination. Flavonoid content (FC) was calculated as the
difference between total phenol and nonflavonoid content.
Gallic acid was used as standard and the results were
expressed as mg gallic acid equivalents (GAE)/g of DM [20].

2.7.4. Antioxidant Capacity
DPPH Radical Scavenging Assay. Antioxidant capacity of
coconut extracts was determined using the DPPH (𝛼,𝛼Diphenyl-𝛽-picryl-hydrazyl) radical scavenging assay by
measuring the absorbance at 515 nm after 30 min of reaction
at room temperature, as described by Brand-Williams et al.
[22]. The results were expressed as 𝜇mol/g of DM Trolox
equivalents, using the calibration curve of Trolox (100–
1000 𝜇M). All measurements were performed in triplicate
and mean values and standard deviations were evaluated.
ABTS Radical Scavenging Assay. Trolox equivalent antioxidant capacity (TEAC) of coconut extracts was estimated
by the ABTS (2, 2 -azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)) radical cation decolourisation assay [23].
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2.8. Enzymatic Activity Determination
2.8.1. Enzyme Extraction. Ground coconut (5 grams) was
extracted at 4∘ C with a phosphate buffer solution (0.1 M,
pH 7) containing 5 grams of polyvinylpyrrolidone using a
magnetic stirrer for 15 min. The homogenate was filtered
(Whatman No. 41 filter paper), centrifuged at 3500 rpm for
20 min and subsequently the supernatant was filtered again
(Whatman No. 42 filter paper) to collect enzyme extract [24].

2.8.2. Polyphenol Oxidase and Peroxidase (PPO and POD)
Enzymatic Activity. Polyphenol oxidase (PPO) activity was
determined using a spectrophotometric method based on the
increase in absorbance at 410 nm, according to the procedure
described by Soliva et al. [25] with some modifications.
Enzyme extract (50 𝜇L) was mixed with 1.95 mL of phosphate
buffer solution and 1 mL of catechol (0.1 M) in a 1 cm path
length cuvette. The absorbance was continuously recorded at
25∘ C for 5 min.
Peroxidase (POD) activity was assayed spectrophotometrically at 470 nm using guaiacol as a phenolic substrate with
hydrogen peroxide [26]. The reaction mixture containing
0.15 mL of 4% (v/v) guaiacol, 0.15 mL of 1% (v/v) H2 O2 ,
2.66 mL of phosphate buffer solution, and 40 𝜇L of enzyme
extract was transferred to a 1 cm path length cuvette for the
absorbance measurements. Enzyme activity was reported in
enzyme Units (U), defined as the change of 0.001 in the
absorbance value per min under the conditions of the assay.
Volume activity of both enzymes was calculated from the
slope of the linear portion of the Δ𝐴 curve as a function of
time according to the following formula:
V.a. =

Δ𝐴
VT
⋅
,
(𝜀 ⋅ 𝑑 ⋅ VE) Δ𝑡

(3)

where VT is for the total volume of the reaction mixture,
VE the volume of the extracted enzyme, 𝑑 the cuvette
path length (1 cm), 𝜀 the molar absorptivity of 4-methylquinoline (1010 M−1 cm−1 ) for PPO and tetraguaiacol (2.66 ⋅
104 M−1 cm−1 ) for POD, and Δ𝑡 the time interval. All measurements were performed in triplicate and the results were
expressed as specific activity (S.a.) in enzyme units per g of
product (U/g).
2.9. Sensory Analysis. Samples were evaluated by a panel of
10 untrained judges, 5 males and 5 females between 21 and
50 years old, using a descriptive analysis based on a modified
procedure described by Komes et al. [27]. The evaluations
were conducted the day after the samples preparation, in a
quiet room with sufficient space between the testers, adequate
light, and ventilation at mid-morning, considered the best
time before extraneous aromas and odours fill the air. A rank
order test was performed and the panelists were asked to

100
90
Color parameters

The results, obtained from triplicate analyses, were expressed
as Trolox equivalents in 𝜇mol/g of DM and were derived
from a calibration curve determined for this standard (100–
1000 𝜇M).
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Treated at 12 MPa,
40∘ C, 30 min

Treated at 12 MPa,
45∘ C, 15 min

Figure 2: Color parameters of untreated and treated fresh-cut
coconuts: lightness, 𝐿∗ ; light grey, 𝑎∗ ; dark grey, 𝑏∗ . Values with
similar letters within bars are not significantly different.

independently evaluate four sensory characteristics: appearance, texture, taste, and aroma for each sample, presented
in plastic white cups at ambient temperature. The volunteers
were asked to judge three samples using a 10-point scale (1
corresponded to the lowest preference and 10 to the highest):
one untreated and two SC-CO2 fresh-cut coconut treated at
12 MPa, 40∘ C, 30 min and 12 MPa, 45∘ C, 15 min, respectively.
The results were expressed as the average for each sensory
attribute with the standard deviations.
2.10. Statistical Analysis. Differences between mean values
were tested using the analysis of variance followed by multiple
comparisons between means with the Tukey’s Studentized
Range test. The general procedure of Statistica 7.0 software
(StatSoft Inc., Tulsa, OK, USA) was used. All the data were
analyzed at a significance level of 𝑃 > 0.05.

3. Discussion and Results
3.1. Color. Figure 2 reports color measurements of untreated
and SC-CO2 treated coconuts. The results indicated that
a∗ and b∗ parameters did not significantly change after
treatments, while L∗ significantly decreased, in agreement
with Ferrentino et al. [16] who found that a∗ and b∗ measured
on coconut samples were approximately zero before and after
processes at 12 MPa, 40∘ C, for 10, 20, and 30 min, while L∗
significantly decreased just after 10 min of treatment. Color
differences, in terms of Δ𝐸, were equal to 6.92 and to 8.15
for samples treated at 12 MPa, 40∘ C, 30 min and at 12 MPa,
45∘ C, 15 min, respectively, suggesting that a trained observer
could detect visible differences between untreated and SCCO2 treated coconut. On the other hand, it must be said that
the Δ𝐸 threshold value often depends on the type of matrix
[28].
3.2. Titratable Acidity and pH. Table 1 reports pH and TA
values of untreated and treated fresh-cut coconuts. A slight
but significant pH decrease was observed: from 6.07 to 5.82
and 5.85 for samples treated at 12 MPa, 40∘ C, 30 min and at
12 MPa, 45∘ C, 15 min, respectively. As expected, an opposite
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Table 1: pH, TA, DM, fat content, TPC, FC, and antioxidant capacity of untreated and SC-CO2 treated coconut.
TA

DM

Fat content

TPC

TFC

Antioxidant capacity

(g Lauric Acid/L)

%

%

(mg GAE/g
DM)

(mg GAE/g
DM)

ABTS
DPPH
(𝜇mol
(𝜇mol
Trolox/g DM) Trolox/g DM)

pH

Untreated
Treated at
12 MPa, 40∘ C,
30 min
Treated at
12 MPa, 45∘ C,
15 min

6.07 ± 0.02a

5.46 ± 1.51a

39.11 ± 2.34a 35.98 ± 2.58a

1.50 ± 0.15a

1.06 ± 0.12a

5.88 ± 1.04a

6.26 ± 0.52a

5.82 ± 0.02b

8.25 ± 0.25b

43.31 ± 1.71b 27.33 ± 4.07b

1.07 ± 0.31b

0.54 ± 0.18b

4.13 ± 1.23b

5.01 ± 0.63b

5.85 ± 0.08b

7.41 ± 0.10c

42.77 ± 0.06b 29.77 ± 0.89b

0.95 ± 0.11b

0.45 ± 0.12b

3.95 ± 0.28b

4.79 ± 0.82b

Data are mean values ± standard deviations. Values with similar letters within rows are not significantly different (𝑃 > 0.05). TA: titratable acidity, DM: dry
matter, TPC: total phenol content, TFC: total flavonoid content.

behavior was recorded for TA values. A similar trend has
been already reported by other authors for TA measurements
performed on liquid matrices processed by SC-CO2 [29, 30].
The increase in acidity could be related to the presence of
CO2 dissolved into the liquid phase forming carbonic acid.
Data were in agreement with another study on fresh-cut
conference pears treated at 10 MPa, 40∘ C, 10 min whose pH
was unaffected by the treatment, while acidity increased [12].
3.3. Dry Matter and Fat Content. DM and fat content of
untreated and SC-CO2 treated coconut samples are reported
in Table 1. DM of coconut ranged from 39.11 ± 2.34% for
untreated coconut to 43.31±1.71% and 42.77±0.06% for samples treated at 12 MPa, 40∘ C, 30 min and 12 MPa, 45∘ C, 15 min
while fat content varied from 35.98 ± 2.58% for the untreated
to 27.33 ± 4.07% and 29.77 ± 0.89% for treated samples. As
noticed, an opposite trend was observed comparing DM and
fat content: fresh untreated coconuts were characterized by a
lower DM and a higher fat content. DM increase in treated
products could be related to water loss from the samples
during the treatment while fat content decrease could be
linked to CO2 high affinity for lipophilic substances that in
supercritical phase exerts a high extractive power.
3.4. Total Phenol Content, Flavonoid Content, and Antioxidant
Capacity. Higher TPC (1.495 ± 0.15 mg GAE/g DM) and
FC (1.056 ± 0.12 mg GAE/g DM) were measured in the
untreated coconut compared to the treated one, indicating
some negative effects induced by CO2 on these beneficial
bioactive compounds: on average 32% and 53% decrease in
TPC and FC was observed after SC-CO2 treatments, respectively (Table 1). Additionally, also the antioxidant capacity,
determined by both ABTS and DPPH assays, decreased in the
treated samples (on average 31% by ABTS and 22% by DPPH)
compared to the untreated ones. Published studies reported
contrasting results regarding the effects of SC-CO2 treatment
on total phenol content and antioxidant capacity in foods.
Pozo-Insfran et al. [31] observed no changes in anthocyanins,
soluble phenolics, and antioxidant capacity of muscadine
grape juice processed by dense phase CO2 at 34.5 MPa, 30∘ C
for 6.25 min. Similar conclusions were drafted by Ferrentino
et al. [30] where no effects were observed on TPC of a

red grapefruit juice treated by dense phase CO2 (34.5 MPa,
40∘ C, 7 min) while slight differences were observed in the
ascorbic acid content and antioxidant capacity of the juice
after treatment and after 4 weeks of storage at 4∘ C. On the
contrary other studies demonstrated that vitamin C content
of pears [12] and betanin and isobetanin contents of red beet
[32] significantly decreased leading to the conclusion that SCCO2 treatment differently and selectively affected bioactive
compounds probably depending on the characteristics of the
food product. In the present study the decrease of polyphenolic compounds of coconut was attributed to the employed
combination of high temperatures and long processing times
of SC-CO2 treatment and to the increase in the food acidity
due to the formation of carbonic acid which contributed to
the modification and lowering contents of these compounds.
3.5. HPLC Determination of Phenolic Compounds. As reported in Table 2, ferulic acid was the most abundant compound detected in the sample (with a content of 60.93 ±
3.48 𝜇g/g DM in the fresh untreated coconut and of 56.69 ±
3.20 𝜇g/g DM in the treated one at 12 MPa, 45∘ C, 15 min),
followed by p-coumaric acid (from 55.74 ± 1.45 𝜇g/gDM in
the untreated coconut to 48.13 ± 1.56 𝜇g/g DM in the treated
one at 12 MPa, 45∘ C, 15 min) and chlorogenic acid (from
13.30 ± 0.035 𝜇g/g DM in the untreated coconut to 10.28 ±
0.025 𝜇g/gDM in the treated one at 12 MPa, 45∘ C, 15 min).
The data obtained are in agreement with the ones obtained
by Bankar et al. [33] even though in the present study
much lower concentrations of all polyphenolic compounds
were obtained, probably because of differences in coconut
variety, degree of ripeness, geographical origin, or extraction
technique. As a whole, from Table 2 it can be observed that
fresh untreated coconut exhibited higher content of total
polyphenolic compounds compared to treated samples. It
could also be observed that vanillic acid was present only
in the untreated sample, highlighting that CO2 treatments
affected both content and composition of polyphenolic compounds. Compared to TPC results in Table 1, a much lower
content of total phenolic acids was measured by HPLC
analysis; this result was not surprising since it has been well
established that spectrophotometric assays are not selective
and often overestimate the results [34, 35].
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Table 2: Phenolic acids content of untreated and treated coconut extracts.
Phenolic acids (𝜇g/g DM)

Untreated
Treated at 12 MPa, 40∘ C, 30 min
Treated at 12 MPa,45∘ C, 15 min

Total

SA

VA

ChlA

p-coumA

FA

47.08 ± 1.12a
55.98 ± 2.27b
54.79 ± 4.83b

31.76 ± 0.78
n.d.∗
n.d.∗

13.30 ± 0.035a
12.97 ± 0.011b
10.28 ± 0.025c

55.74 ± 1.45a
59.75 ± 2.65b
48.13 ± 1.56c

60.93 ± 3.48a
55.47 ± 2.91a
56.69 ± 3.20a

208.81
184.17
169.89

Data are mean values ± standard deviations. Values with similar letters within rows are not significantly different (𝑃 > 0.05). ∗ Not detected. SA: syringic acid,
VA: vanillic acid, ChlA: chlorogenic acid, p-coumA: p-coumaric acid, FA: ferulic acid.

Table 3: Enzymatic activity of untreated and SC-CO2 treated coconut.
Untreated
Treated at 12 MPa, 40∘ C, 30 min
Treated at 12 MPa, 45∘ C, 15 min

PPO Activity (U/g)
(10.440 ± 0.001) ⋅ 10−3a
(7.594 ± 1.687) ⋅ 10−3b
(0.202 ± 0.081) ⋅ 10−3c

POD activity (U/g)
(9.910 ± 1.652) ⋅ 10−3a
(17.620 ± 0.001) ⋅ 10−3b
(12.923 ± 0.001) ⋅ 10−3c

Data are mean values ± standard deviations. Values with similar letters within rows are not significantly different (𝑃 > 0.05). PPO: polyphenol oxidase, POD:
peroxidase.

3.6. Polyphenol Oxidase and Peroxidase Activity. PPO and
POD enzymatic activities of untreated and treated coconut
samples are reported in Table 3. As noticed, both process
conditions induced PPO inactivation: 35% and 98.5% inactivation was achieved at 12 MPa, 40∘ C, for 30 min and at
12 MPa, 45∘ C, for 15 min, respectively.
According to the results, the combination of higher temperature (45∘ C) and shorter processing time (15 min) is highly
effective to inactivate PPO in coconut. The experimental findings are in agreement with Park et al. [36] who reported that
PPO activity in carrot juice decreased after a combined high
pressure CO2 and high hydrostatic pressure treatment. PozoInsfran et al. [37] also observed 40% decrease in PPO activity
in muscadine grape juice by dense phase CO2 processing.
As regards POD, an increase of its activity was observed
at both process conditions tested, as reported in Table 2: POD
was activated by 77.8% at 12 MPa, 40∘ C, 30 min and by 30.4%
at 12 MPa, 45∘ C, 15 min. However, no off-flavors and offcolors of the sample were detected although these enzymes
are supposed to be empirically related to the deterioration
of fresh-cut vegetables and fruits [38]. Further, a storage
study (4∘ C for 4 weeks) of the processed product was also
performed and no enzymes reactivation, with consequently
sample off-flavors and off-colors, was detected probably
thanks to the low storage temperature employed in the study
that was chosen considering the final use of the product
as ready-to-eat fruit. The resistance of POD extracted from
vegetables and fruits has been reported in several studies [39]:
thermal processes (∼90∘ C for 5 s) are needed to induce complete inactivation of this enzyme. Fricks et al. [40] performed
a high pressure CO2 treatment on POD extracted from radish
(Raphanus sativus L.) suspended in a buffer solution: an
increase of the specific activity of this enzyme up to 212% was
observed at 7 MPa, 30∘ C and 1 hr treatment. Further, Primo et
al. [41] evaluated the effects of compressed CO2 treatment on
the specificity of oxidase enzymatic complexes extracted from
mate tea leaves: they showed that 30∘ C, 7.05 MPa and 1 hr
treatment led to 25% enhancement of POD activity and 50%
loss of PPO activity. Some literature results also demonstrated

that POD residual activity was closely related to the SC-CO2
applied pressure [42]: as the applied pressure was increased
up to 30 MPa, the enzyme residual activity was reduced
down to 12% indicating that the three-dimensional structure
of enzymes could be significantly altered under extreme
conditions, causing their denaturation and a consequent loss
of their activity. If the conditions are less adverse, the protein
structure could largely be retained. Minor structural changes
could induce an alternative active protein state with altered
enzyme activity, specificity, and stability [43]. However, to our
knowledge, clear explanations and extensive investigations on
the relationship between the activity of enzymes treated with
supercritical fluids and supercritical operating conditions
have never been provided.
3.7. Sensory Analyses. Panelists did not perceive significant
differences in terms of appearance, texture, taste, and aroma
attributes between untreated and treated samples (Table 4).
Treated coconuts were judged similar to the fresh one, and
no losses of product or discoloration of edible parts were
observed. These results differed from the color instrumental
measurements here reported, where significant differences in
L∗ of the untreated and treated samples were detected and in
Δ𝐸 values which indicated high overall color differences.
Concerning the texture, the panelists could not detect
any noticeable differences between untreated and treated
products: SC-CO2 treated coconuts were judged firm,
hard, and crispy and ranked sweet and harmonious with
no detection of bitter or off-taste. These findings are also
supported by the instrumental measurements performed to
evaluate the hardness of fresh-cut coconut processed at the
same SC-CO2 conditions [14]. As regards aroma attributes
and coconut like taste, the untreated fresh-cut coconut
was rated with low scores indicating a higher panelists’
preference towards the SC-CO2 treated samples. Probably
CO2 in supercritical state, acting in the extraction of volatile
compounds associated to the flavor of fresh-cut coconut,
had the ability to enhance the palatability and perception to
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Table 4: Sensory evaluations of fresh-cut coconut before and after SC-CO2 treatments.
Untreated

Product loss
Discoloration

2.25 ± 2.49a
2.60 ± 2.26a

Crispy
Hard
Firmness
Fracturability
Grainy
Fibrous
Moistness

6.83 ± 2.01a
6.95 ± 2.44a
7.30 ± 2.08a
3.75 ± 2.77a
1.75 ± 2.49a
5.40 ± 3.45a
3.35 ± 2.70a

Coconut like
Harmonious
Sweet
Bitter
Off taste

6.45 ± 2.28a
6.80 ± 2.75a
5.10 ± 2.40a
1.10 ± 0.31a
1.15 ± 0.49a

Fresh coconut
Nutty
Rancid
Off odor

3.85 ± 2.11a
1.65 ± 1.73a
1.65 ± 2.01a
1.85 ± 1.76a

Treated at 12 MPa, 40∘ C, 30 min
Appearance
2.20 ± 2.57a
2.7 ± 1.95a
Texture
7.33 ± 1.50a
6.60 ± 2.22a
7.40 ± 1.07a
4.30 ± 2.79a
1.80 ± 2.53a
5.30 ± 3.56a
4.60 ± 1.96a
Taste
7.00 ± 2.21a
6.70 ± 2.98a
5.40 ± 2.32a
1.50 ± 0.85a
1.30 ± 0.67a
Aroma
5.10 ± 2.33a
1.90 ± 1.91a
1.60 ± 1.26a
1.80 ± 1.48a

Treated at 12 MPa, 45∘ C, 15 min
2.10 ± 2.60a
2.30 ± 1.77a
7.00 ± 1.73a
6.80 ± 1.87a
7.20 ± 1.32a
4.00 ± 2.71a
1.70 ± 2.21a
5.20 ± 3.36a
3.80 ± 2.44a
6.10 ± 2.18a
6.10 ± 2.51a
5.00 ± 2.32a
1.40 ± 1.40a
1.40 ± 0.84a
4.40 ± 2.50a
2.20 ± 2.20a
1.20 ± 0.63a
1.60 ± 1.35a

Data are mean values ± standard deviations. Values with similar letters within rows are not significantly different (𝑃 > 0.05).

the panelists of these compounds. A study published by Ji
et al. [13] also demonstrated that the color modifications of
shrimps induced by SC-CO2 treatment positively influenced
panelist’s decision who attributed higher grade scores to
treated shrimps compared to the untreated.
Overall, the results presented in this study clearly
demonstrated that SC-CO2 treatments did not influence
the organoleptic attributes of the product highlighting the
acceptability of the product by the consumers.

the potentials of SC-CO2 pasteurization of solid ready-to-eat
products with firm structure. Nevertheless, further studies
are needed to investigate the application of the technology on
other products, looking at microbiological as well as nutritional aspects. Additionally, in view of a possible exploitation
at industrial level, both an economic feasibility and design
and scale-up studies are needed to develop a continuous plant
to integrate in the existing process lines.
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Supercritical assisted atomization (SAA) is an efficient technique to produce microparticles and composite microspheres formed
by polymers and pharmaceutical compounds. In this work polyvinylpyrrolidone (PVP) was proposed as carrier for pharmaceutical
compounds that show a poor solubility in water medium. Indeed, this polymer is hydrosoluble and can be generally used to enhance
the dissolution rate of hydrophobic compounds when finely dispersed in it. However, it is difficult to obtain coprecipitates with a
uniform dispersion of the active molecule using other micronization techniques. The experiments were performed using ethanol
as solvent; SAA plant was operated at 40∘ C and 76 bar in the saturator and 70∘ C and 1.6 bar in the precipitator. Three different
dexamethasone/polymer weight ratios were selected: 1/2, 1/4, and 1/8. Produced composite particles showed a regular, spherical
shape and a mean diameter ranging from about 0.8 to 1 𝜇m, depending on the polymer/drug weight ratio. Dissolution analysis
demonstrated that microparticles containing a lower drug amount show a higher dissolution rate.

1. Introduction
Poor water solubility of several drugs largely limits their
bioavailability. To improve the dissolution rate of drugs,
different strategies have been developed; the most common
approach is based on particle size reduction, but a good
method is also the dispersion of the hydrophobic molecule
into a hydrophilic polymeric matrix. Polyvinylpyrrolidone
(PVP) is one of the most used carrier to enhance the
dissolution rate of hydrophobic compounds [1] because it is
soluble in water and in other organic solvents and is nontoxic.
PVP is also used to suppress recrystallization [2] of active
molecules, as coating agent for iron oxide nanoparticles, to
produce MRI contrast agents [3]. Moreover, it was found that
PVP increases the activity of some active molecules, such as
anticancer drugs [4].
The most used techniques to produce solid dispersions
are solvent evaporation [5], spray drying [6], and freeze
drying [7]. Solvent evaporation involves the use of organic
solvents that contaminate the final product [8]. Spray drying
allows obtaining regular-shaped particles, but temperatures
used for this process are problematic for thermolabile compounds [9]. Spray freeze drying involves the use of very low

temperatures that could modify the structure of the processed
compounds [10].
To overcome the limits of the traditional techniques some
supercritical fluid assisted techniques have been proposed
[11, 12]. More specifically some authors attempted to produce
PVP coprecipitates; Wu et al. [6] proposed the coprecipitates
of PVP and piroxicam using methylene chloride, obtaining
spherical particles for coprecipitates and needle-like crystal
when piroxicam alone was processed. Kluge et al. [13]
proposed the same technique to produce PVP/phenytoin
coprecipitates, obtaining particles with a mean diameter
ranging between 200 and 500 nm. Also in this case the pure
drug (phenytoin) when processed by SAS produced large
crystals. Generally speaking these results are in favor of the
capacity of PVP to inhibit crystallization of guest molecules
[14, 15].
Supercritical assisted atomization (SAA) is an efficient
technique that has been used to produce microparticles
and coprecipitates of several kinds of compounds: active
molecules, proteins, and polymers [16–20]. Indeed, during
SAA process, droplets formation takes place. These droplets
contain both compounds and, usually, selecting proper carrier/drug weigh ratios; it is possible to obtain polymeric
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matrix in which the active compound is uniformly dispersed
[21].
For all these reasons, the aim of this work is to produce composite microparticles of PVP and dexamethasone,
selected as model drug with poor solubility in water, using
SAA process. Different drug-polymer ratios were selected,
1/2, 1/4, and 1/8, morphological analysis was performed on
coprecipitates and dissolution rate analysis was performed on
the composite microparticles.

2. Materials and Methods
CO2 (99.9%, SON, Naples, Italy), nitrogen ((N2 ) 99.9%,
SOL, Milan, Italy), acetone (99.5%, Panreac, Barcelona,
Spain), ethanol (99.5%, Aldrich Chemical Co., Milan, Italy),
polyvinylpyrrolidone ((PVP) Mw: 10000, Aldrich Chemical
Co., Milan, Italy), and dexamethasone (purity 99.8%, ICN
Biomedicals, Milano, Italy) were used as received.
The configuration of SAA plant consists of two high-pressure pumps delivering the liquid solution and liquid CO2 to
the saturator. The saturator is a high pressure vessel (internal
volume 50 cm3 ) loaded with stainless steel perforated saddles
which assure a large contact surface between liquid solution
and CO2 . The solution obtained in the saturator is sprayed
through a thin wall (80 𝜇m diameter) injection nozzle into
the precipitator (IV 3 dm3 ). A controlled flow of N2 was sent
to the precipitator to assist liquid droplets evaporation. A
stainless steel filter, located at the bottom of the precipitator,
allows the powder collection and the gaseous stream flow
out. Downstream the precipitator, a condenser separates the
liquid stream from the inert gas. SAA apparatus layout was
reported elsewhere [19]. A scheme of SAA plant is reported
in Figure 1.
The morphology of PVP particles was observed by a
field emission-scanning electron microscope ((FESEM) mod.
LEO 1525, Carl Zeiss SMT AG, Oberkochen, Germany).
Particle size (PS) and particle size distribution (PSD)
were measured by SEM photomicrographs using the Sigma
Scan Pro Software (release 5.0, Aspire Software International,
Ashburn, VA, USA). Approximately 1000 particles were

0.2

0.4
0.6
x (CO2 mole fraction)

0.8

1

Figure 2: Vapor liquid equilibria for the system ethanol-CO2 at
40∘ C. Adapted from Knez et al. [22].

measured for each particle size distribution calculation. Histograms, representing the particle size distribution, were
fitted using Microcal Origin Software (release 8.0, Microcal
Software, Inc., Northampton, MA, USA).
Solid state analysis of the precipitates was performed
using an X-ray powder diffractometer ((XRPD) model D8
Advance; Bruker AXS, Madison, WI, USA) with a Cu-sealed
tube source. The measuring conditions were Ni-filtered Cu
Ka radiation, l 1/4 1.54 A, and 2 Θ angle ranging from 2 to 50
with a scan rate of 1 s/step and a step size of 0.05.
Drug content in SAA composite microparticles was
determined to verify if the ratio between polymer and drug,
set in the liquid solution, is maintained. A known amount of
dexamethasone-loaded microparticles was suspended into a
physiological saline solution at pH 7.2. The suspension was
kept at 37∘ C and stirred at 200 rpm for 5 days. The amount
of drug incorporated was assayed by spectrophotometric
analysis, using UV-vis (Cary 50 Scan, Varian) at 242 nm.
Drug release profiles over the time were obtained using
a physiological saline solution (pH 7.2) as the dissolution
medium. These studies were performed in triplicate for each
sample.

3. Results
The key factor of SAA processing is the solubilisation of
supercritical CO2 in the solution containing the compound to
be micronized [23]. Indeed the solubilisation of supercritical
CO2 in the liquid feed allows reducing viscosity and surface
tension of the system, enhancing the atomization process.
The effective amount of CO2 that can solubilise in the
liquid feed is correlated to the vapor liquid equilibria (VLE)
solvent-CO2 . In this work, ethanol was selected for SAA
micronization experiments since PVP and dexamethasone
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Figure 3: Dexamethasone microparticles obtained by SAA at 40∘ C and 76 bar in the saturator and 70∘ C and 1.6 bar in the precipitator.

show a good solubility in this solvent. Ethanol has also a large
affinity with CO2 ; therefore, a large quantity of CO2 can be
dissolved in the ethanolic solution, allowing a large reduction
of viscosity. Figure 2 shows the equilibria between ethanol
and CO2 and the operative point for SAA micronization
experiments.
At the operative conditions used, the complete solubilisation of CO2 in ethanol solution can be expected. Previous
work on PVP micronization [24] demonstrated that no precipitation of PVP takes place in the saturator when operated
at 40∘ C, 76 bar, and GLR = 1.8 (𝑥CO2 = 0.62).
Dexamethasone was micronized in a previous work [25]
but using methanol and acetone as solvents. Therefore, a feasibility test was performed on dexamethasone using ethanol
as solvent. Figure 3 shows a photomicrograph of dexamethasone microparticles obtained by SAA at 40∘ C and 76 bar in
the saturator and 70∘ C and 1.6 in the precipitator.
Spherical and nonaggregated microparticles of dexamethasone were obtained. Then, the production of composite
microparticles was attempted by SAA setting the same
operative conditions used in dexamethasone experiments;
drug/polymer weight ratios were 1/2, 1/4 and 1/8. Figure 4
shows photomicrograph of particles obtained at 𝑅 = 1/4 and
𝑅 = 1/8. Particles obtained at drug/polymer weight ratio of
1/2 were not proposed since their morphology is identical to
the ones reported in Figure 4.
FESEM images, reported in Figure 4, show that spherical
particles were obtained at all drug/polymer ratios tested.
Figure 5 shows the volumetric cumulative particle size distribution of dexamethasone and dexamethasone-PVP microparticles obtained by SAA.
Dexamethasone microparticles show the larger mean
diameter, 1.7 (±0.35) 𝜇m, whereas the composite particles
have a mean diameter of 0.76 (±0.2), 0.8 (±0.2), and 0.99
(±0.2) 𝜇m for 𝑅 = 1/2, 1/4, and 1/8, respectively. The
overall result is that the presence of PVP reduced particle
size and distribution with respect to dexamethasone precipitates alone. Probably the presence of PVP allows a further
decrease of viscosity in the starting solution. The reduction
of mean size can allow enhancing also the dissolution rate

1 𝜇m

R = 1/4

Mag = 25 KX

(a)

1 𝜇m

R = 1/8

Mag = 25 KX

(b)

Figure 4: FESEM images of dexamethasone-PVP microparticles,
with 𝑅 = 1/4 and 𝑅 = 1/8, obtained by SAA operated at 40∘ C and
76 bar in the saturator and 70∘ C and 1.6 bar in the precipitator.

of dexamethasone in water solution. This result is expected
for SAA process, since the parameters that have the stronger
influence on particle size and distribution are temperatures in
the saturator and in the precipitator, concentration of solute
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and CO2 molar fraction, as explained in previous works
[9, 20].
3.1. Loading and Encapsulation Efficiency. Loading of dexamethasone in composite microparticles was measured by
UV-vis analysis and was of about 95% (±5) for all the
drug/polymer ratios selected.
To test the efficiency of dexamethasone-PVP coprecipitates in improving the dissolution rate of poor soluble drug,
dissolution experiments of dexamethasone in water solutions were performed. To verify the improvement in drug
dissolution rate of SAA coprecipitates the dissolution rate
of composite particles was compared with untreated dexamethasone. Figure 6 shows the corresponding dissolution
profiles.
An increase of dissolution rate of dexamethasone was
obtained when it was loaded in PVP. The dissolution rate
depended on drug/polymer ratio, since when the amount of
drug was lower, the dissolution rate increased. This improvement is due to the production of more efficient dispersion of
the drug in the polymeric matrix [26].
3.2. Characterization: XRPD. The solid state of the untreated
dexamethasone was reported also in previous work [25], and
the untreated drug is crystalline. Figure 7 shows the XRPD
analysis of composite particles produced by SAA.
The characteristic peaks of the crystalline structure of
dexamethasone, reported in the graph of Figure 7 (10 < 2𝜃 <
20), are not present in the analysis related to composite particles. Therefore, only amorphous particles were produced by
SAA in the case of dexamethasone-PVP coprecipitates. This
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Figure 7: XRPD related to the PVP untreated and PVP microparticles produced by SAA using different solvents.

result is not surprising since previous work demonstrated
that SAA process allows reducing crystalline degree of several
compounds [27]. As a rule, the amorphous particles show a
larger dissolution rate if compared with crystalline particles
[28].

4. Conclusion
SAA process demonstrated to be very efficient in the micronization of drug-PVP composite particles. The amount of
PVP in coprecipitates is the key factor in controlling the
dissolution rate of dexamethasone. Moreover SAA process
induces the formation of disperse and amorphous dexamethasone particles that show a higher dissolution rate in water
solutions.
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Polymer nanocomposite foams have received considerable attention because of their potential use in advanced applications such
as bone scaffolds, food packaging, and transportation materials due to their low density and enhanced mechanical, thermal, and
electrical properties compared to traditional polymer foams. In this study, silica nanofillers were used as nucleating agents and
supercritical carbon dioxide as the foaming agent. The use of nanofillers provides an interface upon which CO2 nucleates and leads
to remarkably low average cell sizes while improving cell density (number of cells per unit volume). In this study, the effect of
concentration, the extent of surface modification of silica nanofillers with CO2 -philic chemical groups, and supercritical carbon
dioxide process conditions on the foam morphology of poly(methyl methacrylate), PMMA, were systematically investigated to
shed light on the relative importance of material and process parameters. The silica nanoparticles were chemically modified with
tridecafluoro-1,1,2,2-tetrahydrooctyl triethoxysilane leading to three different surface chemistries. The silica concentration was
varied from 0.85 to 3.2% (by weight). The supercritical CO2 foaming was performed at four different temperatures (40, 65, 75,
and 85∘ C) and between 8.97 and 17.93 MPa. By altering the surface chemistry of the silica nanofiller and manipulating the process
conditions, the average cell diameter was decreased from 9.62 ± 5.22 to 1.06 ± 0.32 𝜇m, whereas, the cell density was increased from
7.5 ± 0.5 × 108 to 4.8 ± 0.3 × 1011 cells/cm3 . Our findings indicate that surface modification of silica nanoparticles with CO2 -philic
surfactants has the strongest effect on foam morphology.

1. Introduction
In nature, foams are found in the form of bone, natural
sponge, coral, and natural cork. Inspired by these materials,
processing of polymer foams has received considerable attention [1, 2]. Polymer nanocomposite foams are micro- and
nanoporous materials that are used as thermal and sound
barriers, shock absorbers, absorbents, cushions, and tissue
engineering scaffolds [3, 4]. Recent advances in processing
of polymer nanocomposite foams enabled new application
areas in hydrogen storage [5], electromagnetic shielding [6],
and sensing technology [7]. Various polymers are being
used in foam applications such as polyurethane, polystyrene,
polyethylene, polypropylene, poly(vinyl chloride), polycarbonate, and poly(methyl methacrylate) [8–14] as well as
specialty polymers.

Foams are divided into various categories depending on
their pore morphology (open versus closed) or density (low
versus high). Open cell morphology consists of pores (bubbles) that are connected to each other, making the material
softer and more absorbent. In the closed cell morphology,
the pores are isolated from each other, which makes the
foam more rigid. In addition to these categories, polymer
foams can also be characterized according to their density,
cell size, cell density, and wall thickness, all of which influence
the properties of the foam. In general, polymer foams have
low thermal conductivity, poor mechanical properties, and
poor surface quality due to the underlying porous structure.
However, their low density, low thermal conductivity, and
sound barrier properties make them highly attractive for
a variety of applications. For example, low density foams
are primarily used in packaging and insulation applications,
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and high density foams are used in structural applications
[3, 15] as thermal or sound barriers. Polymer foams can also
be categorized by their flexibility: flexible, semiflexible, and
rigid. Flexible and semiflexible polymer foams are used to
produce cushions, textiles, toy parts, and sporting goods. On
the other hand, rigid polymer foams have applications in
insulation, construction, durable goods, and infrastructure.
In general, the foam morphology is formed via the use of
foaming agents, which undergo phase transition either due
to physical or chemical changes creating a gas phase that
expands forming gas bubbles inside the polymer matrix. The
nucleation of the bubbles occurs via two different classical
mechanisms: homogeneous or heterogeneous nucleation. In
the homogeneous nucleation case, concurrent initiation and
growth of bubbles are observed leading to a wide cell size
distribution in the final foam structure. The heterogeneous
nucleation, however, requires the existence of a secondary
material that promotes simultaneous growth of bubbles
inside the polymer matrix, resulting in a narrow cell size
distribution. The addition of inorganic nanoparticles, which
act as nucleating agents, induces heterogeneous nucleation
and provides a large number of nucleation sites. Furthermore,
the presence of micro- or nanosized fillers dramatically
decreases the energy barrier for cell nucleation compared
to that required for homogeneous nucleation [9, 13, 16,
17]. Existing models based on classical nucleation theories
sometimes fail to explain the nucleation satisfactorily. Other
models, for example, consider microvoids as nucleation sites.
Microvoids lead to stress induced bubble formation, and
the population of sufficiently large viable microvoids that
overcomes surface and elastic forces can then be related to
the cell density [18–20].
The synthesis of nanofillers is of recent interest because
they provide a high density of nucleation sites at low concentrations. The highest nucleation efficiency is achieved
when nucleation on the filler surface is energetically favorable
and the filler is uniformly distributed and dispersed within
the polymer matrix. Therefore, heterogeneous nucleation
conditions could be controlled to some extent via filler type,
geometry (size, aspect ratio, etc.), and surface chemistry
[1, 21, 22]. Selection of the filler type is an important
step to achieve the final desired properties. For instance,
carbon based nanofillers (carbon nanotubes and graphene)
enhance the strength and conductivity [8, 23]. The flat
surfaces of clays offer an excellent surface for nucleation;
however only when dispersion is controlled, uniform cell
size and remarkable mechanical properties are achieved
[24–29]. Spherical nanofillers are another class of fillers
that are being used to create polymeric foams [21, 30],
polymer blends [31], and copolymers [32]. Among spherical
nanoparticles, silica nanoparticles have been widely used as
bare or after surface modification with vinyl or fluorinated
silane coupling agents to foam polymers. Studies using bare
silica nanoparticles showed a reduction in the average cell size
with increasing concentration [33]. The surface modification
of silica nanoparticles was reported to lead to enhanced
interaction between the foaming agent and the nanofiller,
thereby reducing the average cell size further [34]. For
example, Goren et al. reported an 8-fold decrease in average
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cell size after modifying silica nanoparticles with fluorinated
silane coupling agents [21]. However, spherical nanoparticles
do not improve properties as much as nanosized rods or
sheets.
In addition to filler characteristics, foaming conditions
also influence the final foam structure. Conventional foamed
products can be produced either by chemical or physical
blowing agents. Chemical blowing agents are mixed into
polymer matrix and decompose when heated up yielding
a gas release. This process requires an additional step to
eliminate the residual chemical blowing agent [35]. Due to the
challenges in the removal of side products, physical foaming
is often preferred over chemical foaming. Physical foaming
involves the saturation of the polymer matrix with a gas at
high pressure followed by a rapid decrease in pressure. This
rapid decrease in pressure leads to the expansion of the gas
and, therefore, results in the formation of bubbles within the
polymer matrix. The lack of hazardous chemical solvent use
during physical foaming makes this technique the preferred
method in the production of polymeric foams. Supercritical
fluids have also become an attractive option for the production of polymer foams. Due to stable, nontoxic, inflammable,
low cost and its easily attainable critical conditions, supercritical carbon dioxide has been widely used to create polymer
foams [14, 21–23, 29]. Supercritical CO2 exhibits relatively
high solubility in polymers, acts as a plasticizer by lowering
the glass transition temperature, easily diffuses into the
polymer, reduces the viscosity and surface tension of the
polymer melt, and assists in polymer processing. Foaming
with supercritical CO2 can be performed either as a batch
process, where the samples are kept in a pressure chamber and
saturated with supercritical carbon dioxide [14, 21, 36], or as
a continuous process such as the inside of an extruder [37–
39]. After the polymer is saturated with supercritical CO2 ,
the rapid decrease in pressure generates a thermodynamic
instability, which leads to phase transition from supercritical
to gaseous state and causes the nucleation of gas bubbles.
Saturation (CO2 soaking) pressure, temperature, time, and
depressurization rate are critical parameters in determining
the final morphology of the polymer foam [40]. At high
pressures, more carbon dioxide is absorbed into the polymer,
leading to an increase in cell density [41]. In addition, high
pressure enhances the driving force for cell growth.
Many researchers investigated the silica/PMMA
nanocomposite systems foamed with supercritical CO2
and a review article by Chen and coworkers [42] discusses
many of the recent developments. Siripurapu et al. [33]
studied the effect of concentration of untreated (bare)
silica nanoparticles at 1, 5, and 8% silica concentrations.
The foamed material was produced with CO2 at 40∘ C and
6.83 MPa. An increase in nanosilica concentration led to
reduced average cell diameter and increased cell density
under isothermal and isobaric conditions. Yeh et al. [34]
highlighted the importance of surface modification of silica
nanoparticles, which might influence the interaction of filler
with CO2 . For example, at various concentrations untreated
and vinyl-modified silica nanoparticles containing PMMA
composites were foamed at 150∘ C and 13.8 MPa. The cell sizes
achieved in this process ranged from 10 to 23 𝜇m. The surface
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modification of silica nanoparticles was also performed
with fluorinated silane coupling agents by our group [21],
in which the silica nanoparticle sizes ranged from 60 to
150 nm. PMMA nanocomposites having 1% silica with 66,
80, 149, and 157 nm silica nanoparticles were foamed under
supercritical CO2 at 40∘ C and 17.93 MPa. In this study, the
particle size was shown to have an important contribution to
cell density and fluorination of the silica nanoparticles was
shown to facilitate the dispersion of the silica nanoparticles
inside the PMMA matrix.
Although nanofiller concentration and surface chemistry
are known to have strong influence on the final cell size and
cell density [14, 21, 43, 44], the extent of surface coverage
(tethering density) of the functional groups on the foam
morphology is yet to be reported in a systematic manner.
In the current study, we aim to investigate the effect of
tethering density of fluoroalkanes on the foam morphology of
silica/PMMA nanocomposites. Fluorinated surface modifiers
were chosen because they were shown to exhibit CO2 -philic
behavior [21]. The effects of silica concentration, foaming
temperature, and saturation pressure on the final foam
morphology were also investigated.

2. Experimental
2.1. Materials. To synthesize silica nanoparticles, tetraethyl
orthosilicate (TEOS, 98% reagent grade, Sigma, 131903)
and ammonia solution (NH3 , 28%, Sigma, 338818) were
used as received. Tetrahydrofuran (THF, Fisher Scientific,
T397-1) was used to purify the silica nanoparticles. The
surface modification of the silica nanoparticles was performed with silane coupling agent tridecafluoro-1,1,2,2tetrahydrooctyl triethoxysilane (F-TEOS, Gelest, SIT8175).
Poly(methyl methacrylate), PMMA, was chosen as the matrix
polymer because of its outstanding chemicophysical properties [45] and relatively high affinity for CO2 . Commercial
grade PMMA (Plexiglas V920-100) was donated by Altuglas
International.
2.2. Preparation of Silica Nanoparticles. The method used
in the synthesis of silica nanoparticles is an adaptation of
the Stöber’s procedure [46]. To prepare 100 nm bare silica
nanoparticles, 87.5 g ethanol, 4.37 g distilled water, and 4.12 g
ammonia solution was mixed with 8.62 g of TEOS. The
reaction mixture was stirred overnight at room temperature
and unreacted solvents were removed by rotary evaporator
at 60∘ C and 90 rpm for 2 hours. The sample was then kept
in vacuum dryer overnight at 60∘ C. In order to remove any
organic and inorganic impurities and unused reactants, the
dried sample was first washed with THF and vacuum-filtered
through 0.45 𝜇m hydrophobic filtering paper, then washed
with distilled water, and vacuum-filtered through 0.45 𝜇m
hydrophilic filtering paper. Finally, the sample was dried
again in vacuum oven overnight at 60∘ C. This procedure
approximately yields 1.5 g of bare silica nanoparticles with an
average size of ∼100 nm.
2.3. Surface Modification of Silica Nanoparticles. In order to
increase the interaction of silica and CO2 , silica nanoparticles
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were modified by tethering fluoroalkane chains (F-TEOS)
onto their surfaces. To prepare the surface modified nanoparticles, silica nanoparticles were synthesized as described
before and each batch was divided into multiple parts; one
was left as is (bare silica) and the other parts were modified
with F-TEOS. This ensured that the starting silica nanoparticles on average had the same size. Two different amounts
(0.1 and 0.7 g) of F-TEOS were added to two different silica
batches to create two different surface tethering densities. The
surface modification reaction took 24 hr at room temperature. Unreacted solvent was removed by rotary evaporator
at 60∘ C and 90 rpm for 2 hours, and the samples were dried
in a vacuum oven overnight at 60∘ C. To remove any residual
solvent and impurities, each sample was subsequently washed
with THF and water, filtered, and dried in vacuum oven
overnight at 60∘ C.
2.4. Structural Analysis of Silica Nanoparticles. The size of the
bare and surface modified nanoparticles was characterized by
field emission scanning electron microscopy (SEM), transmission electron microscopy (TEM), and image processing.
After the synthesis, the bare and surface modified silica
nanoparticles were dried and the nanoparticles were first
subjected to gold sputtering to form a 10–15 nm layer of
gold on the sample surface. SEM images were obtained with
a JEOL JSM-6332 using an accelerating voltage of 10 kV.
TEM images were collected with a Philips CM12 with an
accelerating voltage of 120 kV. Subsequently, both SEM and
TEM images were analyzed with ImageJ [47] and diameter
measurements of at least 100 nanoparticles were recorded in
order to have statistically significant results.
The extent of the surface modification was determined by
thermogravimetric analysis (TGA). Each silica nanoparticle
sample was analyzed by TA Instruments TGA Q50 by heating
up to 900∘ C at a rate of 20∘ C/min. The resulting percent
weight changes between 200 and 800∘ C were used to calculate
the percent coverage of the silica surface. Both bare and
surface fluorinated samples were tested for at least three
times.
The surface area of the silica nanoparticles was measured
with Quantachrome BET Surface Analyzer Autosorb. Before
BET analysis, the samples were degassed at 150∘ C under
nitrogen atmosphere for 24 hrs.
2.5. Preparation of Polymer Nanocomposites. The polymer
nanocomposite samples were prepared by melt mixing with
a benchtop twin-screw extruder (Haake MiniLab). The
extruder was equilibrated for 2 hrs at 220∘ C before each
use. The rotation speed of the screws was set to 60 rpm.
Before each operation, 5 g of neat PMMA was passed through
the system to clean the screws. The samples with different
concentrations of bare and surface modified silica nanoparticles were mixed with PMMA and each sample was cycled
within the extruder for 4 min and flushed in 3 min. These
parameters were chosen because they were previously shown
to disperse and distribute silica nanoparticles effectively [21].
Neat PMMA samples were also processed in the same way as
silica containing PMMA as control samples.
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2.6. Foaming with Supercritical Carbon Dioxide. A batch
foaming process was performed to prepare polymer
nanocomposite foams using supercritical CO2 as the
foaming agent. A high-pressure reactor (Parr, 5512, 50 mL)
was connected to a Teledyne ISCO high-pressure syringe
pump. The polymer nanocomposite extrudes were cut into
1-2 cm long pieces and were placed in the pressure chamber.
The samples were then saturated with supercritical CO2
and were kept at predetermined temperature and pressure
for 24 hrs (the exact processing conditions are provided in
Section 3). After saturation with supercritical CO2 for 24
hours, the pressure was decreased at a rate of 1.5 MPa/s. The
samples were removed from the pressure chamber and were
soaked in water that was maintained at 60–65∘ C for one
minute.
2.7. Determination of Foam Morphology and Cell Size Distribution. The foam morphology was investigated using field
emission scanning electron microscope (SEM, JEOL JSM6332). Samples were freeze-fractured in liquid nitrogen and
the fracture surfaces were sputter-coated with 10–15 nm of
gold. The images were then collected under 15 kV accelerating
voltage. SEM images of the fracture surfaces, both from the
center and near the perimeter, were recorded with SEM for
image processing with ImageJ [47].

50

40
Number fraction (%)

Although silica was added to PMMA in premeasured
amounts, due to the chaotic nature of the twin-screw extruder
used, silica concentration in silica/PMMA composites was
subsequently measured again by thermogravimetric analysis
(TA Instruments). For statistical accuracy, three different
samples, each being approximately 40 mg, were analyzed with
a TA Instruments TGA Q50 by heating to 900∘ C at a rate of
20∘ C/min. The silica concentration was determined from the
remaining weight at 800∘ C, after which the weight remains
constant. The melt mixing process led to several composite
samples each having slightly different amount of bare or
surface modified silica nanoparticles. In order to establish
statistical significance, these samples were separated into two
groups of “low” and “high” silica concentrations. The low silica concentration group contained 0.85–1.38% silica and the
high concentration group contained 2.5–3.2% silica. All silica
concentrations are reported as weight percentages. Another
2.9% silica/PMMA nanocomposite sample was prepared with
highly surface modified silica nanoparticles. This sample was
used specifically to investigate the effect of supercritical CO2
process parameters on foam morphology while eliminating
sample variations and effect of surface modification. The
nanocomposite samples were labeled according to their silica
surface tethering density (B: bare; F: fluorinated with low
tethering density; and FF: fluorinated with high tethering
density) and silica concentration (low or high). For instance,
B-Low indicates a nanocomposite sample containing bare
silica nanoparticles at low concentration (0.85%). The neat
PMMA control sample was labeled as “PMMA.” This labeling
convention was necessitated by the fact that during sample
preparation neither the surface tethering density nor the silica
concentration could be controlled accurately.
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Figure 1: Size distribution of (a) bare and (b) surface modified silica
nanoparticles. Surface modified silica samples include both F and FF
samples.

3. Results and Discussion
3.1. Nanoparticle Size. The size of the silica nanoparticles
was determined by image analysis of transmission electron
micrographs (TEM). Figure 1 shows the size distribution
of bare and surface modified silica nanoparticles. Since
the surface modified nanoparticles were prepared from the
same batch as the bare silica nanoparticles, only one size
distribution graph is presented. The average diameters were
found to be 101.2 ± 0.8 nm for bare silica nanoparticles and
112.4 ± 1.3 nm for modified silica nanoparticles.
3.2. Tethering Density. As explained in Section 2, in order to
ensure that the surface modified nanoparticles had the same
starting size as bare silica nanoparticles, after the synthesis
of the nanoparticles, the batch was divided into two groups
and 0.1 and 0.7 g F-TEOS were added to prepare low (F) and
high (FF) fluorinated surfaces. According to the molecular
structure of the surface modifier, F-TEOS (Figure 2(a)), the
reaction yields ethanol (Figure 2(b)). Fluorinated alkylsilane
derivatives react with the surface hydroxyl groups on silica
surface and form self-assembled monolayers or multilayers
[48]. The triethoxysilane group can be attached to the surface
in three different configurations (Figure 2(b)). If the silane
coupling agent is attached to the surface via one or two silane
groups (as shown by mechanisms I and II in Figure 2(b)),
the remaining silane group(s) may react with neighboring
tethered or free F-TEOS molecules resulting in multiple layers
on the surface.
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Figure 2: (a) The structure of F-TEOS. (b) Possible reaction mechanisms of the surface modifier, F-TEOS, with hydroxyl groups on silica.
Three possible attachments of F-TEOS to the silica surface are possible. Mechanisms I and II leave ethoxysilane groups on F-TEOS that might
react with neighboring tethered or free F-TEOS groups resulting in multilayered coverage on the silica nanoparticle.

Table 1: Surface coverage of silica nanoparticles according to
different reaction mechanisms as calculated from (1).
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Figure 3: Thermogravimetric analysis of bare and fluorinated silica
nanoparticles. B denotes the untreated silica nanoparticles. F and
FF denote the low and high fluorinated samples, respectively. The
weight loss between 200 and 800∘ C for each sample is presented next
to the sample label.

A quantitative analysis of the F-TEOS coverage on the
silica nanoparticle surfaces was performed by thermogravimetric analysis (Figure 3). Using untreated silica nanoparticle
weight change (Δ𝑤B-SiO2 ) between 200 and 800∘ C as the
reference, the following calculation provided the percent
surface coverage of the silica nanoparticles [49]:
𝑛silane =

Δ𝑤F-SiO2 − Δ𝑤B-SiO2
100 ⋅ 𝑀 mod ⋅ 𝜎

,

(1)

where 𝑛silane is the number of moles of silane, Δ𝑤F-SiO2 is
the percent weight change of fluorinated silica nanoparticles

(between 200 and 800∘ C), 𝑀 mod is the molecular mass that is
lost (as volatile gas) between 200 and 800∘ C per mole of used
silane, and 𝜎 is the specific surface area of the silica nanoparticles and was measured with BET surface analysis, which
yielded specific surface areas of 32.6 m2 /g for bare nanoparticles and 33.9 m2 /g for the surface modified nanoparticles. For
reaction mechanisms shown in Figure 2(b), the molecular
weights of the remaining silane group on the silica (𝑀 mod )
were 481.36, 452.36, and 423.36 g/mol corresponding to
single, double, and triple ethoxysilane attachments. In order
to assess surface coverage, 𝑛silane obtained from (1) needs to
be compared to 𝑛hydroxyl . According to Zhuravlev [50], silica
nanoparticles with an average size of 100 nm contain 5.85
hydroxyl groups per square nanometer; therefore, if (1) yields
over 5.85 silane groups (on 100 nm sized silica), the surface
coverage would be over 100%, which can be explained only
by the presence of a multilayer silane coverage as suggested
by reaction mechanisms I and II in Figure 2(b).
Table 1 presents surface coverages calculated via (1) for
each possible reaction mechanism presented in Figure 2(b).
This calculation showed that low fluorinated silica nanoparticles (F) have a surface coverage around 73%, whereas
this value exceeds 100% for the highly fluorinated silica
nanoparticles (FF) indicating multilayer formation.
The silica nanoparticles prepared in the current study
can be summarized as follows. (i) The average size of silica
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not shown). On the other hand, all four samples containing
fluorinated silica nanoparticles (F-Low, F-High, FF-Low, and
FF-High) have remarkably low (average) cell sizes and high
cell densities. In order to quantify these visual observations,
the foamed samples’ cell density and cell size distributions
were characterized by image processing.
Cell density calculations were based on a method
described by Kumar and Suh [51]. Typically, a micrograph
showing more than 100 bubbles (cells) was chosen for the
analysis. The number of bubbles (𝑛) was counted and the
number of bubbles per unit volume (𝑁) was calculated using
the following equation:
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Figure 4: The concentration of the B (bare), F (∼73% surface
coverage) and FF (>100% surface coverage) silica nanoparticles in
PMMA as measured by TGA. The vertical capped lines through
symbols indicate error from TGA measurements.

nanoparticles are 101.2 ± 0.8 nm for bare (B) silica and
112.4 ± 1.3 nm for flurinated (F and FF) silica. (ii) The
fluorinated silica nanoparticles have an average surface coverage of ∼73% for F and ∼120% for FF indicating multilayer
fluorination at the surface of these samples.
3.3. Silica Concentration in Polymer Nanocomposites. The
silica concentration of the samples was determined by
thermogravimetric analysis and the results are presented
in Figure 4. The final silica concentrations were grouped
into “low” and “high” concentrations containing 0.85–1.38%
and 2.5–3.30% silica, respectively. Recalling that the surface
tethering densities are represented with “B” for bare silica, “F”
for low tethering density, and “FF” for high tethering density,
each silica/PMMA is labeled with both of these markers, such
as B-Low or B-High, in the following sections.
3.4. Effect of Silica Surface Modification and Concentration
on Foam Morphology. Polymer nanocomposite samples were
processed with supercritical CO2 and the resulting foam
morphologies obtained via scanning electron microscopy
(SEM) are presented in Figure 5. Visual observation of the
SEM images clearly shows the difference between the foam
morphologies of nanocomposites containing bare and fluorinated silica nanoparticles. At low and high concentrations of
bare silica nanoparticles, the foam morphology (average cell
size, cell density) looks similar to that of neat PMMA even
though the nucleation mechanism between these two types
of samples are completely different: homogeneous in neat
PMMA versus heterogeneous in filled PMMA. The similarity
of the foam morphologies is mainly attributed to the poor
interaction of CO2 with bare silica and also to the formation
of silica agglomerates inside the polymer matrix (micrograph

𝑁=(

𝑛𝑀2
)
𝐴

,

(2)

where 𝑀 is the magnification factor and 𝐴 is the true area of
the SEM image. According to this method, the cell density
of the samples was calculated from five different images
collected from the center and the edges of the fracture surface.
The cell density measurements confirmed that neat
PMMA, and the polymer nanocomposite samples prepared
with bare silica nanoparticles have very low cell densities
compared to the foamed samples containing fluorinated
silica nanoparticles regardless of the tethering density and
silica concentration (Figure 6(a)). The neat PMMA foam
has an average cell density of 7.5 ± 0.5 × 108 cells/cm3 .
The foamed samples containing bare silica nanoparticles
formed agglomerates (micrograph not shown), which evidently affected the cell density. A remarkable difference is
observed in cell densities between the samples containing
bare and fluorinated silica containing PMMA. This is because
surface chemistry affects both the dispersion and distribution
of silica nanoparticles in the PMMA matrix and the interaction between silica nanoparticles and CO2 molecules. It is
well known that supercritical CO2 exhibits high affinity for
fluorocarbons, fluoroethers, siloxanes, and polycarbonates
[52]. Fluorination of silica decreases the surface energy and
leads to a decreased critical activation energy required for
nucleation of CO2 bubbles [21]. On the other hand, among
the fluorinated samples, the highest cell density was achieved
for high concentration samples (FF) indicating that the silica
concentration is the determining factor.
The immediate change in cell density upon surface
modification (going from B to F) is quite impressive showing
almost a 100-fold increase. This suggests that there is a
tremendous effect of surface chemistry on foam morphology.
On the other hand, increasing surface tethering density from
∼73% to over 100% did not change the cell density values
significantly. It is, therefore, important to have the proper surface chemistry but having too much of CO2 -philic chemical
groups on the nanofiller surface does not further improve
cell density values. This result can be explained by the
selective placement of CO2 molecules at the filler/polymer
interface. Even a modest selectivity achieved through surface
modification leads to improved results. Unfortunately tethering densities lower than ∼70% were not available in the
current study; therefore, it is not possible to state if there is
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an optimum tethering density that would lead to the best
results (high cell density, small average pore size).
The cell sizes of the samples were measured from SEM
images. The results of the average cell diameters are presented
in Figure 6(b). The average cell diameter of the neat PMMA
polymer foam was calculated to be 9.62 ± 5.22 𝜇m. The
cell size measurements of the samples containing bare silica
nanoparticles showed that these samples have comparably
lower average cell diameters. However, the high standard
deviation in neat PMMA and nanocomposites containing
bare silica nanoparticles indicate the presence of a wide
distribution of cell sizes in these samples. This similarity
in the cell size distribution between foamed PMMA and B
samples is attributed to the fact that all of these samples
had homogeneous nucleation. Bare silica containing samples
additionally had heterogeneous nucleation; however this
secondary mechanism must have been quite ineffective due
to the similarities in the foam morphologies between PMMA
and B samples. Previous studies reported that homogeneous
nucleation leads to a wide cell size distribution whereas heterogeneous nucleation leads to a narrow cell size distribution
[13]. Obviously, the bare silica containing samples’ cell size
distribution is similar to that of neat PMMA because both
systems undergo homogeneous nucleation, but the average
cell size in bare silica containing samples is relatively lower
than that of neat PMMA because these samples also experience heterogeneous nucleation. Contrary to neat PMMA
and bare silica containing PMMA (B samples), the surface
fluorinated silica nanoparticle containing samples (F and
FF) have significantly lower average cell sizes and smaller
standard deviations. The smallest average cell sizes were
achieved at higher concentrations of silica (“high” samples).
Surface tethering density had a minor effect on the results.
These observations are in agreement with the results obtained
for cell densities (Figure 6(a)).
3.5. Effect of Processing Conditions on Foam Morphology.
During supercritical CO2 saturation, CO2 also serves as a
plasticizer for PMMA [53–55] and it was shown that CO2 has
greater solubility in polymers with branched structures compared to linear polymers. In the current study, carbon dioxide
has comparably high solubility in PMMA due to specific
interactions it has with the carbonyl groups of PMMA. The
higher affinity between CO2 and carbonyl groups of PMMA
implies higher plasticization capacity, which is manifested
in lowered glass transition temperature and viscosity [56].
The solubility of CO2 in PMMA was reported to be about
6.3% (by weight) at 20∘ C and 6.89 MPa, 9.3% at 40∘ C and
13.78 MPa, and 10.5% at 70∘ C and 20.67 MPa [57]. Therefore,
because the solubility of CO2 in PMMA changes as a function
of processing parameters (pressure and temperature), it
is necessary to also consider the effect of the processing
parameters on the final foam morphology.
In a typical experiment, the polymer nanocomposite
sample was saturated with supercritical CO2 at a preselected
temperature and pressure. In order to understand the effect
of processing conditions on foam morphology, several experiments were conducted at 65 and 85∘ C and at 8.97, 13.45, and
17.93 MPa. For this study only one sample containing highly
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fluorinated silica nanoparticles at high concentration (FFHigh with 2.9% silica content) was used, thereby, eliminating
sample variations and the effect of surface modification and
silica concentration. Other processing parameters such as
saturation time, rate of pressure reduction, bubble fixation
temperature, and foaming duration were all kept constant at
24 hrs, 1.5 MPa/s, 62∘ C, and 1 min, respectively. The resulting SEM micrographs of fracture surfaces are presented
in Figure 7. Visual observation of the SEM micrographs
indicates uniform cell size distribution across samples.
The effect of pressure on cell density and cell size at
two different temperatures is presented in Figure 8. A slight
decrease in cell density and a slight increase in average
cell size are observed in Figures 8(a) and 8(b), although
the changes are within experimental error. These results
suggest that the effect of soaking pressure is low compared
to the effect of surface modification for the samples investigated (FF-High with 2.9% silica content). This result can
be explained by the fact that these samples already present
high affinity towards CO2 due to the presence of fluorinated
surfactants, and therefore, nucleation of supercritical CO2
at the (surface modified) silica/PMMA interface is already
optimized.
The effect of temperature was found to be more complex
than the effect of pressure. The effect of temperature at
8.97 MPa is presented in Figure 9. Results suggest a change
of mechanism as a function of temperature. For example,
at the lowest temperature, the cell density is low. Increasing
the temperature leads to an increased cell density initially,
but further increase in temperature leads to decreasing cell
densities. These results can be explained by the change in
the glass transition temperature of PMMA upon supercritical
CO2 saturation. It was shown before that CO2 acts as a
plasticizer for PMMA [55] and increasing pressure and
temperature lead to more carbon dioxide absorption. The
original glass transition temperature of neat PMMA is around
105∘ C. Previous studies reported that the plasticizer effect of
carbon dioxide becomes evident at 8 MPa at which the glass
transition temperature is reported to be 40∘ C [53, 58]. It was
also shown that as the amount of absorbed CO2 increases, the
glass transition temperature decreases. When foaming takes
place at temperatures lower than the glass transition temperature, not all nucleated bubbles can grow due to the high
viscosity (resistance) of the PMMA bulk. This leads to low
cell density at low temperatures. At high temperatures (above
the 𝑇𝑔 ), although bubble growth is easier due to low polymer
viscosity, growing bubbles could easily coalesce leading to
decreased cell density. The highest cell density could be
observed in the vicinity of the glass transition temperature as
the viscosity at this state would be considerably higher than
that at high temperatures preventing bubble coalescence but
low enough that bubbles can grow.
Table 2 summarizes all the samples tested. The first row
represents the neat PMMA sample, taken as a control. The
next six samples indicate the effect of concentration and surface modification on cell density and cell size. The operating
conditions (temperature and pressure) of the foaming process
were varied for a single sample containing highly fluorinated
silica nanoparticles (FF) with high concentration (2.9%). This
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Table 2: Summary of the cell density and cell size measurements for all samples used in the current study. T is the foaming temperature and
P is the saturation pressure.
Surface modification
(%)

Sample label

Concentration
(wt%)

𝑇 (∘ C)

𝑃 (MPa)

Cell Density†
(109 cm−3 )

Cell Diameter†
(𝜇m)

PMMA

—

—

40

8.97

0.75 ± 0.05

9.62 ± 5.22

B
B

—
—

0.85
2.50

40
40

8.97
8.97

0.57 ± 0.09
0.67 ± 0.29

5.36 ± 4.33
6.90 ± 4.14

F
F

∼73
∼73

1.29
3.16

40
40

8.97
8.97

57.1 ± 10.4
248 ± 12

1.62 ± 0.40
1.29 ± 0.29

FF
FF
FF∗
FF∗
FF∗
FF∗
FF∗
FF∗
FF∗
FF∗

>100
>100
>100
>100
>100
>100
>100
>100
>100
>100

1.38
3.20
2.9
2.9
2.9
2.9
2.9
2.9
2.9
2.9

40
40
40
65
65
65
75
85
85
85

8.97
8.97
8.97
8.97
13.45
17.93
8.97
8.97
13.45
17.93

132 ± 16
248 ± 23
380 ± 91
478 ± 32
478 ± 43
444 ± 48
464 ± 30
412 ± 23
398 ± 44
400 ± 14

2.10 ± 0.80
1.45 ± 0.54
1.38 ± 0.44
1.19 ± 0.37
1.23 ± 0.34
1.52 ± 0.56
1.06 ± 0.32
1.12 ± 0.37
1.52 ± 0.37
1.52 ± 0.43

∗
†

These samples were all processed from the same silica synthesis batch.
Standard deviation is given.
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Figure 10: Comparison of normalized cell densities and normalized
average cell sizes of various silica/PMMA nanocomposite foams.

strategy not only eliminates the concentration and surface
modification effect but also ensures heterogeneous bubble
nucleation mechanism is the dominant mechanism.
The cell densities and average cell sizes obtained in the
current study are compared to those obtained from other
studies performed with PMMA in Figure 10. Although the
processing conditions in various studies differ from each
other, considering that the goal of all of these studies is to
obtain the greatest cell densities and the smallest average cell
sizes, comparison of various results might prove to be useful.
However, in order to achieve a direct comparison, results
from various studies were normalized by the results of the

neat PMMA in each study. In general, it is well known that cell
density and cell size are inversely correlated with each other.
This phenomenon can easily be observed in Figure 10.

4. Conclusions
Silica/poly(methyl methacrylate), PMMA, nanocomposites
containing bare and fluoroalkane modified silica nanoparticles with an average size of 100 nm were studied under
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varying supercritical carbon dioxide conditions. The effect
of silica nanoparticle concentration and the extent of fluorination was studied systematically. The fracture surfaces of
foamed samples were imaged with field emission scanning
electron microscope and image processing tools were utilized
to obtain cell density and average cell size. Our findings led
to the following conclusions.
Surface modification of silica nanoparticles with CO2 philic fluoroalkane molecules significantly improved foam
morphology. The average cell size decreased from 9.62 𝜇m
in neat PMMA to 1.06 𝜇m with the addition of 2.9% highly
surface modified silica nanoparticles at 75∘ C and 8.97 MPa.
The effect of surface fluorination of silica nanoparticles on cell
size was observed for all nanocomposite samples regardless
of the nanofiller concentration. Even the low fluorinated
samples showed 6-7 times decrease in average cell size.
However, the extent of surface coverage (tethering density) of silica nanoparticles had a minor effect on foam
morphology. The average cell sizes increased approximately
20% upon going from ∼73% surface coverage to over 100%
surface coverage.
Increasing silica concentration had a remarkable effect
on the average cell size and cell density. Increasing silica
concentration from ∼1.3% to ∼3.2% led to a ∼35% decrease
in average cell size.
Foam morphology strongly depends on the foaming
temperature in reference to the glass transition temperature
of the polymer. Although the glass transition of the neat
PMMA used in the current study is around 105∘ C, soaking
with supercritical CO2 , which acts as a plasticizer, decreased
it to approximately 65∘ C at 8.97 MPa soaking pressure. As
a result, the foam morphology below and above the new
glass transition temperature was influenced by different
viscoelastic properties of the PMMA matrix. Our results
suggest that the maximum cell density is reached in the
vicinity of the glass transition temperature because the bubble
growth was impeded either by high viscosity below the 𝑇𝑔 or
by bubble coalescence above the 𝑇𝑔 .
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[55] V. Di Noto, K. Vezzù, G. A. Giffin, F. Conti, and A. Bertucco,
“Effect of high pressure CO2 on the structure of PMMA: a FT-IR
study,” The Journal of Physical Chemistry B, vol. 115, pp. 13519–
13525, 2011.
[56] S. Lee and N. Ramesh, Polymeric Foams: Mechanisms and
Materials, CRC Press, 2004.
[57] D. L. Tomasko, H. Li, D. Liu et al., “A review of CO2 applications
in the processing of polymers,” Industrial and Engineering
Chemistry Research, vol. 42, no. 25, pp. 6431–6456, 2003.
[58] A. Kasturirangan, C. A. Koh, and A. S. Teja, “Glass-transition
temperatures in CO2 + polymer systems: modeling and experiment,” Industrial and Engineering Chemistry Research, vol. 50,
no. 1, pp. 158–162, 2011.

13

Hindawi Publishing Corporation
Journal of Chemistry
Volume 2013, Article ID 408194, 9 pages
http://dx.doi.org/10.1155/2013/408194

Research Article
Quality of Cosmetic Argan Oil Extracted by Supercritical Fluid
Extraction from Argania spinosa L.
Chouaa Taribak,1 Lourdes Casas,2 Casimiro Mantell,2 Zoubaida Elfadli,1
Rédouane E. Metni,1 and Enrique J. Martínez de la Ossa2
1
2

Department of Chemical Engineering, Faculty of Science, University Abdel Malek Essaadi of Tétouan, 93002 Tétouan, Morocco
Department of Chemical Engineering and Food Technology, Faculty of Science, International Agri-food Campus of Excellence,
University of Cadiz, 11510 Puerto Real, Cadiz, Spain

Correspondence should be addressed to Lourdes Casas; lourdes.casas@uca.es
Received 15 January 2013; Revised 8 March 2013; Accepted 6 April 2013
Academic Editor: Marleny D. A. Saldaña
Copyright © 2013 Chouaa Taribak et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Argan oil has been extracted using supercritical CO2 . The influence of the variables pressure (100, 200, 300, and 400 bar) and
temperature (35, 45, 55∘ C) was investigated. The best extraction yields were achieved at a temperature of 45∘ C and a pressure of 400
bar. The argan oil extracts were characterized in terms of acid, peroxide and iodine values, total tocopherol, carotene, and fatty acids
content. Significant compositional differences were not observed between the oil samples obtained using different pressures and
temperatures. The antioxidant capacity of the argan oil samples was high in comparison to those of walnut, almond, hazelnut, and
peanut oils and comparable to that of pistachio oil. The physicochemical parameters of the extracted oils obtained by SFE, Soxhlet,
and traditional methods are comparable. The technique used for oil processing does not therefore markedly alter the quality of
argan oil.

1. Introduction
Argania Spinosa L. (Sapotaceae) is an endemic tree from
southwestern Morocco, where it is the third most common
tree. The oleaginous fruits of the argan tree furnish edible and
marketable oil known as “argan oil”, which provides up to 25%
of the daily lipid diet for the local population and 9% of the
annual oil production in Morocco [1].
Generally, this oil is rich in unsaturated fatty acids
(80%), principally oleic, and linoleic acids (44.8 and 33.7%,
resp.). Interestingly, the unsaponifiable fraction (1% of the oil
constituents) of argan oil is mainly rich in antioxidant compounds such as tocopherols, which is present in a higher proportion compared to olive oil (637 mg/kg versus 258 mg/kg,
resp.) and especially in its 𝛾-isoform (75%) (Table 1) [2].
Moreover, this nonglyceric fraction is rich in phenolic compounds, principally ferulic and syringic acids (3147 and
37 𝜇g/kg, resp.), which are absent in olive oil. Also, it is rich
in some sterols such as schottenol (1420 mg/kg) and spinasterol (1150 mg/kg). These two families of sterols, known for
their anticancer properties, are rarely encountered in other

vegetable oils. Argan oil also contains a nonnegligible proportion of squalene, anther anticancerous product (3140 mg/kg
versus 4990 mg/kg in olive oil). These compounds prevent
oxidation, contributing to the stability of the oil.
By far the main traditional use of argan oil is for
nutritional purposes. Natives either eat the oil directly on
toasted bread, generally for breakfast, or use it for cooking.
As a cosmetic product, the oil is traditionally used to cure
all kinds of skin pimples and, more particularly, juvenile acne
and chicken pox pustules [3]. Argan oil is also recommended
to alleviate dry skin conditions and to slow down the
appearance of wrinkles. This oil is also used in rheumatology.
In this latter field, as well as in the cosmetic area, argan oil is
used as a skin lotion and is applied on the area to be treated.
In addition, and in a similar way to olive oil, argan oil is
also administered orally, and it is traditionally prescribed as
a choleretic, hepatoprotective agent and in cases of hypercholesterolemia and atherosclerosis.
The method employed to extract the oil from nuts is complex and has a considerable influence on the physicochemical
composition, nutritional value, and sensorial properties of
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Table 1: Chemical composition of argan oil and olive oil [2].

Tocopherols (mg/kg oil)
𝛾-Tocopherols
𝛼-Tocopherol
𝛿-Tocopherol
Total
Sterols (mg/100 g oil)
Schottenol
Spinasterol
𝛿8–22 Stigmastadiene-3𝛽-ol
𝛽-Sitosterol
Campesterol
Stigmasterol
Others
Phenolic compounds (𝜇g/kg oil)
Vanillic acid
Syringic acid
Ferulic acid
Tyrosol
Others
Total
Squalene (mg/100 g oil)

Argan oil

Olive oil

480 ± 7
35 ± 1
122 ± 10
637 ± 18

26 ± 1
190 ± 1
42 ± 2
258 ± 3

142 ± 11
115 ± 7
9±1
nd
nd
nd
29 ± 1

nd
nd
nd
156 ± 3
12 ± 1
nd
151 ± 10

67 ± 3
37 ± 5
3147 ± 20
12 ± 1
0
3263 ± 29
314 ± 1

359 ± 7
0
51 ± 2
19,573 ± 37
773,000 ± 53
792,983 ± 99
499

nd: not detected.

the oil [4]. At present, two methods are used to extract argan
oil for nutritional purposes: the traditional method (hand
pressed) and a semi-industrial method (mechanical coldpressed) [5].
For many years, argan oil has been prepared exclusively
by Berber women according to an ancestral multistep process
[6]. Between May and August, fallen ripe fruit is collected in
the argan forest. The fruit is then sun-dried for a few days,
and the dried peel is removed manually to give argan nuts.
An average of 100 kg of dried-fruit and 15 hours (per person)
is necessary to obtain 60 kg of argan nuts. Argan nuts are
then crushed between two stones, and the white kernels are
collected. From 60 kg of argan nuts, only 6.5 kg of kernels
are collected. To prepare edible argan oil, kernels have to be
roasted for a few minutes, but overheating should be avoided
since it has a negative impact on the final oil taste. The roasted
kernels are subsequently crushed using a millstone to give a
brownish viscous liquid that is mixed with water. This dough
is hand-malaxed for several minutes, and it slowly becomes
solid and releases an emulsion from which the argan oil is
finally decanted [7].
Traditional oil extraction is frequently carried out in
unsatisfactory sanitary conditions. As a result, several cooperatives aim to produce and commercialize quality-certified
virgin argan oil using a semi-industrial method with mechanical cold-pressing without the addition of water [10]. This
is the most important difference between the two methods
outlined above. All other steps remain unchanged and the oil
is obtained in about 45% yield (calculated from the kernels),
and, once the kernels have been obtained, only half an hour

is needed to obtain 1 L of oil, that is, a shorter time than that
required for the traditionally obtained oil [11].
For industrial or laboratory purposes, argan oil can be
extracted from ground kernels using any volatile lipophilic
solvent. The solvent is evaporated to give the oil in 50–
55% yield. However, this type of extraction furnishes oil
with unsatisfactory organoleptic properties compared to the
traditional or press-extracted oil. As a consequence, this
technique is exclusively used to prepare argan oil for cosmetic
purposes [3].
Another product that is also used exclusively for cosmetic
purposes is the so-called “enriched argan oil”, which can
be prepared by flash distillation, under reduced pressure at
270∘ C, of the crude oil previously obtained by pressextraction. The level of unsaponifiable matter contained in this oil
is three times higher than the value observed for the pressextracted oil.
Supercritical fluid extraction (SFE) is considered to be
an environmentally benign alternative to the conventional
extraction of triglycerides. SFE has been successfully used to
obtain oil from seeds of apricot [12, 13], palm [14, 15], canola
[16, 17], rape [18], soybean [19, 20], sunflower [21–23], jojoba
[24], sesame [25–27], celery [28], parsley [29], neem [30],
amaranth [31], borage [32], flax [33], and grape [34]. Oil has
also been extracted from nuts such as acorn [35], walnut [36–
38], almond [39], and pistachio [40].
In this paper we present a study into the extraction of
argan oil using supercritical CO2 for cosmetics uses. CO2
is the most widely used supercritical fluid because it is
nontoxic, nonflammable and is available at low cost and with
a high degree of purity. Furthermore, the use of CO2 is
acceptable in the food and pharmaceutical industries. Despite
the numerous studies on this kind of supercritical extraction,
literature the concerning the extraction of argan seeds is
lacking in terms of SFE. The quality of the oil obtained is also
compared with other examples reported in the literature.

2. Material and Methods
2.1. Samples and Chemicals. Argan seeds were used in this
study. The fruit was collected in May 2011 in Morocco. The
fruit was sun-dried for seven days to constant weight, and
the dried peel was manually removed to provide the argan
nuts. The argan seeds were ground to obtain the appropriate
particle size distribution (mean size 0.8 mm).
Carbon dioxide (99.995%) was supplied by Abello-Linde
S.A. (Barcelona, Spain). 2,2-Diphenyl-1-picrylhydrazyl free
radical (DPPH), methyl ester standards of fatty acids, 𝛽carotene, and tocopherol were supplied by Sigma-Aldrich
(Steinheim, Germany) and the other reagents were supplied
by Panreac.
2.2. Extraction of Argan Oil. The oil extractions at high
pressure were carried out in equipment supplied by Thar
Technology (Pittsburgh, PA, USA, model SF100) provided
with an extraction vessel (capacity of 100 mL) and a pump
with a maximum flow rate of 50 g/min of carbon dioxide. The
extraction temperature was controlled with a thermostated
jacket. The cyclonic separator allowed periodic discharge of
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Figure 1: Schematic diagram of the equipment.

the extracted material during the SFE process. The extraction
system is represented in Figure 1.
The operating methodology involved loading the extraction vessel with approximately 15 g of the sample, which had
previously been homogenized in order to maintain a constant
apparent density in all experiments of 520 Kg/m3 . Since the
apparent density of all samples was approximately constant,
porosities were also constant and equal to
𝜌ap
= 0.68,
𝜀=1−
(1)
𝜌𝑟
where 𝜀 is porosities, 𝜌ap is apparent density, and 𝜌𝑟 is real
density.
The extracts were collected in a cyclonic separator and
transferred to glass bottles, which were stored at 4∘ C with the
exclusion of light.
The experiments on each sample were carried out in
duplicate in order to evaluate the variability of the measurements. Experiments were carried out at different temperatures and pressures. The measured flow rate for the
supercritical fluids was 20 g/min for 3 hours.

The oil extraction was also carried out using a Soxhlet
extraction system with hexane as solvent. An extraction time
of 8 hours was chosen. After extraction, the extracts were
evaporated on a rotary evaporater (Laborota 4001, Germany)
at 40∘ C, and the samples were stored at 4∘ C with the exclusion
of light.
2.3. Analytical Methods. Refractive index and density were
carried out according to the reported AOCS methods [41].
2.3.1. Acid Value. The acid value of each oil obtained under
different conditions was analyzed according to UNE-55011.
Acidity index is the mass, in mg, of potassium hydroxide
that is necessary to neutralize free fatty acid present in 1 g of
sample. It is usual to represent this value as percentage of oleic
acid, which is the most abundant of the fatty acids [41].
2.3.2. Peroxide Value. Peroxide value is related to hydroperoxides in terms of milliequivalents per kg of oil. These
hydroperoxides oxidize potassium iodide under standard
conditions [41]. Peroxide value determinations were carried
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out by iodine titration against Na2 S2 O3 with starch indicator
in the second stage. An Na2 S2 O3 concentration of 0.01 eq L−1
was used. The blank was taken into account in all titrations.
2.3.3. Iodine Value. One of the most useful parameters for
the characterization of oils and fats is the iodine number or
value, which is a measure of unsaturation. The iodine value is
defined as grams of I2 added across the multiple bonds of a
100 g sample.
The iodine value is determined using classical titration
methods [41]. In these methods, a reagent containing iodine
is added to an oil sample and the excess iodine is titrated with
a standard sodium thiosulfate solution. The official AOAC
methods for the determination of iodine value of oil involve
the use of Wijs iodine monochloride [41].
2.3.4. Unsaponifiable Matters. The term “unsaponifiable matter” is applied to the substances nonvolatile at 100–105∘ C
obtained by extraction with an organic solvent from the
substance to be examined after it has been saponified.
Unsaponifiable matters were carried out according to the
reported AOCS methods [41].
2.3.5. Composition of Fatty Acids. Fatty acid compositions
were determined by gas chromatography (GC) on an Agilent
Technologies model 6890N chromatograph with a TR-CN100
capillary column (60 m length × 0.25 mm internal diameter
× 0.20 𝜇m thickness) and a flame ionization detector. The
injector and detector temperatures were 280∘ C and 260∘ C,
respectively. The oven temperature was 185∘ C. The carrier gas
was hydrogen at the rate of 38.02 cm/s, and air and hydrogen
were used as auxiliary gases.
A preparation step was required prior to the introduction
of the oil into the GC for the individual determination of
fatty acid composition. The extracts obtained were treated to
convert them into the corresponding fatty acid methyl ester
(FAME) [42].
2.3.6. Total Tocopherol Content. High-performance liquid
chromatography (HPLC) analysis of the total tocopherol
present in the extracts was performed using an Agilent
Technologies 1100 Series chromatograph. The elution solvent
was methanol at a flow rate of 1.0 mL/min and the column
used was C18 Hypersil ODS (250 × 4.6 mm) (5 𝜇m particle
size) (Supelco). The compounds were detected using a UV-Vis
detector at a wavelength of 280 nm. The peak was identified
by comparison of retention time with the commercial standards (Sigma), and the compound was quantified by means
of calibration curve.
The experiments for each extraction were carried out
in triplicate in order to evaluate the variability of the measurements. The results are shown as the average of all the
independent analyses with a reproducibility of approximately
8% CV (coefficient of variation).
2.3.7. 𝛽-Carotene Content. 𝛽-Carotene content was de-termined using the same HPLC system as for tocopherol
content. The elution solvent used was acetonitrile : methanol : water (90 : 8 : 2) at 1.0 mL/min and the column was a C18
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Hypersil ODS (250 × 4.6 mm) (5 𝜇m particle size) (Supelco).
The compounds were detected using a UV-V that is a detector
at a wavelength of 450 nm. The peak was identified by
comparison of retention time with the commercial standard
(Sigma) and was quantified by means of calibration curve.
The experiments for each extraction were carried out in
triplicate, and the results are shown as the average of all the
independent analyses with a reproducibility of approximately
6% CV (coefficient of variation).
2.4. Antioxidant Assay with DPPH. The antioxidant activities
were determined using DPPH as a free radical. Different
concentrations were tested (expressed as mg of extract/mg
DPPH) for each set of extraction conditions. Extract solution
in ethyl acetate (0.1 mL) was added to a 6 × 10−5 mol/L
DPPH solution (3.9 mL). The decrease in absorbance was
determined at 515 nm at different times until the reaction had
“reached a plateau”. The initial DPPH concentration (𝐶DPPH )
in the reaction medium was calculated from a calibration
curve with the following equation:
Abs(515 nm) = −0.0065 × 29.3112 (𝐶DPPH )

(2)

as determined by linear regression (𝑟 = 0.9999).
For each set of extraction conditions a plot of % remaining
DPPH versus time (min) was generated. These graphs were
used to determine the percentage of DPPH remaining at the
steady state and the values were transferred to another graph
showing the percentage of residual DPPH at the steady state
as a function of the weight ratio of antioxidant to DPPH.
Antiradical activity was defined as the amount of antioxidant
required to decrease the initial DPPH concentration by 50%
[Efficient Concentration = EC50 (mg oil/mg DPPH)] [43].
The experiments were carried out in triplicate in order to
evaluate the variability of the measurements.

3. Results and Discussion
3.1. Supercritical Fluid Extraction (SFE). The extraction yields
expressed as g of extracted oil/g of seeds are represented
in Figure 2. The effect of pressure and temperature on the
supercritical CO2 extraction yield was studied at 35, 45, and
55∘ C and 100, 200, 300, and 400 bar. The extraction yield was
found to vary significantly with temperature and pressure.
Similar yields have been reported for the SFE of several
oils from palm [15], sunflower [23] and celery seeds [28],
and from acorns [35]. As expected, for a given temperature
the yield increased with pressure due to the increase in the
density of CO2 . For a given pressure, the extraction yield
using supercritical CO2 decreased as temperature increased,
an effect that is attributed to the decrease in the CO2 density,
which dominates over the increase in the solute vapour
pressure for pressures up to 200 bar. A similar variation has
been reported for CO2 SFE of seeds and nuts by several
authors [23, 28, 30, 31, 35]. At 300 bar the extraction yield was
independent of the temperature. There was some compensation between the decrease in the supercritical carbon dioxide
density and the increase in vapour pressure of the compounds
as the temperature increased. At higher pressures (400 bar),
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The relationship between temperature and pressure for
the extraction yield of argan oil is represented by (3) as
follows:
𝑌 = 30.63 + 18.17𝑃 − 3.93𝑇
(3)
− 6.09𝑃2 + 5.58𝑃𝑇 + 0.31𝑇2 ,

Extraction yield (%)

60
50
40
30
20
10
0
100 bar

200 bar

300 bar

400 bar

∘

35 C
45∘ C
55∘ C

Figure 2: Extraction yield of argan oil at different pressures and
temperatures.
Table 2: Physical properties of argan oil obtained by SFE and
Soxhlet extraction. Also appear the properties of commercial oil.

Refractive index
Density g cm−3

SFE
1.4731
0.9170

Soxhlet
1.4719
0.9158

Commercial oil
1.4730
0.9166

the effect of temperature on density is less pronounced and
the solute vapour pressure effect dominates, leading to oil
solubility and an increase in the yield with temperature. At
400 bar and 55∘ C the decrease in the diffusivity leads to a
reduction in the interaction between the supercritical fluid
and the solute contained within the matrix and this in turn
leads to a decrease in the yield of the extraction process.
The extraction yields obtained by SFE at 45∘ C and 400 bar
were higher (48%) than that obtained in the semi-industrial
method with mechanical cold-pressing without water (45%)
and far higher than those obtained by traditional methods.
Unfortunately, the traditional method is very slow (for a
single person 58 hours of work is necessary to obtain 2–2.5 L
of oil).
The extraction yield in liquid hexane (Soxhlet) was 52%
(w/w). In comparison, the yield in the supercritical fluid
extraction was 48% for the experiment conducted at 45∘ C
and 400 bar. Assuming that the oil extraction using hexane
is complete, the value obtained by SFE represents 92%
of the maximum value. It is important to bear in mind,
however, that the extract obtained with the organic solvent
has unsatisfactory organoleptic properties [3]. Consequently,
SFE can be considered as a good alternative to conventional
liquid extraction.
The extraction yields obtained at different temperatures
and pressure were statistically analyzed. Regression analysis
was performed on the experimental data and the coefficients
of the model were evaluated for significance. The Pareto
diagram for the analysis of the experimental design is shown
in Figure 3. The effect of extraction pressure was highly significant on the extraction yield of compounds, and the effect
of temperature, the crossed interaction pressure-temperature,
and square pressure were also significant.

where 𝑌 represents extraction yield; 𝑃 the pressure (bar), and
𝑇 the temperature (∘ C).
In order to achieve complete extraction of the substances
in question, a relatively long extraction time was used (3 h)
and the low flow rate for the supercritical fluids was 1,2 kg/h.
Therefore, the amount of CO2 consumed in each test was of
3.6 kg of CO2 .
3.2. Properties of the Oil. Some physical properties of argan
oil obtained by SFE (400 bar and 45∘ C) and Soxhlet extraction
are shown in Table 2. In the same table also appear physical
properties of commercial argan oil obtained by first extraction, cold pressing and commercialized by Greenpharma. The
refractive index of commercial argan oil is similar to SFE and
slightly higher than that obtained by Soxhlet. These results are
similar to those reported by other authors [4]. The density of
SFE is higher than commercial argan oil and Soxhlet extraction. This is due to the high selectivity of CO2 in triglycerides.
Some chemical parameters of freshly prepared argan oil
samples obtained with different extraction conditions are
shown in Table 3. All fresh argan oil samples had the required
physicochemical properties to be “edible grade” as defined by
the recommendations of the official argan oil guidelines [44].
Acid value is a measure of free fatty acids and is usually
considered to be one of the main parameters that reflect the
quality of oil and degree of refining, as well as the changes in
quality during storage. The presence of free fatty acid in the oil
is not desirable and it can also give rise to undesired saponification reactions. It can be seen from the results in Table 3
that there is no difference between the acid values of the oils
obtained under the extraction conditions studied. All acidity
values were found to be lower than 0.6 mg/g, where an acidity
value of less than 2 mg/g is required for virgin olive oil [45].
Peroxide value is another important factor to characterize
the quality of oils and it appears to be an indicator of the lipid
oxidation and deterioration of oil properties. The oxidative
stability of argan oil has been attributed to its high content in
tocopherols and carotenes [46]. In a similar way to the acid
value, the peroxide values determined for the oils extracted
under different conditions are very similar.
Another one of the most useful parameters for the
characterization of oils is the iodine value, which is a measure
of unsaturation. In this case the results obtained for the
oil extracted by the Soxhlet technique are lower than those
obtained by SFE.
Unsaponifiable matters were found to be lower than 1.23%
(unsaponifiable matter of virgin olive oil has to be lower
than 1.5 [45]). The lower unsaponifiable matter was found to
be Soxhlet hexane-extraction (0.48%). Several authors have
been found that extraction technology influences the quantity
of unsaponifiable matters in argan oil. The unsaponifiable
matter contains carotenes (37%), tocopherols (8%), triterpene
alcohols (20%), sterols (20%), and xantophylls (5%) [2].
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Table 3: Chemical characteristics of argan oil obtained by SFE (pressure/temperature) and Soxhlet extraction.

100/35
Acid value (mg/g) (±0.1)
0.4
Peroxide value (Meq/Kg) (±0.1)
0.7
Iodine value (g I2 /100 g oil) (±0.8) 97.7
Unsaponifiable matters (%) (±0.3) 0.93

200/35
0.3
0.5
93.1
0.98

200/45
0.4
0.8
98.5
1.02

200/55
0.3
0.8
95.1
1.10

300/35
0.4
0.8
95.7
1.10

AB

100 bar

B: temperature
AA
BB
0

3

6
9
Standardized effect

12

15

+
−

50
Extraction yield

300/55
0.3
0.9
92.9
1.19

400/35
0.5
0.5
96.6
1.20

400/45
0.4
0.8
92.1
1.23

400/55
0.3
0.9
95.0
1.21

Soxhlet
0.4
1.0
93.4
0.48

Table 5: Total tocopherol and 𝛽-carotene contents for the oil
samples.

A: pressure
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Figure 3: Pareto diagram and estimated extraction yields using
empirical correlation (temperature ∘ C, pressure bar).
Table 4: Fatty acid compositions of extracts obtained.
Fatty acid composition GC area (%)
SFE CO2 Soxhlet Traditionally extracted oila
Myristic (C14:0) 0.3–0.4 0.3–0.4
0.42 ± 0.01
Palmitic (C16:0) 10.4–14.3 11.3–12.6
13.49 ± 0.05
Stearic (C18:0)
4.5–6.7
6.7–8.7
5.40 ± 0.08
Oleic (C18:1)
45.4–49.0 45.2–46.5
41.19 ± 0.15
Linoleic (C18:2) 29.2–34.8 32.4–33.2
38.90 ± 0.22
Linolenic (C18:3) 1.6–1.7
0.6–0.7
Not detected
Fatty acid

a

300/45
0.5
0.7
97.3
1.20

From Benzaria et al. [8].

The four parameters described above have similar values
to those reported by other authors [46]. Hilali et al. [47]
collected twenty one samples of argan oil with different
geographical origins and/or obtained by different extraction
methods (traditional, press-extracted, or hexane-extracted)
and their physicochemical properties were analyzed. The

35∘ C
45∘ C
55∘ C

691.9
689.2
645.3

35∘ C
45∘ C
55∘ C

20.3
20.1
20.8

200 bar
300 bar
400 bar
Total tocopherol content in mg/kg
639.7
608.5
671.9
615.2
586.9
598.3
698.8
611.1
603.8
𝛽-Carotene content in mg/Kg
20.1
17.8
20.3
20.1
18.2
17.1
21.5
18.5
18.7

Soxhlet

642.3

16.4

acid, peroxide and unsaponifiable matter values obtained in
this work are similar to those obtained in this paper [47].
The sample traditionally prepared by Hilali et al. [47] using
certified argan nuts and sanitary condition presents 1.40,
0.5 and 0.68 of acid, peroxide, and unsaponifiable matter
values. These results and the obtained in this work at different
extraction condition of pressure and temperature present
similar characteristics than required for virgin olive oil [44].
Therefore, the SFE of argan oil with CO2 provides extracts
with similar properties to obtain by traditional extraction
methods.
The total fatty acids compositions of the extracts obtained
in this study were determined by GC. Significant variations
were not observed between the samples extracted at different
pressures and temperatures, with oleic and linoleic acids consistently making up 80% of the fatty acids fraction. The results
shown in Table 4 are the average values of all determinations.
The chromatograms obtained from commercial oil and SFE
are included in Figure 4. The compositions of both samples
are similar.
Significant differences were not observed in the compositions of the oils obtained in this study using supercritical
CO2 and the oil obtained by Soxhlet extraction with hexane.
The oils contain mainly oleic acid (45.4–49.0%), linoleic acid
(29.2–34.8%), and palmitic (10.4–14.3%) acids.
For the sake of comparison, the results obtained using
traditional extraction methods are also shown in Table 4. The
amounts of fatty acids obtained in this study are similar to
those reported by Benzaria et al. [8]. The results clearly show
that the oil processing does not markedly affect the oil fatty
acid composition.
The contents of total tocopherols and 𝛽-carotene in the oil
extracts, as determined by HPLC, are shown in Table 5. All
total tocopherol values were between 589.9 and 698.8 mg/Kg
of the oil sample, and the 𝛽-carotene values are between 17
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Figure 4: Chromatograms obtained from (a) Commercial oil, (b) FSC oil extracted to 45∘ C and 400 bar.
Table 6: Antioxidant capacity of oils measured by the DPPH method (EC50 values, mg/mg DPPH).
35∘ C
45∘ C
55∘ C

b

100 bar
253 ± 17
—
—
Walnut oilb
1514.3 ± 70.2

200 bar
277 ± 20
325 ± 15
251 ± 16
Almond oilb
712.2 ± 36

300 bar
357 ± 19
360 ± 21
353 ± 20
Hazelnut oilb
478.5 ± 8.6

400 bar
283 ± 18
356 ± 20
359 ± 19
Peanut oilb
1395.9 ± 99.7

Soxhlet

Commercial oil

299 ± 20

407 ± 16
Pistachio oilb
377.9 ± 31.8

From Pérez-Jiménez et al. [9].

and 21 mg/Kg. These results are similar to those reported by
other authors [46, 47].
3.3. Antioxidant Activities of the Extracts. The antiradical
activities of the oils obtained at different pressures and
temperatures were assessed using the DPPH (2,2-diphenyl1-picrylhydrazyl) radical scavenging assay. The DPPH assay
is a quick, reliable, and reproducible method to assess the
antiradical activities of oil. This method depends on the
reduction of the purple DPPH to give a yellow-coloured
diphenyl picrylhydrazine and the remaining DPPH.
The antioxidant capacity data for oils obtained at different
pressures and temperatures are shown in Table 6. The same
table also shown the antioxidant capacity of different oils:
walnut, almond, hazelnut, peanut, and pistachio [9]. The
antioxidant capacity data were not measured for oil samples
obtained at 45∘ C/100 bar or 55∘ C/100 bar due to the low yields
obtained.
The EC50 values for all oil samples are in the range 251–
369 mg/mg DPPH. The EC50 value of the sample obtained
by Soxhlet extraction (299 ± 20 mg/mg DPPH) is similar to
that found for the SFE sample. The EC50 values are low in
comparison to those determined for other oils reported in
the literature (see Table 6). A lower EC50 value means that
the sample has a higher antioxidant capacity. As a result, it
is possible to infer that the antioxidant capacity of argan oil is
higher than those of walnut, almond, hazelnut, and peanut
oils and comparable to that of pistachio oil. The EC50 of
commercial argan oil is the highest values of all.
Of all the pressures and temperatures investigated, the
best result (lowest EC50 ) was obtained at 55∘ C/200 bar,
although the conditions 35∘ C/400 bar also gave good results
and the extraction yield was also 27% higher than that

obtained at 55∘ C/200 bar. On the basis of these results the
latter conditions should be selected for the SFE of argan oil.
The high antioxidant capacity can be attributed to present
a high content on potent phenolic compounds, mainly ferulic
acid known by their potent antioxidant properties. Tocopherols, also, are important components of oil since they possess both antioxidant and vitamin action. One of the characteristics of argan oil is its high content of tocopherols. Indeed,
tocopherol levels are at least four times higher in argan oil
than in olive oil and two times higher than in hazelnut oil [1].
In general, the antioxidant activity of extracts can be correlated with their phenolic and tocopherols contents. Nonetheless, the activity of each compounds and the content of each
one in the extract can influence the antioxidant activity too.
Extracts obtained at 300 bar at the three temperatures studied (Table 5) showed the lowest levels of total
tocopherols, which correspond to the highest EC50 value.
However, the extracts obtained at 200 bar/55∘ C and 400
bar/35∘ C showed the highest levels of total tocopherols, which
correspond to the lowest EC50 value.

4. Conclusions
Supercritical CO2 has proven to be effective in the extraction
of oil from Argania spinosa L. The highest extraction yield was
obtained at 45∘ C and a pressure of 400 bar. The extraction
yields increase with pressure for a given temperature and
decrease as the temperature increases for pressures up to 200
bar.
Significant variations were not observed between the
physicochemical parameters of freshly obtained argan oil
under different extraction conditions of pressure and temperature. The quality of the oil also did not vary significantly
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on employing SFE, traditional press-extraction or hexaneextraction, systems. Therefore our study provides an evidence
that the quality of argan oil extracted by supercritical fluid
from Argania spinosa L. is acceptable as this technology
preserves the chemical composition of the oil.
The antioxidant capacity of the argan oil obtained by SFE
is high compared with walnut, almond, hazelnut, and peanut
oils and is comparable to that determined for pistachio oil.
A relationship was found between total tocopherol contents
and EC50 values.
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Nanofibers have a wide range of applications, including filtration and biomedical engineering. Porous or hollow fibers with
large surface-to-volume ratios are more popular in some fields than the common nanofibers. Porous nanofibers can be obtained
through electrospinning with highly volatile solvents or through special treatment following electrospinning. A new process where
electrospinning is conducted in supercritical or near-critical CO2 to produce porous or hollow nanofibers has been summarized.
In addition, a process entailing compressed N2 -assisted electrospinning was attempted to produce PVP nanofibers in this work,
but it was proved to be unsuccessful. Since the fiber morphologies are dependent on the phase behavior of organic solvents in
supercritical fluids, ASPEN PLUS 2006 was used to simulate the phase equilibrium of the solvent-supercritical fluid system to
explain why porous or hollow fibers can be obtained in compressed CO2 , but not in compressed N2 .

1. Introduction
Electrospinning is one of the most intriguing and efficient
processes used to produce a variety of polymer fibers. Besides,
fiber diameters can range from several microns to tens of
nanometers, and as small as 10 nm [1–3]. The electrospinning
process uses a high electrical field to induce charged polymer
droplets. As the solution jet travels, it is elongated and
whipped continuously by the electrical force, accompanied by
the evaporation of solvent. The fibers are formed when they
are deposited on the oppositely charged collector [4–6].
In general, fibers, produced by electrospinning, have a
smooth surface and solid-core cross-section. These fibers
have been used in protective clothing, filtration, catalysis, biosensors, tissue engineering, and so forth [7–9]. In
addition, the special performance of nanofibers can be
enhanced as specific surface area increases. Consequently,
fibers that possess specific structures, such as hollow, coresheath, and porous surface, can offer advantage for a number
of applications. For instance, these “special fibers” are ideal
alternatives in drug delivery, tissue engineering scaffolds,

filter applications, or as templates for forming functional
nanotubes [10–13].
Nowadays, porous polymer fibers or fibers with a large
specific surface area have been produced using a special
electrospinning process [14, 15]. Bognitzki et al. [16] initially
reported that porous nanofibers could be directly fabricated
by electrospinning. The mechanism that generates the pore
structure of the fibers during electrospinning is a phase
separation caused by rapid evaporation of the system’s solvent
leading to the subsequently rapid solidification of polymer
[16, 17]. However, a second mechanism responsible for
formation of pores in these fibers is under consideration
is the “breath figure” [18–20]. It has been demonstrated
that the humidity of the experimented environment directly
affects the surface morphology of electrospun fibers [19, 20].
Meanwhile, porous polymer fibers can also be produced
through electrospinning polymer blends, followed by selective removal of one of the components [21]. In conclusion, the
after processing is usually solvent extraction [22–24], thermal
treatment [25], light crosslinking [26, 27], and chemical
reaction [10, 28].
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Figure 1: SEM images of PVP fiber morphologies obtained by electrospinning into a CO2 bath at 295 K and (a) 3.45; (b) 4.83; and (c) 4.96 MPa
[41].

Supercritical fluid has been successfully exploited to form
microstructure in polymer processing. Process examples
include, supercritical foaming [29, 30] and emulsion templating [31]. It is noticeable that nonsolvent-induced phase
separation (NIPS) is another versatile method that can be
employed to form porous polymer fibers and polymeric
membranes [32, 33]. It has been suggested that compressed
gas or supercritical fluid can be good alternatives to nonsolvent in polymer processing of porous materials [34].

2. Electrospinning in Supercritical or
Near-Critical CO2
In addition to being a good solvent for most of organic
polymers [35], supercritical CO2 (scCO2 ) is also inexpensive,
environmentally safe, and readily available. ScCO2 facilitates the absorption of desirable additives under appropriate
conditions [36]. Therefore, scCO2 or near-critical CO2 offer
great potential as nonsolvent in electrospinning processes
for preparing porous or nanofibers with novel morphologies
[30]. This approach is analogous to the process, known as
“precipitation with a compressed fluid antisolvent” (PCA).
Some researchers have reported that an organic polymer
solution can be sprayed through a capillary tube into compressed carbon dioxide to generate porous or hollow fibers
[37–39]. Levit and Tepper [40] firstly proposed a scCO2 assisted electrospinning process in which the needleless electrospinning system was placed into a vessel filled with scCO2 .
The solid poly(dimethylsiloxane) (PDMS) and poly(D, Llactic acid) (PLA) fibers were obtained against gravity in a
bath of scCO2 , whereas no fibers were obtained when the
electrospinning was performed in air. It is explained that
the supercritical solvent softens rather than dissolving or
liquefying the polymer, which reduces the viscosity of the
undissolved polymer for electrospinning.
Based on their pioneering work, Shen et al. [41] developed
and patented [42] a vessel in which the polymer solution
could be electrospun in a near-critical CO2 . Using this device,
the authors prepared PVP nanofibers with a porous internal
structure and a coherent external skin. These materials were
produced, when a PVP/dichloromethane (DCM) solution
was electrospun at 3.45, 4.83, and 4.96 MPa, as seen in

Figure 1. However, under ambient conditions, with a PVP/
DCM solution, electrospun PVP nanofibers with solid core
were produced [20]. Presence of scCO2 or near-critical CO2
accelerates the solution phase separation. The compressed
CO2 extracts solvent (DCM), enhancing mass transfer and
rapid drying of the polymer. As a result, the coherent external
skin takes shape on the polymer fibers. In addition, due to
the rapid diffusion of CO2 into the polymer solution jet,
compressed CO2 also plays the role as a porogen facilitating
the formation of the interior porous structure in this process.
Lee et al. [43] proposed a similar procedure to produce
PVP nanofibers by electrospinning in a bath of compressed
CO2 . Hollow PVP fibers were produced, with diameter
ranging from 400 to 900 nm. The presence of CO2 contributes to removal of organic solvent, which effectively
eliminates the formation of beads. Since scCO2 is a potential
swelling agent for polymers [36], the diameters of fibers
that are electrospun in near-critical or supercritical CO2
are larger than those obtained under atmosphere conditions. In addition, Liu et al. [44] improved the experimental apparatus by increasing the nozzle-to-target distance.
To demonstrate the impact of compressed CO2 on the
fiber morphology, several polymer solutions were tested.
Nanofibers obtained from PVP/ethanol solution exhibited a
single hollow core and a ribbon-like morphology when the
pressure exceeded 5.6 MPa. Porous PVDF fibers were formed
from poly(vinylidene fluoride) (PVDF)/dimethylacetamide
(DMAc) solution and PVDF/dimethylformamide (DMF)
solution electrospun into a saturated CO2 vapor. It was
suggested that the morphologies of fibers depend not only on
the operating conditions (pressure and temperature) of CO2 ,
but also on phase behavior of the organic solvent in CO2 . It
is now understood that the saturated CO2 has two important
impacts on scCO2 -assisted electrospinning process. The first
is the rapid diffusion of CO2 in the solution jet which
induces phase separation of the polymer solution. The second
involves excess CO2 which extracts solvent from the solution
jet. These two effects are responsible for the porous or hollow
nanofibers being formed when a polymer/solvent solution
was electrospun in compressed CO2 , but not in ambient
air.
Wahyudiono et al. [45] developed an apparatus similar
to that of Liu et al. [44] to electrospin PVP-DCM solution
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Figure 2: SEM of PVP fibers created by electrospinning a 5 wt% PVP-DCM solution into N2 at 298 K and (a) 2.5 MPa; (b) 5 MPa; (c) 7.5 MPa,
and (d) simulated binary phase equilibrium for N2 -DCM and air-DCM solutions.

3. Electrospinning in Compressed
Nitrogen (N2 )

into pressurized CO2 (at 2, 4, and 8 MPa), but it was unsuccessful in producing hollow or porous PVP fibers. Generally
speaking, as CO2 pressure rises, the diameter of nanofibers
increases, and the formation of polymer beads ends. This
effect results from rapid evaporation of DCM in CO2 which
influences the polymer solution’s concentration and phase
separation progress [46]. In addition, the polymer is swelled
by scCO2 [47]. In this vein, Wahyudiono et al. [48] used
FT-IR spectroscopy to analyze the polymer product, and
they found that the structural properties of PVP fibers do
not change after electrospinning in pressurized CO2 . This
suggests that near- or scCO2 offers great potential to improve
devolatilization of solvents during electrospinning.

3.1. Materials and Methods. Poly(vinylpyrrolidone) (PVP,
average molecular weight: 1,300,000) was obtained from
Aldrich Chemical Co. Dichloromethane (DCM, ≥99.5%)
and ethanol (absolute, ≥99.5%) were purchased from SigmaAldrich Chemical Co. (USA). The electrospinning apparatus
(developed by Institute of Separation Science & Technology, Erlangen-Nuremberg University, Erlangen, Germany) is
identical to that used in our previous work [49].

In conclusion, near- or scCO2 -assisted electrospinning
has been used to produce hollow and porous fibers. It has
been found that the state of the CO2 affects the miscibility of
solvent-CO2 system and the rate of solution phase separation
during the electrospinning jet’s flight time [44]. As a result, it
is possible to produce fibers with different morphologies by
regulating CO2 pressure and temperature of the electrospinning process.

3.2. Results and Discussions. In our previous study, compressed N2 was applied as an antisolvent in the electrospinning process, but no hollow or porous PVP fibers were
obtained [49]. In this work, there were some supplements to
the original efforts, but the same electrospinning apparatus
and polymer solutions were employed. It is known that the
phase behavior of the experimental solvent in N2 intimately
affects the formation of PVP fibers. However, to date, only
the solubility data of N2 in ethanol has been reported [50].
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Figure 3: SEM of PVP fibers created by electrospinning a 5 wt% solution into N2 at 298 K and 0.1 MPa: (a) N2 -ethanol solution; (b) N2 -DCM
solution; and (c) simulated binary phase equilibrium for N2 -ethanol and N2 -DCM solutions.

The Peng-Robinson equation of state (EOS) was successfully
applied to simulate the phase equilibrium for the binary
system of N2 and the solvent [49]. In this work, ASPEN PLUS
2006 was also used together with the Peng-Robinson EOS for
simulating the binary phase behavior.
Figure 2 shows the PVP fibers produced by electrospinning a PVP-DCM solution into compressed N2 . Polymer
fibers are seen to fuse with polymer beads at 2.5 MPa and
5 MPa (Figures 2(a) and 2(b)). Figure 2(d) shows that little
DCM diffused into the N2 -rich phase and small quantities
of N2 appear near the surface of the jet saturated with
DCM under low operating gas pressure. It appeared that
there was not sufficient time for the evaporation of DCM
before it reached the oppositely charged collector. At 7.5 MPa
(Figure 2(c)), PVP fibers readily formed without beads, even
though some fibers fused together. This suggested that the jet
remained liquid-like when it hit the target [44]. At 7.5 MPa
and 298 K, the simulated solubility of N2 in the DCMrich phase was found to be about 5 wt%, and the simulated

solubility of DCM in N2 -rich phase was only 2 wt% (Figure 2(d)), which is higher than that at 2.5 MPa and 5 MPa.
That is why PVP fibers without beads can be produced at
7.5 MPa, but not at 2.5 MPa and 5 MPa. In addition, the
solubility of N2 in the DCM-rich phase was obviously lower
than that of air. This could explain why fibers without beads
can be produced under an ambient air environment. In our
previous work, the phase equilibrium of CO2 -DCM binary
system was simulated [49]. The binary critical pressure at
298 K for the CO2 -DCM system was found to be 6.5 MPa,
at which DCM and CO2 are mutually miscible. However, in
this present study, we found that the binary critical pressure
of DCM-N2 and DCM-air systems’ is more than 100 MPa,
which is higher than the operating pressure used in this study.
This fact may explain why porous or hollow fibers can be
obtained in a bath of compressed CO2 , but not in N2 or
air.
Since evaporation of the solvent during the electrospinning process changes the viscoelastic properties of
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the polymer solutions [51], we chose to use ethanol and
DCM in this study. Figure 3 shows the morphology of PVP
fibers created from electrospinning PVP-ethanol and PVPDCM solution into N2 bath at 298 K and 0.1 MPa. Compared
with PVP-ethanol, PVP-DCM system results in a wider
distribution of fiber diameters and fewer spindles or beads.
Also, the fibers are solid core without any porous structure
on the surface (Figure 3(a)). Figure 3(c) shows that the
miscibility of N2 and DCM is obviously better than that
of N2 and ethanol, which may explain why there are fewer
beads in N2 and DCM binary systems. The diffusion of gas
into the polymer jet may induce phase separation and some
special internal structures (hollow or porous). However, there
is no binary critical pressure, under which the composition in
liquid and vapor is similar, even though the pressure is higher
than 200 MPa (Figure 3(c)). The relative immiscibility of both
binary systems demonstrates why porous or hollow fibers
cannot be produced in compressed N2 . The binary critical
pressure at 298 K for CO2 -DCM is about 6 MPa, and for CO2 ethanol is 6.5 MPa, which indicates that the two systems are
miscible, and that the diffusion of CO2 into polymer solution
jet easily induces phase separation [49].
Based on the experimental results and phase equilibrium
simulation, it can be concluded that N2 is not a good choice
as an antisolvent for producing hollow or porous nanofibers.
The miscibility of the solvent in near-critical or supercritical
fluids has an important influence on the inner structure of
polymer fibers.

4. Conclusions and Perspectives
Electrospinning is one of the most popular methods for producing polymer nanofibers. Supercritical fluid-assisted electrospinning is still a new process, representing an evolution
of traditional electrospinning. This new method is advancing
the techniques for producing hollow or porous nanofibers in
a single step. The fibers’ morphology can be easily controlled
by regulating the temperature and pressure of supercritical
fluids. It can completely eliminate employment of an organic
solvent, as demonstrated by the work of Levit and Tepper
[40].
In the future, it is conceivable that the use of supercritical
fluid-assisted electrospinning to produce nanofibers with
specific microstructures will have great impact on technologies such as, filtration, tissue engineering, and drug delivery.
It has been shown that the phase behavior of the solvent and
polymer in supercritical fluids has great influences on the
morphologies of the fibers. Consequently, more fundamental
efforts must be exerted in exploiting phase separation under
the supercritical conditions. This work provides the necessary information for designing electrospinning processes in
supercritical fluids.
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Complexes of methyl-𝛽-cyclodextrin and ketoprofen, a crystalline anti-inflammatory drug with poor water solubility, have been
prepared for the first time in the presence of supercritical CO2 at 40∘ C and 20 MPa. The supercritical treatment allows these
pharmaceutical formulations to be prepared without the use of any auxiliary agents or organic solvents. The treated samples were
characterized through differential scanning calorimetry, X-ray diffractometry, and the Fourier transform infrared spectroscopy to
exclude the presence of crystalline drug and check the formation of the complexes. The increase of the drug dissolution rate was
investigated performing in vitro release tests in aqueous solutions. The results showed that the supercritical treatment can be an
efficient method to obtain inclusion complexes with enhanced release kinetics. The operating methods of the release tests, that is,
the “tablet method” or the “dispersed amount method,” affected both the dissolution rate and its dependence on the drug amount
in the samples. On the contrary, the variation of the pH of the dissolution medium did not show any effect on the release rate of
the supercritical complexes.

1. Introduction
Supercritical fluid technology has recently emerged as a green
and novel technique for various processes in the pharmaceutical area [1]. This is connected to the specific features of
dense gases such as high compressibility and diffusivity, very
high evaporation rate and “tunable” solvent power, which can
be varied through density modulation by simply changing
either the pressure or the temperature [2]. Carbon dioxide
is the most used supercritical fluid thanks to its low critical
point (31.2∘ C, 7.4 MPa), inexpensiveness, nonflammability,
nontoxicity, recyclability, and environmental benignity [2].
It can be used as a solvent, antisolvent, or processing aid
in many pharmaceutical operations such as particle generation and micronization, coating, foaming, tissue engineering, extrusion, sterilization, or inclusion complexation with
cyclodextrins [1–3].
Cyclodextrins are cyclic oligosaccharides composed of
(𝛼-1,4)-linked 𝛼-D-glucopyranose units, whose molecules
are characterized to have a hydrophilic external surface and
a lipophilic internal cavity. In fact, the chair conformation

of the glucopyranose units makes cyclodextrin molecules
have the shape of a truncated cone with a central cavity.
The external surface is hydrophilic because of the presence
of hydroxyl groups, which are oriented towards the cone
exterior with the primary hydroxyl groups at the narrow edge
of the cone and the secondary ones at the wider edge. The
presence of the skeletal carbons and ethereal oxygens of the
glucose residues gives a lipophilic character to the central
cavity. This type of structure provides to the cyclodextrin the
ability to form water-soluble inclusion complexes with guest
hydrophobic molecules of suitable size [4].
There are three main naturally occurring cyclodextrins:
𝛼-, 𝛽-, and 𝛾-cyclodextrin composed of six, seven, and eight
glucopyranose units, respectively. 𝛽-cyclodextrin (Figure 1)
is the most used natural cyclodextrin in the pharmaceutical
field since it is available in pure form and has a relatively
low cost [5]. Its cavity size is appropriate to form inclusion
complexes with many poorly soluble drug molecules [6],
and this results in favourable changes in the physicochemical properties of the guest molecule, such as increased
solubility, enhanced dissolution rate, better stability, and

2

Journal of Chemistry
HOH2 C

O
O

HO

O
O

HO

CH2 OH

HO

OH
HOH2 C

O
HO

OH
O

O

HOH2 C

O
HO

OH

CH2 OH

HO

OH
O

HO
OH
OH
O

HO

O
CH2 OH

O

O

Lipophilic cavity
HO

OH
Hydrophilic
surface

O

CH2 OH

(a)

HO

OH
(b)

Figure 1: (a) The chemical structure and (b) the toroidal shape of 𝛽-cyclodextrin.

improved organoleptic characteristics [7]. In addition to
natural cyclodextrins, many chemically modified derivatives
are commercially available. These are obtained by substituting
some of the hydroxyl groups on the external surface with
other functional groups (hydroxypropyl, methyl, sulfobuty
lether, etc.), and this results in improved aqueous solubility
[8].
The production of pharmaceutical formulations that contain cyclodextrin inclusion complexes can be obtained
through many conventional techniques, such as kneading,
spray drying, freeze drying, and coprecipitation from various
solvents. However, many of these methods suffer from some
limitations, such as long process time, low efficiency for
inclusion complexation, the need of additional drying step,
and high residual organic solvent content [9]. The use of
supercritical carbon dioxide (scCO2 ) as an unconventional
complexation medium can be an appealing alternative thanks
to the unique properties that were mentioned above. In
particular, carbon dioxide is an ideal substitute for organic
solvents thanks to the lack of toxicity in the final product
since there is no residual solvent after depressurization.
Furthermore, the excellent mass transfer properties and high
solvent power of this fluid render this technique suitable for
the complexation of thermally labile compounds [2].
Several trials of drug/𝛽-cyclodextrin complexation
through scCO2 can be found in the literature [10–18], while
other works can be found as far as the use of chemically
modified cyclodextrins is concerned [6, 19–23]. Even though
alternative techniques were developed [9, 24, 25], the most
used one consists in keeping a physical mixture of the drug
and cyclodextrin in static contact with scCO2 at constant
temperature and pressure and for a fixed period of time. In
order to enhance the inclusion efficiency, some experiments

were also conducted after adding water and/or auxiliary
agents to the initial physical mixtures [11, 14, 16, 23, 26, 27] or
modifying the supercritical medium through the addition of
cosolvents [28].
The use of methyl-𝛽-cyclodextrin (Me𝛽CD) as the host
molecule for drug inclusion complexation through scCO2
has, perhaps, given the most promising results among all the
investigated systems [19, 21, 22]. First, it does not require any
water or auxiliary agents to improve the inclusion efficiency
since it was found that Me𝛽CD is liquefied under the working
conditions of the supercritical process [19, 21, 22], which
would help the drug molecules better reach the cyclodextrin
cavity [21]. Second, the obtained drug complexes show almost
instantaneous dissolution profiles in aqueous solutions since
the solubility of Me𝛽CD in water at room temperature is
much higher (>2000 mg/mL) than that of the unsubstituted
𝛽-cyclodextrin (18.5 mg/mL) [19].
Ketoprofen (KP) is one of the most used nonsteroidal
anti-inflammatory drugs. It is a crystalline acidic drug with
poor water solubility, and its complexation with natural
and chemically modified cyclodextrins through conventional
techniques has been widely investigated [29–31]. Even though
it was established that Me𝛽CD is the most effective carrier
to increase the dissolution properties of KP independently
of the preparation technique [29–31], this drug/cyclodextrin
system has never been tested in the presence of a supercritical
solvent. The previous literature works only examined the
supercritical complexation of KP either with the natural 𝛽cyclodextrin [14, 27] or its hydroxypropyl derivative [27] and
pointed out that the addition of water and/or an auxiliary
agent, the L-lysine, is required to achieve a high complexation
efficiency.
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Figure 2: (a) KP chemical structure. (b) Me𝛽CD chemical structure with average MW ∼ 1310; the number of R = methyl functions corresponds
to 1.6–2 random substitutions per each anhydrous glucose unit (i.e., 11.2–14 substitutions per each cyclodextrin molecule).

In this work, the supercritical complexation of Me𝛽CD
with ketoprofen (KP) has been investigated for the first
time. The working conditions of the supercritical treatment
were fixed at 40∘ C and 200 bar on the basis of a previous
literature work with the same cyclodextrin [19], and the
experiments were conducted treating physical mixtures with
different drug contents without the addition of water or any
auxiliary agents. The characterization of the treated samples
was carried out through differential scanning calorimetry
(DSC), X-ray diffractometry (XRD), and the Fourier transform infrared (FTIR) spectroscopy. Subsequently, the in vitro
release profiles of the treated samples were determined in
an aqueous solution and were compared with those of the
physical mixtures with the same drug content.

2. Materials and Methods
2.1. Materials. The CO2 (99.998%) was purchased from SIAD
S.p.A. (Italy). The ketoprofen (≥98%, melting point ∼ 94∘ C)
and methyl-𝛽-cyclodextrin (≥98%, average MW ∼ 1310,
melting point ∼ 180–182∘ C) were supplied by Sigma-Aldrich.
The chemical structures of KP and Me𝛽CD are reported in
Figure 2.
2.2. Preparation of the Inclusion Complexes through scCO2 .
The supercritical process was carried out in a static mode
to achieve the inclusion of the drug in the cyclodextrin.
The apparatus is equipped with a volumetric pump, a 50 mL
vessel, and a depressurisation system. The vessel is positioned
inside an oven, which maintained all the system at constant
temperature. Further details of the apparatus can be found
elsewhere [32–34].
Approximately, 1 g of the physical mixtures of the compounds were introduced into filter paper cylinders that
were set inside the vessel. The apparatus was operated in

Table 1: Composition of the physical mixtures.
Physical mixture
A
B
C

Criterion
Equimolar content of KP and
Me𝛽CD
15% excess of KP with respect to
the equimolar content
15% defect of KP with respect to
the equimolar content

KP content
(% w/w)
16.3
18.7
13.8

a static mode, and the samples were maintained in scCO2
atmosphere at constant temperature and pressure for a fixed
period of time. At the end of the process, the vessel was
depressurized and each sample was analysed.
The working conditions of the supercritical treatment
were fixed at 40∘ C and 200 bar with a contact time of 1 h.
These conditions assured that Me𝛽CD was melted and were
similar to those adopted by Charoenchaitrakool and coworkers with ibuprofen and Me𝛽CD [19].
All the physical mixtures were prepared by manually
mixing the proper components in a mortar, and their compositions are reported in Table 1. Physical mixture A was
prepared with a molar ratio between KP and Me𝛽CD equal
to 1 : 1 as was suggested by a previous work where KP/Me𝛽CD
complexes were prepared through conventional techniques
[30]. Mixtures B and C were prepared introducing a 15%
excess and a 15% defect of KP with respect to the equimolar
content of mixture A.
2.3. DSC Analyses. Differential scanning calorimetry was
performed in a METTLER DSC30 instrument on 5 mg
samples positioned in aluminium pans by increasing the
temperature from 30 to 120∘ C at a heating rate of 10∘ C/min
under a N2 gas stream.
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(a) Me𝛽CD

(b) KP
Exo

2.4. XRD Analyses. Powder XRD analyses were carried out
to verify the absence of crystalline structure in the treated
samples using a Philips X’Pert-MPD diffractometer (Cuk𝛼
radiation; 2𝜃 range 4–50∘ ; Δ2𝜃 step: 0.02∘ ; step time 1 s), with
a fixed specimen and moving the X-ray source and detector
simultaneously by a 𝜃 angle.
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(c) Physical mixture A

2.5. FTIR Spectroscopy. FTIR analysis was performed in
a Thermo-Nicolet 5700 FTIR spectrophotometer equipped
with a mercury-cadmium-telluride detector, which was
cooled with liquid nitrogen. The powder (3 mg) was combined with potassium bromide (180 mg), pressed into a thin
glass pellet, and then analysed using 256 scans with a 1 cm−1
resolution step.
2.6. In Vitro Release Tests. In vitro release tests of the obtained
complexes were compared with those of the physical mixtures
with the same drug content. Both the treated samples and
physical mixtures were compressed into 10 mm wide and a
few millimetres thick cylindrical tablets using a manual press
(Speac Inc., USA). The weight of each tablet was 100 mg, and
the drug dose varied depending on the KP content in the
impregnated or physical mixture powders. The compression
pressure was set at 1 tonne, and the compression chamber
was connected to an ejector to prevent air from being
trapped in the tablet. The release tests were performed with
cylindrical tablets in order to minimize the effect of particle
size distribution. Anyway, some tests were also performed
directly using 100 mg of the powders of the physical mixtures
or of the treated samples without producing any tablets.
The release tests were carried out in a USPII apparatus
(Erweka Dissolution Tester, GmbH, Germany) equipped with
a paddle stirrer rotating at 50 rpm and an on-line UV spectrophotometer (UNICAM UV2-300). The vessel contained a
750 mL solution of HCl in distilled water at 37∘ C and pH 2.
Some experiments were also performed with a solution at pH
6 to investigate if the drug release was affected by the value of
the pH. The drug release profiles were measured detecting the
absorbance at 259 nm.

3. Results and Discussion
The aim of the supercritical treatment is to produce drug/
cyclodextrin inclusion complexes. The samples obtained in
this work were subjected to DSC and XRD analyses to
investigate if any crystalline drug was still present after the
supercritical treatment. FTIR analyses were carried out to
obtain some information about the molecular interactions
between the drug and the cyclodextrin in the complexes. The
drug release tests were performed to check if the formation of
the drug complexes could improve the dissolution rate of the
drug.
3.1. The Results of the DSC Analyses. Figure 3 reports typical
DSC curves of the KP : Me𝛽CD system. While the pure
ketoprofen exhibits a characteristic endothermic peak at
94.5∘ C, which corresponds to its melting point, the pure

(d) Treated sample A
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Figure 3: Typical DSC curves of the KP : Me𝛽CD system: (a) pure
Me𝛽CD, (b) pure KP, (c) physical mixture A (16.3% KP), and (d)
sample A (16.3% KP) treated in scCO2 at 40∘ C 20 MPa 1 h.

Me𝛽CD shows a broad endothermic event between 40 and
120∘ C, which corresponds to water loss.
Figure 3 also reports the DSC curves of a physical mixture
and the corresponding sample after the treatment in scCO2 .
While the melting peak of the drug was completely absent in
the treated samples, it was visible in all the physical mixtures,
even though it was not very sharp and resolved. This probably
occurred because the endothermic peak corresponding to
the water loss of the cyclodextrin was too wide and the
instrument sensitivity was too low to allow the melting peak
of the KP to be clearly detected. For these reasons, only
qualitative considerations can be obtained from the DSC
analyses since a quantitative calculation of the crystalline
drug content either in the physical mixtures or in the treated
samples was not possible. It can be concluded, then, that while
the physical mixtures certainly contained some amount of
crystalline KP, the treated samples probably did not contain
any crystalline drug, even though the instrument sensitivity
did not allow its presence to be completely excluded.
3.2. The Results of the XRD Analyses. In Figure 4, the powder
XRD patterns of the physical mixtures and treated samples
are compared with those of the pure components. While the
XRD pattern of pure KP confirms that the drug is a crystalline
material, that of pure Me𝛽CD points out the amorphous
character of this compound due to the presence of the two
broad peaks at 11∘ and 18∘ . As far as the physical mixtures are
concerned, the XRD patterns reported in Figure 4 are simply
the superimposition of those of the single components. The
sharp peaks indicate the retention of the crystalline structure
of the drug in the physical mixtures. On the other hand,
the XRD patterns of the treated samples mainly retain the
shape of that of the pure Me𝛽CD. The disappearance of the
KP diffraction patterns clearly indicates the absence of the
crystalline drug in the treated samples, even though this does
not allow to distinguish between drug amorphization or its
inclusion into the cyclodextrin cavity.
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Figure 4: X-ray diffractograms of the pure components, their
physical mixtures and the samples treated in scCO2 : (a) KP, (b)
Me𝛽CD, (c) physical mixture A (16.3% KP), (d) treated sample A
(16.3% KP), (e) physical mixture B (18.7% KP), (f) treated sample
B (18.7% KP), (g) physical mixture C (13.8% KP), and (h) treated
sample C (13.8% KP).

A closer analysis of the XRD patterns of the treated
samples in Figure 4 and their comparison with that of the
pure Me𝛽CD point out some changes connected to the
supercritical treatment. First, the comparative intensity of
the broad peaks at 11∘ and 18∘ was clearly modified. This
phenomenon was already observable in previous works [19,
21, 22] and was ascribed to a slight change in the structure
of Me𝛽CD due to its liquefaction during the supercritical
treatment [21]. Second, two peaks at 31∘ and 45∘ could
be detected, which did not belong either to the pure KP
or the pure Me𝛽CD pattern. This second phenomenon
could indicate a partial recrystallization of the cyclodextrin
during supercritical processing or the formation of the
KP/cyclodextrin complex as it was, for example, suggested for
the supercritical complexation of borneol and Me𝛽CD [21].
3.3. The Results of the FTIR Analyses. The scCO2 -treated
samples were analysed via FTIR spectroscopy in order to
obtain further information on the physical state of the drug
in the formulation and its molecular interactions with the
cyclodextrin. Thus, the FTIR spectra of the physical mixtures
and those of the treated samples were compared with that of
the pure KP: typical spectra in the v(C=O) stretching regions
are reported in Figure 5.
The pure crystalline KP exhibits two well-defined sharp
peaks (Figure 5(a)): one at 1697 cm−1 , representing the
stretching vibration of the carbonyl group in the carboxylic
acid and the other at 1655 cm−1 due to the stretching vibration
of the carbonyl group in the ketonic group [30]. The former
is due to the fact that, in the crystalline form, ketoprofen
molecules are bound together in dimers thanks to the hydrogen bonds occurring between the carbonyl and the hydroxyl
groups of the two carboxylic acids of the two molecules [35].
These two peaks can also be observed in the spectra of the
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Figure 5: FTIR spectra curves in the C=O stretching region of pure
KP, KP : Me𝛽CD physical mixtures and samples treated in scCO2 at
40∘ C, 20 MPa, 1 h: (a) pure KP, (b) physical mixture A (16.3% KP),
(c) treated sample A (16.3% KP), (d) physical mixture B (18.7% KP),
(e) treated sample B (18.7% KP), (f) physical mixture C (13.8% KP),
and (g) treated sample C (13.8% KP).

physical mixtures and, according to the literature [35, 36],
this shows that the drug is in the crystalline form as the C=O
stretching of the dimeric ketoprofen is visible.
As far as the scCO2 -treated samples is concerned, the
C=O stretching peak at 1697 cm−1 is shifted at 1730 cm−1 .
This shift to higher wavenumbers was already observed in
a previous literature work, where KP/Me𝛽CD complexation
was achieved through conventional techniques [30] and
was explained with the breakdown of the intermolecular
hydrogen bonds between the crystalline drug molecules in
the dimer and the formation of hydrogen bonds between the
monomeric drug and the cyclodextrin in the complex.
3.4. The Results of the Drug Release Tests. The aim of the
dissolution tests is to study the enhancement of the drug
dissolution kinetics, which occurs in the treated samples.
Figure 6 reports a comparison between the typical release
profiles of tablets obtained from a physical mixture and the
corresponding sample after the supercritical treatment. The
same figure also reports the release curve for a tablet of pure
KP. Both the physical mixture and the treated sample showed
a significant increase in the dissolution rate with respect to
the pure drug. The treated sample, then, had a faster release
rate with respect to the physical mixture. While the increased
dissolution rate of the physical mixtures is attributable to
the in situ formation of readily soluble complexes in the
dissolution medium [30], the treated samples contained
“already formed” complexes, and this resulted in a further
increase of the dissolution kinetics.
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Table 2: Indices to compare the release performance of tablets obtained from the physical mixtures and treated samples (pH = 2).

Physical mixture A
Treated sample A
Physical mixture B
Treated sample B
Physical mixture C
Treated sample C

𝑡75 (min)
13.5
8
11.5
8.5
9.5
8.5

𝑡90 (min)
71
11
37
12.5
22.5
12

(b) Physical mixture A

80

Physical mixture A
Treated sample A
Physical mixture B
Treated sample B
Physical mixture C
Treated sample C

60
40
(a) Pure KP

20
0
0

20

40

60
80
𝑡 (min)

100

120

Amount of final drug release (%)
91
100
93
100
97
100

Table 3: Values of the 𝑘 parameter obtained from the fitting of the
release profiles of tablets to (1).

(c) Treated sample A

100

Drug release (%)

𝑡50 (min)
7
5
6.5
5.5
6
5.5

KP content (% w/w)
16.3
16.3
18.7
18.7
13.8
13.8

140

Figure 6: Typical percent drug release profiles of tablets in an
aqueous solution at pH = 2: (a) tablet of pure KP, (b) KP : Me𝛽CD
physical mixture A (16.3% KP), and (c) KP : Me𝛽CD sample A
(16.3% KP) treated at 40∘ C, 20 MPa, 1 h.

The results of the release tests of tablets with different
drug percentages are summarized in Table 2 that contains the
indices 𝑡50 , 𝑡75 , and 𝑡90 , which are the times corresponding
to 50%, 75%, and 90% of the release, as well as the final
percentage of the drug release with respect to the initial
amount in the tablet, which is achieved when the steadystate conditions of the release profiles are attained. The
table points out that the release rate of the treated samples
was always faster than that of the physical mixtures, but
this difference was significantly enhanced after the 75%
of the release. Furthermore, the drug release was always
complete for the treated samples while as far as the untreated
samples is concerned, the same nearly occurred only for the
physical mixture C, where the drug content was in defect
with respect to the stoichiometric ratio. Even though the
supercritical complexation is beneficial to the dissolution
kinetics for all drug contents, the best improvement was
found for the samples where the KP and the Me𝛽CD were
in equimolar ratio (A). The 90% of the drug release, in
fact, was attained after 11 min by the treated samples, while
71 minutes were required by the physical mixtures. This
confirms the recommendation by Mura and coworkers [30]
who suggested a 1 : 1 stoichiometric ratio between the drug
and the cyclodextrin to obtain inclusion complexes through
conventional techniques.

KP content (% w/w)
16.3
16.3
18.7
18.7
13.8
13.8

k (min−1 )
0.153
0.227
0.165
0.225
0.187
0.224

The release profiles of the tablets were also normalized
with respect to the steady-state drug concentration in the
aqueous solution and fitted to the following simple model
[37]:
𝐶
= 1 − 𝑒−𝑘𝑡 .
𝐶∞

(1)

The values of the release coefficient 𝑘 obtained for the
treated samples are compared with those of the corresponding physical mixtures in Table 3. The data confirm that the
highest gain in the release rate was obtained for the treated
sample A.
Since the “dispersed amount method” is generally preferred to the “tablet method” in many previous literature
works [12, 15, 16, 19, 24, 30], other release tests were carried
out directly using the powders of the physical mixtures or
the treated samples without producing any tablets. Table 4
reports the release indices obtained for the equimolar samples
(A), but similar results were also obtained for the other
drug contents. These tests showed that the release profiles
of the treated samples were almost instantaneous due to the
huge increase in the mass transfer area of the powders with
respect to the tablets. On the other hand, the dissolution
kinetics was too fast to allow any difference in the release
rate of the samples with different drug contents to be clearly
distinguished.
Eventually, some release tests were performed to investigate if the drug release was affected by the value of the pH
as it occurred, for example, in the ibuprofen/𝛽-cyclodextrin
system [24]. The results showed that even though the release
rates of the physical mixtures were moderately affected by
the pH value, those of the treated samples were completely
unaffected by this parameter (Figure 7).
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Table 4: Indices to compare the release performance of powders of the physical mixtures and treated samples (pH = 2).
𝑡50 (min)
1
<1

KP content (% w/w)
16.3
16.3

Physical mixture A
Treated sample A

pH = 2

Treated
samples

Drug release (%)

100

Physical
mixtures

80

pH = 6

40
20
0
20

40

60
80
𝑡 (min)

𝑡90 (min)
27
1

Amount of final drug release (%)
99
100
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𝑡75 (min)
12
<1
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Figure 7: Comparison between the percent drug release profiles
of tablets in an aqueous solution at different pH values (solid line:
pH = 2; dashed line: pH = 6). The tablets were obtained from
physical mixture A (16.3% KP) and sample A (16.3% KP, treated at
40∘ C, 20 MPa, 1 h).

4. Conclusion
This work has shown that scCO2 can be an efficient method
to obtain inclusion complexes of KP with Me𝛽CD. The supercritical process was investigated with this drug/cyclodextrin
system for the first time. The choice of Me𝛽CD as the host
cyclodextrin molecule is particularly attractive since this
compound is melted during the supercritical process, and this
favours the complexation step without any addition of water
or auxiliary agents.
Samples at different KP contents were prepared and the
DSC, XRD, and FTIR characterization allowed exclude the
presence of crystalline drug and hypothesise the formation
of the complexes. The drug release tests showed that the
dissolution rate of the supercritical complexes was improved
both with respect to the pure drug and the physical mixtures.
The powder or tablet formulation of the drug complexes
during the in vitro release tests influenced the role of the
drug amount in the samples. While the dispersed release of
the powders was almost instantaneous regardless of the drug
content, the highest improvement in the dissolution kinetics
was found for a sample that contained equimolar amounts
of both the drug and the cyclodextrin in the tablet. On the
other hand, a pH variation of the dissolution medium from
2 to 6 did not show any effect on the release rate of the
supercritical complexes that are, then, expected to offer the
same bioavailability of the drug all along the gastrointestinal
tract.
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