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A B S T R A C T

Supercritical fluid impregnation (SFI), an eco-friendly technique, was applied to incorporate phenolic com
pounds from passion fruit bagasse into corn starch bioaerogel. This work investigated the effect of depressur
ization rate, contact time, and the number of cycles of SFI on the functionalization of the bioaerogel. SFI was 
conducted in static operation mode at 65 ◦C and 37.5 MPa, evaluating the effect of depressurization rate (slow 
and fast), process time (0.5–10 h), and number of cycles in terms of total reducing capacity (TRC), antioxidant 
capacity (Oxygen Radical Absorbance Capacity – ORAC and Ferric Reducing Antioxidant Power - FRAP), and 
piceatannol content of the impregnated bioaerogel. In single-cycle SFI the best results for TRC (0.65 ± 0.01 mg 
GAE/g aerogel), FRAP (1.61 ± 0.02 mg TE/g aerogel), and ORAC (3.42 ± 0.01 mg TE/g aerogel) were obtained 
with a fast depressurization rate and a contact time of 10 h. These results were surpassed when investigating the 
number of SFI cycles, with an increase of approximately 200 % in ORAC, 105 % in FRAP, and 330 % in the 
piceatannol content for SFI carried out with six 0.5 h cycles. The functionalization of corn starch bioaerogel with 
phenolic compounds from passion fruit waste by SFI offers a green engineering approach to obtain a high-value 
product with potential application in the pharmaceutical, nutraceutical, and food industries.

1. Introduction

Aerogels are multi-porous solid networks with low density, high 
surface area, extremely low thermal conductivity, high-temperature 
resistance, low refractive index, high transparency, and unique acous
tic properties (Ganesan et al., 2018). Due to this set of characteristics, 
aerogels are materials with a wide range of applications. Aerogels are 
conventionally produced from synthetic or inorganic polymers; how
ever, due to their negative environmental impact, aerogels made from 
biopolymers such as proteins and polysaccharides, known as bio
aerogels, are gaining notoriety as sustainable alternatives (Budtova 
et al., 2020; Ganesan et al., 2018). In this scenario, starch, the second 
most abundant macromolecule in nature, is proving to be scientifically, 

environmentally, and technically advantageous for producing bio
aerogels. In addition, starch is cheap, bioavailable, non-toxic, and non- 
allergenic (Abdullah et al., 2022; García-González et al., 2015). The 
main sources of starch used in the production of bioaerogels are po
tatoes, peas, and corn. Corn starch has gained prominence due to its 
capability to form structured gels from the interaction between its 
molecules, amylose and amylopectin. Given their high porosity and 
surface area, corn starch bioaerogel have emerged as interesting 
matrices for the incorporation of bioactive compounds (Alavi & Ciftci, 
2023; Baudron et al., 2020; Dias et al., 2022; Hatami et al., 2024; 
Mohammadi & Moghaddas, 2020; Zou & Budtova, 2021).

The extraction of bioactive compounds from agro-industrial wastes is 
a powerful strategy for developing highly economically viable processes 
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and products (Nirmal et al., 2023). In addition, research into waste 
management is a relevant tool for promoting sustainable development 
and has been recognized as a promising approach towards a circular 
economy (Gavahian et al., 2021; Zhu et al., 2024). In this scenario, the 
extract obtained from yellow passion fruit (Passiflora edulis sp.) bagasse 
(PFB) has been reported as a source of bioactive compounds with high 
antioxidant capacity. Consisting of seeds and residual pulp, PFB is a 
little-explored source of phenolic compounds, especially piceatannol, a 
polyphenolic stilbene phytochemical and structural analogue of 
resveratrol (Matsui et al., 2010; Viganó et al., 2016; Viganó, de Assis, 
et al., 2020). Several works have attributed beneficial effects to picea
tannol, including protection against skin and prostate cancer, prevent
ing degenerative diseases, aiding vasodilation and metabolic health, and 
increasing the oxidative stability of food products (Baseggio et al., 2022; 
Bottoli & Da Silva, 2020; de Souza et al., 2022; Kinoshita et al., 2013; 
Kitada et al., 2017; Maruki-Uchida et al., 2013; Matsui et al., 2010; 
Santos et al., 2021).

Supercritical fluid impregnation (SFI), was recently applied for the 
incorporation of bioactive compounds from PFB extract into bioaerogel 
to protect them from deleterious factors, facilitate storage and trans
portation, and enable their application in controlled release systems 
(Araujo et al., 2023). SFI involves the mutual and complex interaction 
between a polymer matrix, a supercritical fluid, and the target com
pounds. In SFI, supercritical CO2 (sc-CO2), the most commonly used 
supercritical fluid, solubilizes the target compounds and simultaneously 
promotes the swelling of the polymer matrix. Mass transfer is thus 
enhanced by the wider diffusive paths formed by swelling, and the target 
compounds are incorporated into the matrix by precipitation and 
adsorption. In addition, CO2 is economically viable, non-flammable, 
non-toxic (considering typical outdoor concentrations, approximately 
380 ppm), and can be easily removed by depressurization (Brunner, 
2005; Clifford & Williams, 2000; De Corso et al., 2024; Gurikov & 
Smirnova, 2018; L. Ma et al., 2024; Weidner, 2018). Therefore, by 
replacing conventional solvents with CO2 and minimizing adverse 
environmental effects, supercritical technologies such as SFI are pre
sented as green technologies or eco-friendly alternatives (Alavi & Ciftci, 
2024; Mottola et al., 2023a; Nalawade et al., 2006; Sheikhi et al., 2025; 
Verano-Naranjo et al., 2025).

One of the main challenges of SFI is establishing the adequate 
operation conditions to preserve the bioactivity of the target compounds 
in the impregnated matrix. These conditions are directly related to the 
thermodynamic and kinetic properties of the system throughout the 
process. Therefore, finding the most suitable SFI conditions requires 
investigating parameters such as pressure, temperature, depressuriza
tion rate, contact time, operation mode, and process cycles, as well as 
acquiring knowledge on the solubility of the target compounds in sc-CO2 
(Belizón et al., 2018; Jordão et al., 2022; Sanchez-Sanchez et al., 2017).

Pressure and temperature are the most studied parameters in SFI, 
since they are related to the physicochemical, thermodynamic, and mass 
transfer properties of CO2 (Fernandes et al., 2012; Friedman & Ander
son, 2017; Santos et al., 2020; Villegas et al., 2020). In previous studies, 
we investigated the impact of pressure and temperature on the SFI 
technique for phenolic compounds from passion fruit bagasse extract 
(PFBE) incorporated into corn starch bioaerogel (Araujo et al., 2023). 
Subsequently, to investigate the solubility of PFBE in supercritical CO₂ 
(sc-CO₂), we analyzed the behavior of the mixture (sc-CO₂ + PFBE) and 
evaluated the effects of different operating modes of the SFI technique 
(Araujo et al., 2024). However, based on the knowledge obtained in 
these studies, we identified the need for further research into parameters 
that have been little covered in the SFI technique, such as the depres
surization rate and contact time.

The depressurization rate is based on the solubility of the compo
nents of interest in sc-CO2. Rapid depressurization is recommended for 
compounds with high solubility, which decreases solubility and helps 
precipitate the compound in the carrier material. For bioactive com
pounds with low solubility, slow depressurization is recommended if the 

compound is solubilized in the supercritical phase for most of the pro
cess and the affinity with the polymer matrices greater than with the sc- 
CO2 (Torres et al., 2014; Yokozaki et al., 2015). In addition, the 
depressurization rate is key in highlighting precipitation, a phenomenon 
not covered in most studies. Gurikov and Smirnova (2018) highlighted 
the importance of considering this phenomenon in SFI, stating that 
precipitation enables the rapid release of the impregnated target com
pounds, being an essential mechanism for specific applications that 
require this characteristic to fulfill their purposes.

Contact time is a parameter that demonstrates that SFI, as well as 
being influenced by thermodynamics, is also a kinetic process. In SFI, the 
time depends on the solubilization of the target compounds in sc-CO2, 
the diffusion of the supercritical solution (sc-CO2 + target compounds) 
in the polymer matrix and possible structural reactions caused by the 
sorption of the sc-CO2 in the polymer matrix. Generally, in order to 
maximize impregnation load, long contact times are used in SFI: 24 h 
(Kuska et al., 2019), 48 h (Franco et al., 2018) and 72 h (Drago et al., 
2021). However, prolonged contact times present challenges for the 
application of SFI on an industrial scale. In addition, reducing energy 
consumption has been identified as a key strategy for environmental 
sustainability in industries (Zare Banadkouki, 2023). Therefore, one 
solution to this limitation is to carry out SFI in short cycles, an approach 
recently introduced in the literature (Dias et al., 2022). However, there 
are no records of its strategy in the SFI of natural extracts.

Seeking to offer a new perspective, this work aims to analyze the 
effect of depressurization rate, contact time, and SFI cycles to optimize 
the impregnation of PFBE in corn starch bioaerogels. In addition, the 
research was conducted based on a green engineering approach by 
integrating an emerging green technology (SFI), an agro-industrial 
waste (PFB), and a biopolymer (corn starch). Corn starch bioaerogels 
functionalized with phenolic compounds from PFBE by SFI are pre
sented as potential candidates for exploitation by the food, nutraceuti
cal, and pharmaceutical industries.

2. Materials and methods

2.1. Materials and reagents

2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ, 98 %, Sigma-Aldrich, USA), 6- 
hydroxy-2,5,7,8-tramethylchro-mono-2-carboxylic acid (Trolox, 97 %, 
Sigma-Aldrich, USA), absolute ethanol (99.5 %, Dinâmica, São Paulo, 
Brazil), acetonitrile (99,9 %, J.T. Baker, Phillipsburg, NJ, USA), meth
anol (99.99 %, J.T. Baker, Phillipsburg, NJ, USA) carbon dioxide (99.99 
%, White Martins, São Paulo, Brazil), Folin-Ciocalteu (Metaquímica, São 
Paulo, Brazil), fluorescein, 2–2′-azobis (2-methylpropion midene) 
dihydrochloride (APPH, 97 %, Sigma-Aldrich, USA), gallic acid, (97.5 
%, Sigma-Aldrich, USA), piceatannol (98 %, Sigma-Aldrich, USA), tri
fluoracetic acid (99,5 %, Sigma-Aldrich, USA) Span® 80 (surfactante, 
0.99 g/mL at 20 ◦C, Sigma-Aldrich, USA). All chemicals were used as 
received. Ingredion Industry Ltda (São Paulo, Brazil) kindly donated 
corn starch (characterization available in the supplementary material, 
Fig. S34), and soybean oil (Liza, Cargill, Brazil) was purchased from a 
local supermarket (Campinas, São Paulo, Brazil).

2.2. Bioaerogel synthesis

The corn starch bioaerogel was synthesized in three stages, following 
the methodology proposed by De Marco et al. (2018), with some ad
aptations. The process was carried out in triplicate.

Stage 1: Initially, two solutions (A and B) were prepared. Solution A 
consisted of an aqueous suspension of corn starch at a concentration of 
15 % by weight/volume (w/v), whereas Solution B was a mixture of 
soybean oil and Span® 80, used as an emulsifier, at a concentration of 2 
% by weight/weight (w/w). Afterwards, Solution B was gradually added 
to Solution A, under constant stirring at 600 rpm and a temperature of 
110 ◦C, in a volumetric ratio of 1:3 (Solution A: Solution B) to start the 
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gelatinization process. Stirring was maintained at 600 rpm and 110 ◦C 
for 2 h, ensuring complete gelatinization of the mixture and formation of 
the hydrogel. After gelatinization, the mixture was left to stand at room 
temperature for 1.5 h. The hydrogel was then stored at 4 ◦C for 72 h, 
allowing retrogradation, an essential process for stabilizing the hydrogel 
structure. After the retrogradation period, ethanol and water (30 % v/v) 
were added to the hydrogel to remove the oily phase. The oily phase was 
separated by decantation. Finally, the excess residual water was 
removed by subjecting the decanted material to vacuum filtration.

Stage 2: Solvent exchange. The solvent exchange was carried out by 
immersing the hydrogel particles in ethanol/water mixtures with 
increasing ethanol concentration (30 %, 60 %, 90 %, and 100 % v/v). 
The particles were weighed, and the solvent volume was equivalent to 
five times the initial mass. The solvent was changed every 24 h, and the 
last change (100 % v/v) was repeated thrice. In the third repetition using 
ethanol (100 % v/v), the particles remained in the solvent until being 
subjected to supercritical drying.

Stage 3: Supercritical drying. Supercritical drying was carried out 
according to Hatami et al. (2020), with some modifications. Initially, the 
excess of ethanol was removed from the container (glass laboratory flask 
graduated with screw cap, 250 mL capacity) of Stage 2 (solvent ex
change) using a pipette, and the alcohol gel particles were added to a 
stainless-steel high-pressure cell (HPC) to remove the ethanol and obtain 
the aerogel. Supercritical drying was carried out at 40 ± 1 ◦C and 12 ±
0.5 MPa; these conditions were maintained until the solvent/particle 
mass ratio (S/F) reached 25 kg solvent/kg particle.

2.3. Production of the passion fruit bagasse extract

PFBE was produced as described by Viganó et al. (2016). The dried 
and crushed PFB was first defatted by supercritical fluid extraction (SFE) 
with CO2 at 35 ± 1 MPa and 40 ± 2 ◦C. Then, the defatted PFB under
went pressurized liquid extraction (PLE) using ethanol (99 %) at 10 ± 1 
MPa and 75 ± 2 ◦C.

2.4. Supercritical fluid impregnation (SFI)

Fig. 1 shows the basic layout of the SFI unit used in this work. 
Initially, 150 mg of the corn starch bioaerogel was added to an 18.70 mL 
glass beaker (internal diameter 2.3 cm) and inserted into a 100 mL HPC. 

Then, 3 mL of PFBE was carefully pipetted onto the HPC inner walls, 
avoiding prior contact with the bioaerogel. The HPC was closed, and the 
system was heated to 65 ◦C and pressurized to 37.5 MPa. SFI was carried 
out in static operation mode in a typical experiment for one process 
cycle. These conditions were optimized in a previous work (Araujo et al., 
2023).

2.5. Effect of SFI parameters

The effect of the system’s depressurization rate, contact time, and 
number of cycles on the SFI of PBFE in corn starch bioaerogel was 
evaluated. All experiments were carried out in duplicate.

2.5.1. Effect of depressurization rate and contact time
The effect of the depressurization rate and contact time of the SFI of 

the phenolic compounds of PFBE on corn starch bioaerogel was evalu
ated based on the results of total reducing capacity (TRC), FRAP (ferric 
reducing antioxidant power) antioxidant capacity, and ORAC (oxygen 
radical absorbance capacity) antioxidant capacity. Twelve SFI condi
tions were investigated using seven contact times and two depressur
ization rates, as described in Table 1. The depressurization rates of 1.03 
MPa/min and 7.54 MPa/min are named “slow” and “fast” in this work, 

Fig. 1. Basic layout of the SFI unit.

Table 1 
Effect of depressurization rate and contact time on the SFI of phenolic com
pounds of PFBE in corn starch bioaerogel.

Condition Contact time 
(h)

Depressurization rate 
(MPa/min)

1 0.5 1.03
2 0.5 7.54
3 1.0 1.03
4 1.0 7.54
5 2.0 1.03
6 2.0 7.54
7 3.0 1.03
8 3.0 7.54
9 5.0 1.03
10 5.0 7.54
11 10 1.03
12 10 7.54
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respectively. The technical and safety limitations of the SFI unit were 
considered for establishing the depressurization rates.

After SFI, the phenolic compounds impregnated in the bioaerogel 
were extracted using the method described by Buratto et al. (2019) with 
some modifications. First, the impregnated bioaerogel was immersed in 
ethanol (96 % purity) in a ratio of 0.05:1 (w/v). Next, the mixture 
(impregnated bioaerogel + ethanol) was subjected to magnetic ho
mogenization for 15 min, followed by ultrasonic homogenization for 15 
min. Finally, the bioaerogel particles were removed by filtration using a 
Chormafil Xtra PA-20/25 filter (Macherey-Nagel, Düren, Germany). The 
extract obtained was stored at − 18 ◦C, protected from light, for future 
analysis.

2.5.1.1. Total reducing capacity (TRC). The TRC of the impregnated 
bioaerogel was assessed using the method of Singleton et al. (1999), 
with adaptations for microplate reading. Each microplate well was filled 
with 20 μL of standard (0.02 to 0.20 mg/mL gallic acid), sample or 
blank. Then, 20 μL of Folin-Ciocalteu reagent was added. After 3 min, 
20 μL of a saturated sodium carbonate solution and 140 μL of distilled 
water were added. The microplate was incubated at room temperature 
and dark for 2 h. Finally, the absorbance was read at 760 nm using a 
FLUOstar Omega microplate reader (Bmg Labtech GmbH, Ortenberg, 
Germany). The results were processed using Omega Mars 3.32R5 data 
analysis software and expressed as mg of gallic acid equivalent (GAE) 
per g of sample.

2.5.1.2. FRAP antioxidant capacity. The FRAP (ferric reducing antioxi
dant power) of the impregnated bioaerogel was determined according to 
the method proposed by Benzie and Strain (1996) with adaptations. The 
FRAP solution was prepared by combining 20 mL of acetate buffer (0.3 
M), 2 mL of TPTZ solution (10 mM), and 2 mL of ferric chloride solution 
(20 nM). The FRAP solution was protected from light and preheated to 
37 ◦C. Each well of the microplate was filled with 25 μL of the sample, 
blank or standard (0.01–0.06 mg/mL Trolox solution) and 175 μL of 
FRAP solution and pre-incubated in the dark at 37 ◦C. After 0.5 h, the 
absorbance was read at 595 nm using a FLUOstar Omega microplate 
reader (BMG LABTECH GmbH, Ortenberg, Germany) with Omega Mars 
3.32R5 data analysis software. The results were expressed in mg Trolox 
equivalent (TE) per g of sample.

2.5.1.3. ORAC antioxidant capacity. The ORAC (oxygen radical anti
oxidant capacity) method was applied according to the protocol 
described by Ou et al. (2013), with some modifications, to determine the 
antioxidant capacity of impregnated bioaerogel. 25 μL of the sample, 
blank (75 mM phosphate buffer, pH 7.4) or standard (0.01–0.06 μg/mL 
Trolox solution) were added to 150 μL of fluorescein solution in each 
well of the black microplate. The microplate was incubated in the dark 
at 37 ◦C for 15 min, after which 25 μL of AAPH solution was added. The 
reduction in fluorescence (excitation at 485 nm; emission at 510 nm) 
was assessed in a FLUOstar Omega microplate reader (BMG LABTECH 
GmbH, Ortenberg, Germany) for 100 min at 37 ◦C. Fluorescein solution 
served as a positive control, and the results were analyzed using Omega 
Mars 3.32R5 software and expressed in mg Trolox equivalent (TE) per 
mg of sample.

2.5.2. Effect of the number of SFI cycles
To investigate the effect of the number of cycles, the depressurization 

rate that obtained the best results in terms of TRC, ORAC, and FRAP 
(Section 2.5.1) and the shortest contact time were selected from those 
displayed in Table 1. Therefore, cycle 1 of SFI was carried out at 65 ◦C, 
37.5 MPa, 0.5 h of contact time, and fast depressurization rate. In cycle 
2, after depressurizing the system from cycle 1, 3 mL of PBFE was added 
to the HPC, and SFI was carried out under the same conditions described 
for cycle 1. This procedure was carried out consecutively for seven cy
cles. Each cycle was evaluated in terms of the antioxidant capacity 

(ORAC and FRAP) and piceatannol content of the impregnated bio
aerogel. These results were also used to select the maximum number of 
cycles, considering the absence of significant differences or the decline 
in TRC, FRAP and ORAC between one cycle and the next.

2.5.2.1. Quantification of piceatannol. Piceatannol was quantified using 
the methodology proposed by Lai et al. (2013), with some adaptations, 
in a HPLC-DAD (High Performance Liquid Chromatograph - Diode Array 
Detector), Waters Alliance system (Waters Corp.®, Milford, MA, USA) 
with an automatic injector. A Waters Symmetry C18 column with an 
internal diameter of 100 mm × 2.1 mm and a particle size of 3.5 μm 
(Milford, MA, USA) was used for the analysis of piceatannol. The mobile 
phases comprised water with 0.05 % trifluoroacetic acid (solvent A) and 
acetonitrile with 0.05 % trifluoroacetic acid (solvent B). The compounds 
were separated in the column at a temperature of 40 ◦C, following the 
solvent gradient: 5 % B (0–35 min); 5–50 % B (35–40 min); 50–5 % B 
(40–55 min). The flow rate was 0.3 mL/min, and the injection volume 
was 10 μL. The absorbance was recorded at 306 nm using a DAD. To 
carry out the injections, all the extracts were diluted in ethanol-HPLC 
grade, to a concentration of 1 mg/mL and filtered through a PVDF fil
ter (Polyvinylidene Fluoride) Whatman® with a pore size of 0.45 μm. 
The piceatannol calibration curve was obtained by a linear regression (y 
= 166,926× - 473,376; R2 = 0.9972) using the same parameters as 
mentioned before, covering a concentration range of 1–200 ppm. The 
results were expressed in μg of piceatannol per g of bioaerogel, consid
ering the volume/mass ratio between ethanol and impregnated bio
aerogel used in the extraction process, using a ratio of 1 mL of ethanol 
per 50 mg of impregnated bioaerogel.

2.6. Physical characterization

The physical characterizations were carried out on the corn starch, 
the non-impregnated bioaerogel, and the impregnated bioaerogel sam
ples selected from the evaluations of process time, depressurization rate, 
and cycles described in Sections 2.5.1 and 2.5.2.

2.6.1. Nitrogen adsorption/desorption
Approximately 100 mg of sample was used in the nitrogen adsorp

tion/desorption measurements, with prior heating at 60 ◦C under vac
uum for 15 h. The measurements were carried out at 77 K (Quanta 
chrome Instruments, Nova 2200e). The Brunauer–Emmett–Teller (BET) 
method used a multi-point model to determine the surface area (relative 
pressure range from 0.05 to 0.3). The Barrett-Joyner-Halenda (BJH) 
method assessed the pore size distribution (relative pressure below 0.3).

2.6.2. Field emission scanning Electron microscopy (FESEM)
The morphology of the samples was analyzed using a high-resolution 

scanning electron microscope with an energy-dispersive X-ray detector 
(ThermoFisher Scientific UltraDry, ANAX-60P-B) operating at 4 kV. The 
samples were mounted on a metal platform and sprayed with gold 
coating under vacuum conditions, according to the methodology pro
posed by Li et al. (2021). More than ten images of each sample were 
taken to guarantee reproducibility.

2.7. Statistical analysis

The data was examined statistically using MINITAB® software 
(Version 16.1.0, Minitab Inc.). To identify significant differences at the 
5 % level, analysis of variance (ANOVA) was performed using Tukey’s 
test.
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3. Results and discussion

3.1. Effect of depressurization rate and contact time

Fig. 2 shows the results of the TRC, FRAP and ORAC antioxidant 
capacities obtained in the investigation of the effect of depressurization 
rate and contact time of SFI of PFBE on corn starch bioaerogel.

Regarding the effect of the depressurization rate, the ORAC antiox
idant capacities achieved by fast depressurization were significantly 
higher than those obtained with the slow depressurization rate (1.03 
MPa/min) for all the investigated SFI times. On the other hand, the TRC 
and FRAP results showed no significant differences at different depres
surization rates. Fast depressurization rates are generally indicated for 
the SFI of target compounds with high solubility in sc-CO2 since the 
rapid decrease in pressure promotes a reduction in solubility. This pre
vents the target compounds from being removed from the HPC along 
with the gaseous CO2 and enhances their loading into the polymer 
matrix by precipitation (Gurikov & Smirnova, 2018; Singh et al., 2019; 
Yokozaki et al., 2015).

The observed behavior would not have been expected for the target 
compounds of this work since the phenolic compounds of PFB are polar 
and, therefore, have a low affinity for sc-CO2 (de Melo et al., 2014). 
However, based on previous research (Araujo et al., 2023; Araujo et al., 
2024), it was possible to find conditions related to the thermodynamic 
and operational SFI parameters (temperature, pressure, operating mode, 
and phase behavior) that overcame the solubility limitation imposed by 
the polarity of the PFBE phenolic compounds, making it possible to load 
them into bioaerogel by SFI. Thus, the results obtained for ORAC anti
oxidant capacity from SFI with a fast depressurization rate may be 
related to the incorporation of phenolic compounds into the bioaerogel 
by means of the precipitation phenomenon. This phenomenon occurs 
due to the phase change of CO₂ (from supercritical to liquid or vapor 
phase), triggered by an abrupt reduction in pressure in the system. This 
change results in a significant decrease in the solvating power of CO₂, 
leading to the subsequent precipitation of the compounds of interest 
(Türk, 2014). Gurikov and Smirnova (2018) first highlighted the 
importance of considering precipitation phenomena in the SFI process; 
according to these authors, while slow depressurization favors impreg
nation from adsorption, rapid depressurization in porous polymeric 
materials can incorporate an additional amount of the target compound 
from precipitation, due to supersaturation and limitation in mass 
transfer within the pores. Recently, Hatami et al. (2024) also presented 
the importance of precipitation in the SFI of β-carotene.

In this scenario, the phenolic compounds precipitated in the bio
aerogel are responsible for increasing the capacity to donate hydrogen 
atoms to free radicals, thus increasing the ORAC antioxidant capacity 
(Ou et al., 2013). The fact that this trend was not observed in the FRAP 
and TRC values suggests that the phenolic compounds in the PFBE, 
which can reduce both ferric ions from the FRAP method and Folin- 
Ciocalteau from the TRC method, have a different partition balance than 
those that were precipitated. In other words, these compounds have a 
greater affinity with the bioaerogel than with sc-CO2 and were, there
fore, not influenced by the rate at which CO2 was removed from the 
system (Goñi et al., 2016; Torres et al., 2017).Therefore, these com
pounds were likely impregnated by adsorption. The antioxidant and 
reductive activity of the phenolic compounds present in PFBE result 
from their individual concentrations, chemical structures, and syner
gistic, antagonistic, or additive interactions (Skroza et al., 2022). The 
phenolic compounds in PFB were preliminarily identified by Santos 
et al. (2021). Although these authors used a higher temperature (110 ◦C) 
in PLE, the results may indicate the possible compounds in the PFBE 
used in this work. According to the results, PFB contains 25 phenolic 
compounds, mainly phenolic acids, flavonoids, stilbenes, carboxylic 
acids, and phenolic aldehydes. Among the most notable compounds are 
piceatannol, scirpusin B, resveratrol, citric acid, dihydroxybenzoic acid, 
caffeic acid, p-coumaric acid, catechin, acacetin, quercetin, floridzin and 
isomers of taxifolin I and II.

Recent works have also pointed out improved SFI conditions with a 
fast depressurization rate. Machado et al. (2024) achieved better con
ditions for the SFI of olive leaf phenolic extract in a polymer for medical 
applications using a fast depressurization rate (5 MPa/min). Similarly, 
Valor et al. (2023) demonstrated that the fast depressurization rate (5 
MPa/min) was responsible for increasing the incorporation of mango 
leaf extract into conjugated polymer scaffolds via SFI.

In terms of contact time, when comparing the results obtained be
tween 0.5 h (the shortest time evaluated) and 10 h (the longest time 
evaluated), using a fast depressurization rate, percentual increases of 
51.16 % in TRC, 47.20 % in FRAP and 27.78 % in ORAC values were 
observed. Contact time is an important parameter in SFI because it in
fluences the mass transfer from the supercritical solution (target com
pounds + sc-CO2) to the polymer matrix and depends on two stages. The 
first stage is the dissolution of the target compounds, and the second, the 
limiting stage, is related to their diffusion process (Guney & Akgerman, 
2002). Understanding these steps in the SFI of multicomponent systems 
such as PFBE is complex, as it involves the dissolution of various 
phenolic compounds in sc-CO2 and the achievement of their partition 

Fig. 2. Effect of the depressurization rate and contact time in the SFI of PFBE in corn starch bioaerogel. Conditions C1 to C12 are described in Table 1 (Section 2.5.1). 
Equal letters in columns with the same color indicate no statistical difference at the 95 % confidence level.
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equilibrium through the diffusive process. In addition, the mechanisms 
involved in the TRC, ORAC, and FRAP methods are closely related to the 
presence, concentration, and chemical structure of each phenolic com
pound and their mutual interactions, which can be synergistic, antago
nistic, or additive (without interaction) (Skroza et al., 2022).

To evaluate the behavior of SFI at times longer than 10 h, an addi
tional impregnation experiment was carried out at 37.5 MPa and 65 ◦C 
for 12 h with fast depressurization rate. The antioxidant capacities FRAP 
(1.13 ± 0.03 mg TE/g aerogel) and ORAC (2.37 ± 0.28 mg TE/g aero
gel) were close to those obtained in SFI carried out for 5 h (also with fast 
depressurization) and lower than those obtained in 10 h. These results 
indicate that 10 h was enough time to achieve partition equilibrium 
between the phenolic compounds in the PFBE, sc-CO2, and the bio
aerogel. Consequently, more extended periods favor the partition coef
ficient of the target compounds for sc-CO2 rather than the bioaerogel, 
facilitating their removal with CO2 during depressurization.

In SFI, contact time is also responsible for causing modifications in 
the polymer matrix, which may enhance diffusion as they make the 
polymer swell and plasticize. The time needed to achieve the swelling of 
the polymer matrix is related to its chemical structure. Some polymers 
require short periods of 2–3 h for swelling to be completed, whereas 
others need periods of up to 48 h (Belizón et al., 2018; Champeau, 
Thomassin, Tassaing, & Jérôme, 2015; Rojas et al., 2015; Sproule et al., 
2004). SFI of the phenolic compounds of PFBE in starch bioaerogel 
achieved the best results with fast depressurization and contact time of 
10 h, so this condition was chosen to investigate the effect of the number 
of SFI cycles and for the physical characterization of the bioaerogel.

3.2. Effect of the number of SFI cycles

Table 2 shows the FRAP antioxidant capacity, ORAC antioxidant 
capacity, and the piceatannol content of the impregnated bioaerogel 
produced by SFI at Condition C12 - the condition that obtained the best 
results in the investigation of depressurization rate and contact time (see 
Table 1) - and different numbers of cycles.

Increasing the number of cycles from 1 to 2 produced significant 
differences in the FRAP antioxidant capacity and the piceatannol con
tent of the impregnated bioaerogel, representing a 155 % increase in 
FRAP and 177 % in the piceatannol content. A further increase from 2 to 
3 cycles increased the ORAC antioxidant capacity by 121 %, the FRAP 
antioxidant capacity by 59 % and the amount of piceatannol by 53 %. 
The increase in ORAC, FRAP, and piceatannol content between cycles 
was maintained between cycles 3 and 4, 4 and 5, and 5 and 6. However, 
from cycle 6 to 7, there was a significant decrease in all the results, 
which is probably related to factors such as the reduction in the free 
active surface of the bioaerogel in the last cycle. The obstruction of the 
bioaerogel pores with the phenolic compounds incorporated in the 
previous six cycles hinders the diffusion of the supercritical solution 

(phenolic compounds + sc-CO2) in the bioaerogel and the mass transfer 
during the seventh cycle. Due to the changes caused by six successive SFI 
cycles, the partial removal of the compounds incorporated in the pre
vious cycles led to a partition coefficient more favorable to sc-CO2 than 
to the bioaerogel, so these compounds were vented in the depressur
ization stage.

In addition, the results show that four SFI cycles of 0.5 h are suffi
cient to exceed the values obtained under condition C12, i.e., with 10 h 
of contact time. Moreover, the results obtained in cycle 6, compared to 
condition C12, correspond to an increase of approximately 200 % in 
ORAC antioxidant capacity, 105 % in FRAP antioxidant capacity, and 
330 % in the piceatannol content. In addition to saving energy and time, 
the present study used a smaller aliquot of corn starch bioaerogel, 150 
mg, and a lower total time related to the process cycles, three hours, than 
that performed by Dias et al. (2022), four hours, in the SFI of β-carotene.

The greatest amount of incorporated piceatannol in this work was 
485.97 μg/g of bioaerogel. A higher value, 741.85 μg/g of aerogel, was 
obtained by Viganó, Meirelles, et al. (2020) when impregnating PFBE, 
but using the wet impregnation technique and a different polymer ma
trix, alginate aerogel. In addition to piceatannol, other phenolic com
pounds from PFBE were impregnated (Santos et al., 2021). These 
phenolic compounds are responsible for the bioactivity shown in the 
FRAP and ORAC antioxidant capacities, possibly increasing their con
centrations as cycles increased from 1 to 6. Maintaining or increasing the 
bioactivity of the impregnated extract is considered a key factor in SFI. 
The physical-chemical interactions between the polymer matrix and the 
target compounds, such as hydrogen bonding, drive this factor 
(Champeau, Thomassin, Tassaing, & Jerome, 2015; Jordão et al., 2022; 
S.-L. Ma et al., 2010; Trindade Coutinho & Champeau, 2020).

3.3. Physical characterization of starch and bioaerogel

Surface area, volume, and average pore diameter values for corn 
starch, non-impregnated bioaerogel, bioaerogel impregnated with 10 h 
of contact time and fast depressurization rate (condition C12), and 
bioaerogel impregnated with six consecutive cycles are shown in 
Table 3.

The physical properties of the bioaerogel impregnated by SFI at the 
condition C12, compared to the non-impregnated bioaerogel, show a 
decrease of 8.17 m2/g in surface area, 0.04 cm3/g in average pore vol
ume and 0.48 nm in average pore diameter. The bioaerogel impregnated 
with six SFI cycles showed more intense decreases, of 13.34 m2/g in 
surface area, 0.09 cm3/g in average pore volume, and 1.75 nm in 
average pore diameter. This trend suggests that the reductions in surface 
area, average pore volume, and average pore diameter are related to the 
incorporation of the phenolic compounds from PFBE into the corn starch 
bioaerogel. Buratto et al. (2019) also used nitrogen adsorption- 
desorption measurements to evaluate the impregnation of bioactive 
compounds from açaí in silica aerogels and suggested that the decrease 
in the surface area of the impregnated aerogel was related to the filling 
of the pores of the aerogel with the açaí extract. However, no decrease in 

Table 2 
FRAP antioxidant capacity, ORAC antioxidant capacity, and piceatannol content 
(μg/g aerogel) of the bioaerogel obtained by SFI with different number of cycles.

Number of 
cycles

ORAC 
(mg TE/g 
aerogel)

FRAP 
(mg TE/g 
aerogel)

Piceatannol 
(μg/g 
bioaerogel)

1 2.47 ± 0.10 f 0.85 ± 0.03 f 39.11 ± 0.91 f

2 2.25 ± 0.20 f 2.16 ± 0.01 e 108.47 ± 0.74 e

3 4.97 ± 0.30 d 3.44 ± 0.08 d 166.38 ± 0.68 d

4 7.87 ± 0.29 c 4.60 ± 0.13 c 321.09 ± 8.19 c

5 12.63 ± 0.44 b 5.83 ± 0.06 b 377.31 ± 6.16 b

6 14.45 ± 0.49 a 7.07 ± 0.23 a 485.97 ± 6.51 a

7 11.98 ± 0.11 b 5.93 ± 0.15 b 379.98 ± 5.62 b

SFI – C12 3.42 ± 0.20 e 1.61 ± 0.01 g 113.33 ± 2.22 e

Different letters in the same column indicate a significant difference with 95 % 
confidence. C12: Condition in which SFI was carried out with a rapid depres
surization rate and a contact time of 10 h.

Table 3 
Physical properties of corn starch and bioaerogel.

Surface area 
(m2/g)

Average 
pore volume 
(cm3/g)

Average 
pore 
diameter 
(nm)

Corn starch 9.87 0.016 n.d.*
Non-impregnated bioaerogel 44.72 0.20 8.83
Impregnated bioaerogel 

(Fast depressurization, 10 h 
contact time)

36.55 0.15 8.35

Impregnated bioaerogel (6 
cycles)

31.38 0.11 7.08

* Not detected.
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Fig. 3. Nitrogen adsorption-desorption isotherms for (A) non-impregnated bioaerogel; (B) bioaerogel impregnated by SFI with fast depressurization and 10 h of 
contact time; (C) bioaerogel impregnated with six SFI cycles.
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the pore diameter was observed. In this scenario, it is important to note 
that the BJH approach carried out using the nitrogen adsorption- 
desorption method considers around 10 to 20 % of the total pore size 
of bioaerogel (Groult & Budtova, 2018; Rudaz et al., 2014).

The behavior of the adsorption and desorption isotherms obtained 
from the BJH approach is an indicative parameter of the pore charac
teristics in the materials. Fig. 3 shows the adsorption and desorption 
isotherms for the non-impregnated bioaerogel (Fig. 3A), the bioaerogel 
impregnated by SFI with fast depressurization and 10 h of contact time 
(Fig. 3B), and the bioaerogel impregnated with six SFI cycles (Fig. 3C). 
The adsorption isotherms of all the samples analyzed are classified by 
IUPAC as type II isotherms, with type H3 hysteresis loops typical of 
mesoporous adsorbent materials (Thommes et al., 2015). This same 
behavior was reported by Mottola et al. (2023a, 2023b) for potato and 
corn starch bioaerogel. The differences observed in the opening of the 
hysteresis loop suggest greater clogging of the pores of the bioaerogel 
impregnated with six cycles. In other words, the more significant 
obstruction of the bioaerogel pores, caused by the impregnation of 
compounds over the six cycles, resulted in a narrower opening in the 
hysteresis loop due to the difficulty imposed by obstructed pores in the 
adsorption and desorption process. This clogging indicates that, among 
the samples evaluated, the greatest amount of compounds impregnated 
in the bioaerogel was obtained with six consecutive SFI cycles. This 
aligns with the TRC and the antioxidant capacities (FRAP and ORAC) 
reported in Section 3.2.

Fig. 4 shows the respective FESEM images for corn starch, bioaerogel 
impregnated with fast depressurization and 10 h of contact time, and 
bioaerogel impregnated with six cycles. The raw corn starch is composed 
of non-porous particles (Fig. 4A, B), whereas the bioaerogel is composed 
of porous particles (Fig. 4C, D). Porosity is a possible effect of the gel
ification and drying processes used to prepare the bioaerogel. Interest
ingly, particles remain with the porous surface even after impregnation 
(Fig. 4E, F, G, H).

The images of the non-impregnated bioaerogel reveal an agglomer
ation of heterogeneous multi-porous particles. This phenomenon may be 
associated with the electrostatic interactions after the supercritical 
drying stage and the modifications caused by the emulsion gelation 
process (Alnaief et al., 2011). Despite the change in the visual appear
ance of the bioaerogel after SFI (Fig. 4J, K, L), it is not straightforward to 
detect the incorporation of phenolic compounds from PFBE into corn 
starch bioaerogel by FESEM, as most of the compounds may have been 
incorporated into regions that are difficult to observe using this tech
nique or may have formed a very thin film onto particle surfaces. This 
same difficulty was reported by Belizón et al. (2018) in the SFI of anti
oxidant polyphenols from mango food-grade films. However, it is 
possible to observe an increase in particle agglomeration when 
comparing the images of the non-impregnated bioaerogel with those of 
the bioaerogel impregnated by SFI. This agglomeration may be related 
to the process of incorporating the phenolic compounds by SFI.

4. Conclusion

The conditions for the functionalization of corn starch bioaerogel 
with the phenolic compounds of PFBE by SFI were improved by inves
tigating the effects of depressurization rate, contact time and the number 
of process cycles. A fast depressurization rate achieved the best results in 
all the evaluated conditions. Regarding contact time, the greatest TRC 
(0.65 ± 0.01 mg GAE/g aerogel), FRAP antioxidant capacity (1.61 ±
0.02 mg TE/g aerogel), and ORAC antioxidant capacity (3.42 ± 0.01 mg 
TE/g aerogel) were obtained in 10 h. The analysis of the effect of the 
number of SFI cycles revealed that four cycles of 0.5 h are sufficient to 
exceed the TRC, FRAP, ORAC, and piceatannol content in the impreg
nated bioaerogel with fast depressurization and 10 h of contact time. Six 
SFI cycles achieved the greatest results of TRC, ORAC, FRAP and 
piceatannol content, as also indicated by nitrogen adsorption-desorption 
measurements. While the visual inspection of the samples indicated the 

Fig. 4. Images obtained by FESEM and photographic images of corn starch (A, B and I); non-impregnated bioaerogel (C, D and J); bioaerogel impregnated by SFI 
with fast depressurization and 10 h of contact time (E, F and K); bioaerogel impregnated with six SFI cycles. (G, H and L).
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adsorption of PFBE and agreed with the chemical characterization of the 
impregnated bioaerogel, FESEM corroborated with the increase in 
porosity and did not reveal significant changes in their morphology after 
SFI. In conclusion, this work has shown the importance of investigating 
the effects of depressurization rate and contact time on the incorpora
tion of phenolic compounds from PFBE into corn starch bioaerogel by 
SFI. In addition, the optimization of the number of SFI cycles is pre
sented as a strategy to improve the process, since it can reduce the total 
operation time and increase the amount of incorporated target com
pounds. An eco-friendly technique (SFI), the recovery of an agro- 
industrial by-product (PFB), and the use of biopolymers were the pil
lars of this work for the production of a bioaerogel functionalized with 
bioactive compounds that can be applied in the pharmaceutical, nu
traceutical, and food industries. Further studies into the applicability of 
bioaerogels and the controlled release of active compounds are essential 
to broaden knowledge on their potential and optimize their 
functionality.
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Filho: Methodology, Investigation. Rodney Alexandre Ferreira 
Rodrigues: Writing – original draft, Supervision, Resources, Investiga
tion, Funding acquisition. Julian Martínez: Writing – review & editing, 
Validation, Supervision, Resources, Project administration, Funding 
acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

The authors would like to thank Conselho Nacional de Desenvolvi
mento Científico e Tecnológico (CNPq) [302968/2022-9], Fundação de 
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Viganó, J., Coutinho, J. P., Souza, D. S., Baroni, N. A. F., Godoy, H. T., Macedo, J. A., & 
Martínez, J. (2016). Exploring the selectivity of supercritical CO2to obtain nonpolar 
fractions of passion fruit bagasse extracts. Journal of Supercritical Fluids, 110, 1–10. 
https://doi.org/10.1016/j.supflu.2015.12.001

Villegas, M. E., Aredo, V., Asevedo, K. J. E., Lourenço, R. V., Bazito, R. C., & Oliveira, A. 
L. (2020). Commercial starch behavior when impregnated with food additives by 
moderate temperature supercritical CO2 processing. Starch/Staerke, 72(11− 12), 
1–11. Doi: https://doi.org/10.1002/star.201900231.

Weidner, E. (2018). Impregnation via supercritical CO2–what we know and what we 
need to know. Journal of Supercritical Fluids, 134(December 2017), 220–227. https:// 
doi.org/10.1016/j.supflu.2017.12.024

Yokozaki, Y., Sakabe, J., Ng, B., & Shimoyama, Y. (2015). Effect of temperature, pressure 
and depressurization rate on release profile of salicylic acid from contact lenses 
prepared by supercritical carbon dioxide impregnation. Chemical Engineering 
Research and Design, 100, 89–94. https://doi.org/10.1016/j.cherd.2015.05.008

Zare Banadkouki, M. R. (2023). Selection of strategies to improve energy efficiency in 
industry: A hybrid approach using entropy weight method and fuzzy TOPSIS. Energy, 
279, Article 128070. https://doi.org/10.1016/j.energy.2023.128070

Zhu, J., Lu, Y., & He, Q. (2024). Recent advances on bioactive compounds, health 
benefits, and potential applications of jujube (Ziziphus Jujuba Mill.): A perspective of 
by-products valorization. Trends in Food Science & Technology, 145, Article 104368. 
https://doi.org/10.1016/j.tifs.2024.104368

Zou, F., & Budtova, T. (2021). Tailoring the morphology and properties of starch aerogels 
and cryogels via starch source and process parameter. Carbohydrate Polymers, 255, 
Article 117344. https://doi.org/10.1016/J.CARBPOL.2020.117344

E.J.S. de Araujo et al.                                                                                                                                                                                                                         Food Research International 214 (2025) 116637 

11 

https://doi.org/10.1016/j.ultsonch.2020.104999
https://doi.org/10.1016/j.ultsonch.2020.104999
https://doi.org/10.1016/j.ijbiomac.2019.11.070
https://doi.org/10.1016/j.supflu.2015.12.001
https://doi.org/10.1002/star.201900231
https://doi.org/10.1016/j.supflu.2017.12.024
https://doi.org/10.1016/j.supflu.2017.12.024
https://doi.org/10.1016/j.cherd.2015.05.008
https://doi.org/10.1016/j.energy.2023.128070
https://doi.org/10.1016/j.tifs.2024.104368
https://doi.org/10.1016/J.CARBPOL.2020.117344

	Supercritical fluid impregnation – An eco-friendly technique for the functionalization of bioaerogel with phenolic compound ...
	1 Introduction
	2 Materials and methods
	2.1 Materials and reagents
	2.2 Bioaerogel synthesis
	2.3 Production of the passion fruit bagasse extract
	2.4 Supercritical fluid impregnation (SFI)
	2.5 Effect of SFI parameters
	2.5.1 Effect of depressurization rate and contact time
	2.5.1.1 Total reducing capacity (TRC)
	2.5.1.2 FRAP antioxidant capacity
	2.5.1.3 ORAC antioxidant capacity

	2.5.2 Effect of the number of SFI cycles
	2.5.2.1 Quantification of piceatannol


	2.6 Physical characterization
	2.6.1 Nitrogen adsorption/desorption
	2.6.2 Field emission scanning Electron microscopy (FESEM)

	2.7 Statistical analysis

	3 Results and discussion
	3.1 Effect of depressurization rate and contact time
	3.2 Effect of the number of SFI cycles
	3.3 Physical characterization of starch and bioaerogel

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


