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Natural products are a source of a wide range of chemical compounds, from pigments to bioactive compounds,
which can be extracted and used in different applications. Due to consumer awareness, the interest in natural
compounds significantly increased in the last decades, prompting the search for more efficient and environ-
mentally friendly extraction techniques and methods. Pressurized liquids and fluids (sub and supercritical) are
being explored to extract natural compounds within the green process concept. The combination of these
techniques with ultrasound has emerged as an alternative to intensify the extraction process efficiently. In this

context, this work presents a comprehensive review and current insights into the use of high-pressure systems,
specifically supercritical fluid extraction and pressurized liquid extraction assisted by ultrasound, as emerging
technologies for extracting bioactive compounds from natural products. The extraction mechanisms, applica-
tions, and the influence of operational parameters in the process are addressed, in addition to an analysis of the
main challenges to be overcome for widespread application.

1. Introduction

Natural products have become an attractive market for food, phar-
maceutical, and cosmetic industries due to consumer awareness and
changing living habits associated with increased knowledge about the
negative impact of artificial substances on health. Furthermore, the di-
versity of chemical compounds in nature with a broad range of known
and unknown biological and technological properties have an enormous
potential to be explored. The global market for natural ingredients is
projected to grow annually at a substantial rate of 7.1% from 2019 to
2024, reaching a market value of USD 43 billion by the end of 2024 [1].

However, to fully explore their potential in different applications, it
is necessary to extract these compounds from the raw material matrix.
Conventional extraction methods, such as solvent extraction, macera-
tion, cold pressing, and hydro-distillation, are commonly used to isolate
several chemical compounds from natural matrices. Due to the
increasing energy costs, the drive to reduce environmental impacts and
greenhouse gas emissions, actors are being challenged to develop
innovative technologies to achieve legal requirements (emissions,
product safety, and control) and optimization of the industrial process
(cost reduction, increase in quality and functionality, etc.) [2]. These
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extraction processes have been classified as novel, emerging, innovative,
or non-conventional technologies and include a wide range of tech-
niques [3,4].

Ultrasound-assisted extraction, supercritical fluid extraction,
microwave-assisted extraction, high-pressure processing, pulsed electric
fields, high voltage electrical discharges are some of these techniques
that have aroused interest in recent years. The main advantages of
emerging techniques over conventional extraction methods are that, in
general, they meet the requirements of the green process concept [5].
This concept aims to avoid/minimize the use of toxic organic solvents,
reduce extraction time, process temperature, and energy consumption,
intensify the mass transfer and extraction yields, and preserve phyto-
complex integrity, especially in the presence of thermo-sensitive com-
ponents [3,6]. Besides, in many cases, these technologies are an energy-
efficient alternative since they enable maximal yields in reduced
extraction time [7].

High-pressure extraction techniques, including sub and supercritical
fluid extraction (SFE), pressurized liquid extraction (PLE), and gas-
expanded liquids extraction (GXL), among others, are increasingly
being used for the extraction of natural compounds from complex
matrices [8]. Besides of being highly efficient and selective, these
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techniques are also scalable and can be coupled to other processes
within an intensification or biorefinery strategy [9].

A very efficient, and still little explored, way of intensifying high-
pressure extraction processes is propagating ultrasound waves in the
extraction medium. Because of the numerous advantages that
ultrasound-assisted extraction offers, innovative techniques such as
ultrasound-assisted Soxhlet extraction, ultrasound-assisted Clevenger
distillation, continuous ultrasound-assisted extraction, and a combina-
tion of ultrasound with other processes such as microwave, extrusion,
and supercritical fluid extraction have been proposed in the past two
decades [2].

A quick search on the Web of Science database reveals that publi-
cations regarding extraction assisted by ultrasound (UAE) increased
exponentially in the last decade, as shown in Fig. 1. Ultrasound has also
been used to intensify high-pressure extraction techniques, although on
a much smaller scale for obvious reasons. In this article, the acronym
HP-UAE is used to refer to high-pressure techniques intensified using
ultrasound in a general way. There are successful reports for the
extraction of a series of bioactive compounds, including caffeine [10],
capsaicinoids [11,12], apigenin [13], phenolics [14,15], piceatannol
[16], among others. The use of HP-UAE is relatively recent but has
shown great potential to enhance natural product extraction with ap-
plications in many different fields.

Thus, this study tries to provide a comprehensive review and current
insights into the use of high-pressure systems, namely SFE and PLE
assisted by ultrasound, as emerging technologies for extracting bioactive
compounds from plant and animal matrices. The coupling of high-
pressure extraction techniques with the ultrasound system can be per-
formed in different ways [17]. Still, in this article, it is important to note
that the focus will be given exclusively to ultrasound-assisted processes
made in situ, which means ultrasound and SFE/PLE are used simulta-
neously in the same reactor. For these cases, the term UASFE has been
suggested for ultrasound-assisted supercritical extraction and UAPLE for
ultrasound-assisted pressurized liquid extraction. Thus, the other
coupling strategies, such as the in-line combination, for instance, US and
SFE/PLE application afterward or vice versa, will not be addressed in
this review. The extraction mechanisms, applications (mainly in the last
decade), and the main operational parameters’ influence are addressed
in this review. Additionally, we also provide a critical analysis of the
challenges to overcome the problems towards its industrial-scale
application of HP-UAE.
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Fig. 1. The number of studies published about ultrasound-assisted extraction
(UAE) and high-pressure ultrasound-assisted extraction (HP-UAE) from 2010 to
2020 (Web of Science database, November 2020). The search terms used for
UAE publications were ultrasound, bioactive, and extraction.
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2. Extraction mechanisms assisted by ultrasound

2.1. Ultrasound-assisted extraction coupled with high-pressure systems
(HP-UAE)

Ultrasound are sound waves with a frequency higher than the
audible range for humans (16-18 kHz). The higher frequency limit is 5
MHz for propagation in gas and 500 MHz for liquid and solids [18]. The
fundamental mechanism of ultrasound is based on the transformation of
electric to mechanical energy through transducers, promoting a me-
chanical vibration in high frequency (>20 kHz). The application of ul-
trasound in liquids may cause acoustic streaming and, if the liquid
medium is composed of gas nuclei, they can be submitted to compres-
sion/rarefaction cycles and collapse. The microbubbles’ collapse is
defined as “acoustic cavitation” and can take place either symmetrically
or asymmetrically. When the collapse is symmetric, shock waves pro-
mote agitation and energy transfer to the medium, facilitating the
disruption of the intermolecular interactions of the target compounds
with the matrix (e.g., carbohydrates, lipids, proteins). In contrast, the
asymmetrical collapse may create microjets, capable of damaging or
rupturing cell walls [19]. Additionally, cavitation can be “stable” or
“transient”. For stable cavitation, the bubbles are formed at higher ul-
trasound frequencies (>hundreds kHz) without creating a substantial
collapse; meanwhile, the transient cavitation takes place at lower fre-
quencies (<hundreds kHz), promoting a violent bubble collapse [20].

Cavitational effects induced by ultrasound are the main causes for
the increment of heat and mass transfer in liquids; meanwhile, vibration
and acoustic streaming are the main causes for that increment in a
gaseous environment [21,22]. The power of ultrasound waves may
promote the dissipation of the mechanical energy causing a “heating
effect” of the ultrasonic system, consequently increasing the diffusivity
effects in solid medium. Another effect caused by ultrasound waves is
the “sponge effect”, which may appear due to the alternative compres-
sions/expansions of the tissue matrix. In this case, the liquid located at
the inner part of the particle is released to the solid surface generating a
surface tension strong enough to keep the water molecules inside the
material’s capillarities, creating microscopic channels that facilitate the
mass transfer [23].

An additional consequence of the acoustic cavitation is related to the
cell and tissue disruption, which may enhance the mass transfer phe-
nomena due to the release of the particles from the vegetable matrices’
cell wall, increasing the solute-solvent contact. Moreover, the formation
of cavities and microchannels have also been attributed as the main
reasons for the rise of the mass transfer phenomena in food processing
assisted by ultrasound [24-26].

Furthermore, the use of power ultrasound represents an effective
manner of enhancing mass transfer processes due to the production of
small-scale agitation in SFE processes. High-intensity ultrasound is
probably the only manner to generate agitation in SFE because of the
restriction in using mechanical stirrers in such a system [27].

When passing through the medium, mechanical energy can be
dissipated through absorption, scattering, and reflection. The absorption
of ultrasonic waves by the material converts mechanical energy into
heat by the particles’ friction. The ultrasonic energy may decrease due to
the particles’ oscillation (scattering); On the other hand, the dissipation
of energy may also occur because of the interference between incident
and reflected waves (reflection) [20].

The physical effects on the matrix caused by the application of ul-
trasound in the extraction medium will depend on several factors. Some
studies proposed evaluating the cavitational effects on the vegetable
matrices using field emission scanning microscopy (FESEM). Illustra-
tively, cell wall disruption was observed by Balachandran et al. [28]
when using FESEM to evaluate the vegetable matrix after supercritical
fluid extraction assisted by ultrasound (UASFE) of gingerols from ginger,
as shown in Fig. 2.

In this case, the formation of air pockets trapped inside the pores of
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Fig. 2. FESEM pictures of ginger particles. (A) Experiments without the influ-
ence of ultrasound, (B) experiments with ultrasound [28]. Reproduced with
permission from Elsevier.

the ginger particles could expand, and therefore damaging the cell walls.
Also, Barrales et al. [29] observed through FESEM that the mechanical
vibration caused by the ultrasound was capable of releasing a significant
amount of material from inside the seed particles of Passiflora edulis sp.
to the vegetable surface. However, in some reports, the use of ultrasound
did not produce any surface crack or damage on the matrix, despite the
higher extraction yields [11,30].

The use of ultrasound for longer extraction times can naturally in-
crease the internal temperature of the extraction vessel. Consequently,
the solutes’ solubility may increase, reducing the viscosity and
increasing the solvent’s diffusivity. Nevertheless, the effects of the main
operational parameters (e.g., pressure, temperature, particle size, ul-
trasound power, time, among others) need to be carefully studied when
a high-pressure-ultrasound system is being used. Moreover, the
complexity of the bioactive compounds present in natural products must
be considered when evaluating a coupled process. Fig. 3 presents a
schematic diagram of the interaction between ultrasound with the main
physical and medium parameters and the cavitational effects on the
sample matrix’s surface. In the following section, the techniques UASFE
and UAPLE for the recovery of bioactive from plant matrices will be
presented and the effects of the main physical and environmental pa-
rameters will be discussed.

2.2. Extraction with supercritical fluids and pressurized liquids assisted by
ultrasound

Supercritical fluid extraction is emerging as one of the most exciting
alternatives for extracting natural products due to its efficiency and
green appeal. A supercritical fluid is any substance maintained above its
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critical pressure and temperature, where it has a mix of properties be-
tween liquid and gas. Carbon dioxide is the most used supercritical fluid
due to its advantageous properties (low critical points, toxicity, cost,
among others.). By adjusting temperature and pressure, it is possible to
manipulate the fluid’s density and viscosity, determining the solvent
power of supercritical CO2. SFE using CO2 is relatively widespread, but
UASEFE has been increasingly used to extract natural products.

However, SFE alone is a complex and challenging technique. When
the US is combined with a supercritical fluid, it further increases the
extraction process’s complexity since several interactions exist between
operational variables [17,33]. The study of the main parameters influ-
encing the UASFE processes is essential to maximizing the extraction at
reduced solvent consumption and energy costs. There are several ap-
plications of UASFE for the extraction of bioactive compounds in the
literature. A compilation of the available reports and conditions used is
presented in Table 1.

The application of ultrasound in extraction processes with pressur-
ized liquids has been relatively little explored. Although there are some
apparent similarities between PLE and SFE, many questions regarding
the influence of process parameters such as ultrasound power and fre-
quency, pressure, temperature, particle size, type of solvent, experi-
mental apparatus, among others, have not yet been thoroughly
elucidated.

However, it should be noted that the extraction process with pres-
surized liquids assisted by ultrasound is complex from a phenomeno-
logical point of view, in which different mechanisms of mass and energy
transfer co-occur and interact with each other. Additionally, the ultra-
sound application affects the sample matrix by various means, such as
erosion, sonoporation, shear forces, fragmentation, capillary effect, and
detexturation, possibly sequentially [2], further increasing the
complexity of the extraction process. Thus, understanding the individual
and combined impact of process variables is still a great challenge for
scientists and engineers, as we will see below. Table 2 shows the studies
regarding applying pressurized liquids solvents for extraction assisted by
ultrasound of bioactive compounds published in the last decades.

2.2.1. Physical parameters

In the UASFE and UAPLE processes, physical parameters are related
to the variables that directly influence the cavitational bubbles’ forma-
tion, including the ultrasound power, shape, and dimensions of the ul-
trasonic vibrating element (probe or bath).

2.2.1.1. Experimental apparatus. According to Table 1, the most
commonly used ultrasound types of equipment for UASFE are the ul-
trasonic water bath (US bath) and the ultrasonic probe (US probe).
Among the main advantages of US bath are its low cost, easy mainte-
nance, and the use of many samples to be extracted simultaneously [2].
However, the ultrasonic waves’ distribution is less homogeneous and
disperse in a bath apparatus, resulting in a lower ultrasonic intensity
(0.1-1 W/cm?) than that of the US probe, which concentrates the energy
on a small area [35].

Balachandran et al. [28] extracted gingerols from ginger using a 150
mL stainless steel extractor coupled to a 20 kHz ultrasonic transducer
and an ultrasound power of 300 W. The extractor was immersed in a US
bath and connected to an online UV-vis spectrophotometer; meanwhile,
the system was pressurized with liquid CO, through a syringe pump.
Yang et al. [36] used a semi-continuous flow high-pressure system to
extract oleanolic and ursolic acids from Scutellaria barbata D. Don. The
system was composed of a 43 mL stainless steel tubular extractor
immersed in a US bath working at a frequency of 40 kHz and at ultra-
sound power of 185 W. A specific amount of glass wool was added at
both ends of the extractor to avoid blocking the pipelines. Pressurized
CO3 and ethanol were mixed before entering the extractor through sy-
ringe pumps. The schematic diagram is shown in Fig. 4. The same
apparatus was employed to recover oleanoic and ursolic acids from
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Fig. 3. Schematic diagram of physical and medium parameters interaction during the high-pressure extraction process assisted by ultrasound. Adapted from Radziuk
and Mohwald [20], Seah and Teo [31], and Kim et al. [32].* *Reproduced with permission from Royal Society of Chemistry. Chan Kim Y, Min H, Yu J, et al. Forced
infiltration of silica beads into densely-packed glass fiber beds for thin composite laminates. RSC Adv. 2016; 6(94):91341-91348.17.

Hedyotis corymbose [13], Hedyotis diffusa and Hedyotis corymbosa
[13,37,38], apigenin [39], and flavonoids from Scutellaria barbata D.
Don [40]. A similar system was used by Liu et al. [41] to obtain extracts
of Cucurbitacin E (CuE) oil from Iberis amara seeds. The authors used a
30 mL stainless steel tubular extractor immersed in a US bath, operating
at a frequency of 300 kHz and ultrasound power from 50 to 250 W.
There are also reports of direct systems, where the ultrasound probe
is in contact with the sample. It must have a minimum space between the
probe and the vessel to avoid any damage to the vessel’s wall and
minimize the loss of ultrasonic intensity. The system can be divided into
three different parts: i) the transducer; ii) the amplifier, and; iii) the
probe [42]. The piezoelectric transducer is the most used for the
extraction of bioactive compounds from natural products. This material
converts electrical to sound energy, producing ultrasound power.
Among the main advantages, we can mention its lower cost and smaller
size [43]. Titanium is the most common material used in US probes
because of its resistance to corrosion and higher temperatures. However,
the probe’s tip’s possible erosion is a shortcoming to be considered [44].
A system composed of a piezoelectric transducer coupled to a 13 mm
diameter titanium probe was applied to extract capsaicinoids from
malagueta (Capsicum frutescens L.) [12] and dedo de moca (Capsicum
baccatum L. var. pendulum) [11] peppers, anthocyanins from Blackberry
(Rubus sp.) industrial residues [30], tocopherol and tocotrienols from

Passiflora edulis sp by-products [29], and antioxidants from rice bran oil
(Oryza sativa L.) [45]. The frequency used in these reports was 20 kHz
using a 300 mL cylindrical stainless steel extractor cell in which the US
probe was in direct contact with the samples. The extraction bed was
formed by a glass wool layer and a filter in both extremities of the cell to
avoid blocking of the extraction line, and two layers of glass beads to
complete the volume of the cell, as shown in Fig. 5.

The use of extractor vessels of different sizes was also employed to
extract bioactive compounds through an US probe using the piezoelec-
tric transducer. Riera et al. [46] used a 5 L capacity vessel to recover oil
fraction from almonds (Prunus amygdalus), Hu et al. [47] and Gao et al.
[48] worked with a 1 L capacity vessel to extract coixenolide from adlay
seed (Coix lachrymal-jobi L. var. Adlay) and lutein esters from marigold
(Tagetes erecta L.), respectively. When choosing the extraction cell di-
mensions, one may consider the possible losses of ultrasonic intensities
with the size of the extractor, which means a less homogeneous ultra-
sonic wave distribution.

Santos-Zea et al. [49] evaluated the effects of four different trans-
ducers, namely T1 (short rod-shaped head mass), T2 (long rod-shaped
head mass), T3 (stepped circular head mass), and T4 (multiplate circu-
lar head mass) in the UASFE of bioactive compounds from oregano. The
authors observed that transducer T4 provided the highest recovery of
phenolics and antioxidants due to its higher surface area design,
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Table 1
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Reports regarding the application of supercritical fluids for extraction assisted by ultrasound (UASFE) of bioactive compounds.

Scale

Matrix

Extract

Device

Condition

Ref.

Pilot plant

Bench
system

Pilot plant

Pilot plant

Pilot plant

Pilot plant

Bench
system

Pilot plant

Pilot plant

Almonds (Prunus
amygdalus)

Ginger (Zingiber
officinale)

Adlay seed (Coix
lachrymal-jobi L. var.
Adlay)

Marigold (Tagetes erecta
L)

Green tea

Almonds and cocoa cake

Scutellaria barbata D.

Don

Raw cocoa beans

Blackberry (Rubus sp.)
industrial residues

Oil fraction

Gingerols

0Oil and coixenolide

Lutein esters

Caffeine

0Oil fraction

Oleanolic acid (OA) and

ursolic acid (UA)

Cocoa butter

Anthocyanins, and
phenolic compounds

US probe

US water bath

US probe

US probe

US probe

US probe

US water bath

US probe

US probe

US power: 100 W

Frequency: 20 kHz

Solvent: CO,

Sample mass: 1500 g

CO, flow rate: 20 kg/h

Pressure: 28 MPa

Temperature: 55 °C

Time: 510 min

US power: 300 W

Frequency: 20 kHz

Solvent: CO,

Pressure: 16 MPa

Temperature: 40 °C

Time: ~ 380 min

US power: 0, 50, 91, 97 W and 110 W
Frequency: 20 kHz

Solvent: CO,

Sample mass: 100 g

CO, flow rate: 1.5-4 L/h
Pressure: 10-30 MPa
Temperature: 30-55 °C

Time: up to 4.5 h

US power: 100 to 400 W
Frequency: 25 to 33 kHz

US irradiation time: 3 to 9 s (9 s interval)
Solvent: CO,

Sample mass:100 g

CO, flow rate: 5-10 kg/h
Particle size: 0.198-0.245 to
0.350-0.833 mm

Pressure: 17.5-32.5 MPa
Temperature: 35-55 °C

US power: 0-150 W

Frequency: 20 kHz

Solvent: CO,

Sample mass: 40 g

CO, flow rate: 5 L/h

Moisture: 0-40%

Pressure: 15-32 MPa
Temperature: 45-65 °C

Time: 30-600 min

US power: 85 WFrequency: 19
kHzSolvent: CO,CO,, flow rate: 10-15
kg/h (almond)

Sample mass: 1500 g

Pressure: 20-32 MPa (almond)
Temperature: 45-60 °C (almond)
Time: 3.5-4 h

Two-steps extraction

1 step (15 min fixed): US-assisted static
extraction

Frequency: 40 kHz

US power: 185 W

2 step: sc-CO4 extraction
Solvent: CO, + modifier (ethanol and
water)

Water content in ethanol modifier:
60-100%

% modifier: 0-16.7%

Particle size: <0.21 to 0.925 mm
CO;, flow rate: 0.7 to 2.5 mL/min
Sample mass: 5 g

Temperature: 35-75 °C

Time: 10-100 min

US power: 58 W

Solvent: CO,

CO;, flow rate: 0.39 L/h

Sample mass: 30 g

Frequency: 30 kHz

Pressure: 40 and 55 MPa
Temperature: 40 °C

Time: 30-360 min

US power: 0, 200 and 400 W
Solvent: CO, and CO5 + modifier

[22]

[18]

[23]

[24]

[25]

[26]

[27]

[17]

(continued on next page)
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Table 1 (continued)
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Scale Matrix

Extract

Device

Condition Ref.

Bench Syzygium aromaticum
system flower bud (clove)

Bench Hedyotis corymbosa
system

Bench Hedyotis diffusa and
system Hedyotis corymbosa

Pilot plant Capsicum frutescens L.

Pilot plant Passiflora edulis sp by-
products

Bench Hedyotis corymbosa
system

Eugenol, beta-
caryophyllene, eugenyl
acetate and alfa-humulene

Oleanolic acid (OA) and
ursolic acid (UA)

Oleanolic acid (OA) and
ursolic acid (UA)

Capsaicinoids

Fatty acids, tocopherol and
tocotrienol

Oleanolic acid (OA) and
ursolic acid (UA)

US water bath

US water bath

US water bath

US probe

US probe

US water bath

(ethanol and water)

Sample mass: 5 g

Pressure: 15, 20 and 25 MPa
Temperature: 40, 50 and 60 °C

Time: 120 min (SFE without modifier)
and 54-57 min (SFE with modifier)

S/F: 400 kg solvent/kg feed

Two-steps extraction [28]
1 step (35 min fixed): US-assisted static
extraction

Frequency: 40 kHz

US power: 185 W

2 step: sc-CO,, extraction

Solvent: CO4

Particle size: <0.21 to 0.925 mm

CO,, flow rate: 0.4 to 1.8 g/min

Sample mass: 5 g

emperature: 30, 40 and 50 °C

Pressure: 10, 15 and 20 MPa

Time: 5-30 min

Two-steps extraction [10]
1 step (15 min fixed): US-assisted static
extraction

Frequency: 40 kHz

US power: 185 W

2 step: sc-CO,, extraction

Solvent: CO, + ethanol/water (80/20 v/
v)

% modifier:12.5 (v/v)CO, flow rate: 2.2
mL/min

Sample mass: 5 g

Pressure: 11-32 MPa

Temperature: 33-68 °CTime: up to 155
min

Two-steps extraction [29]
1 step (15 min fixed): US-assisted static
extraction

Frequency: 40 kHz

US power: 185 W

2 step: sc-CO, extraction

Solvent: CO, + ethanol/water
(70-100%)

% modifier: 0-15% (v/v)

CO,, flow rate: 0.6-2.5 mL/min

Sample mass: 5 g

Pressure: 10.4-30 MPa

Temperature: 30-70 °C

Time: 10-145 min

US power: 200-360 W [9]
Frequency: 20 kHz

Solvent: CO4

S/F: 600 kg COo/kg feed

Pressure: 15 MPa

Temperature: 40 °C

Time: 60-240 min

S/F: 600 + 2 kg COo/kg feed

US power: 0-640 W [19]
Frequency: 20 kHz

Solvent: CO,Sample mass: 5 g

S/F: 210 CO4/kg feed

Pressure: 16 and 26 MPa

Temperature: 40 °C

Time: 20 min (static) and 100 min
(dynamic)

Two-steps extraction [30]
1 step: Static extraction

Time: 15 min (US assisted) and

30 min (without US)

2 step: Dynamic extraction

Frequency: 40 kHz

US power: 185 W

Solvent: CO, + ethanol/water (70-90%)
O, flow rate: 0.162 L/h

Sample mass: 5 g

% modifier: 0-15

w/v)

(continued on next page)
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Table 1 (continued)
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Scale Matrix Extract Device Condition Ref.
Pressure: 10-31.5 MPa
Temperature: 32-64 °C
Time: 10 to 150 min

Pilot plant Dedo de moca pepper Phenolics, antioxidantsand ~ US probe US power: 200-600 W [31]

Semi-batch

Pilot plant

Pilot plant

Pilot plant

Pilot plant

Pilot plant

Pilot plant

(Capsicum baccatum L.
var. pendulum)

Clove buds (Syzygium
aromaticum (L.) Merr. &
Perry)

Cumbaru oil (Dipteryx
alata Vogel)

Curcumin from turmeric

(Curcuma longa L.)

Hedyotis corymbosa

Oleaginous yeast
(Candida sp. LEB-M3)

Oregano

Rice bran oil (Oryza
sativa L.)

capsaicinoids

Clove oil and a-humulene

Fatty acids methyl esters
(FAME)

Curcumin

Oleanolic acid (OA) and
ursolic acid (UA)

Fatty acids methyl esters
(FAME)

Phenolics and antioxidants

Antioxidants

US water bath

US probe

US water bath

US water bath

US probe

Transducer 1: short rod-shaped head mass;
Transducer 2: long rod-shaped head mass;
Transducer 3: stepped circular head mass;
Transducer 4: multiplate circular head mass

US probe

Frequency: 20 kHz

Solvent: CO,

Sample mass: 5 g

Pressure: 15-25 MPa

Temperature: 40 °C

Extraction time: 120 min

US Time: 40-80 min

CO,, flow rate: 1.77 x 10 kg/s

S/F: 484 + 20 kg COo/kg feed

US power: 185 W [32]
Frequency: 40 kHz

Solvent: CO,

Sample mass: 20 g

Pressure: 9-25 MPa

Temperature: 32-50 °C

US Time: 115 min (75% duty cycle)
CO,, flow rate: 0.084 kg/h

US power: 360 W [33]
Frequency: 20 kHz

Solvent: CO,

Sample mass: 3 g

Pressure: 15-35 Pa

Temperature: 40-60 °C

US Time: 360 min

CO, flow rate: 0.6876 kg/h

S/F: 456 + 11 kg COy/kg feed

US power: 600 W [34]
Frequency: 45 kHz

Solvents: CO, and ethanol (10-20% v/v)
Sample mass: 1 g

Pressure: 15-25 MPa

Temperature: 40-60 °C

US Time: 30-120 minCO,, flow rate: 1.2 —
2.4L/h

US power: 185 W [35]
Frequency: 40 kHz

Solvents: CO, and ethanol% (modifier
11.0% (v/v) (UASFE) and 14.5% (v/v)
(SFE) ethanol-water mixture (80%, v/
v))

Sample mass: 5 g

Pressure: 10-31.5 MPa

Temperature: 32-53 °C

Static time: 15 min (UASFE) and 30 min
(SFE)

Dynamic time: 80 min (UASFE) and 150
min (SFE)

CO, + aqueous ethanol flow rate: 2.1
mL/min (UASFE) and 2.7 mL/min (SFE)
US power: 800 W [36]
Frequency: 20 kHz

Solvent: CO,

Sample mass: 3 g

Pressure: 15-25 MPa

Temperature: 40-50 °C

Extraction time: 180 min

US Time: 60 min

CO,, flow rate: 2.51 x 10~* kg/s

S/F: 820-904 kg/kg

US power: 60 W [37]1
Frequency: 30 kHz

Solvents: CO, and ethanol

Sample mass: 5.5 + 0.5 g

Pressure: 35 MPa

Temperature: 35 °C

Extraction time: 15-60 min

US Time: 15-60 min

CO, flow rate: 1.0 + 0.1 kg/h

Ethanol flow rate: 0.5 mL/min

US power: 160-320 W [38]
Frequency: 20 kHz

Solvent: CO,

(continued on next page)
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Table 1 (continued)
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Scale Matrix Extract Device

Condition Ref.

Batch Scutellaria barbata D.
system Don

Apigenin

Pilot plant Agave (A. salmiana)

bagasse

Antioxidants and saponins

Semibatch Scutellaria barbata D. Flavonoids US water bath
system Don
Pilot plant Cucurbitacin E (CuE) CuE oil US water bath

from Iberisamara seeds

US water bath

Cylindrical head-mass transducer (T,) and
multiplate head-mass transducer (Tp)

Sample mass: 20 g

Pressure: 25 MPa

Temperature: 40 °C

Extraction time: 120 min

US Time: 40-120 min

COx, flow rate: 14.82 g CO2/min

US power: 185 W [39]
Frequency: 40 kHz

Solvents: CO, and ethanol

Sample mass: 20 gPressure: 12.5-30 MPa
Temperature: 32-64 °C

Extraction time: 15 min (static) + 5-280
min (dynamic)

US Time: 15 min

CO,, flow rate: 0.17-0.83 g/min
Cosolvent: 11.6% (v/v) aqueous ethanol
(80%, v/Vv)

75% ultrasonic duty cycle

US power: 60 W [40]
Frequency: 30 kHz

Solvents: CO, and ethanol

Sample mass: 5 and 10 g

Ethanol: 5.0-10.0% (v/v)

Pressure: 15-45 MPa

Temperature: 40-60 °C

Extraction time: 60 min

US Time: 60 min

CO,, flow rate: 1.0 £+ 0.1 kg/h

Mass load: 0.043 and 0.086 g/cm®

US power: 185 W [41]
Frequency: 40 kHz

Solvents: CO,, ethanol, water

Sample mass: 20 g

Pressure: 10.5-31.5 MPa

Temperature: 33-62 °C

Extraction time: 15-30 min (static) +
5-240 min (dynamic)

US Time: 90 min

O, flow rate: 0.27-0.85 g/min
Cosolvent: ethanol/water = 75/

25, v/v (0-14.5%)

75% ultrasonic duty cycle

US power: 50-250 WFrequency: 40 kHz [42]
Solvents: CO5 and ethanol (3-1v%)
Sample mass: 4 g

Pressure: 10-30 MPa

Temperature: 40-60 °C

Extraction time: 15 min (static) +
20-100 min (dynamic)

CO, flow rate: 1-3 mL/min

promoting the solvent’s turbulence and therefore enhancing the sol-
ute-solvent contact. Santos-Zea et al. [50] applied two different trans-
ducers namely Ty (cylindrical head-mass transducer) and Ty (multiplate
head-mass transducer), to extract antioxidants and saponins from agave
(A. salmiana) bagasse. In this study, T was a better transducer to remove
the target compounds due to higher energy transmitted and a more
effective distribution of the acoustic field to the samples.

In general, the greatest challenge of any ultrasound-assisted system is
the extraction cell design, and the associated loss of ultrasonic power. In
the bath’s case, the thick walls of the extraction cell needs to withstand
the pressure attenuate the ultrasonic waves from the transducers
reducing the power effectively reaching the extraction medium. More-
over, for ultrasonic baths, the vibration has to cross the thick walls of the
pressurized vessel. In contrast, the ultrasonic probe can be introduced in
the pressurized vessel being in direct contact with the sample. Besides,
for ultrasonic probes, the ultrasound energy is generated from the inside.
However, the probe design and how the extraction cell is connected to
the probe can cause loss, or dissipation of power, in the transmission
process between the transducer and the probe’s tip. Additionally, all the
energy is concentrated at the tip, and as the depth of the sample in the

extraction cell increases, less energy reaches the sample, imposing limits
to the extraction cell dimensions.

It is worth mentioning that ultrasound at low-frequencies (20-100
kHz) and high acoustic power has been widely applied in food pro-
cessing technologies [51-53]. However, the design of the ultrasound
vessels is still a challenge when the scale-up of the process is aimed,
mainly due to the complexity of the cavitational system and the un-
derstanding of its relation to other physical phenomena. The frequency
of the ultrasonic waves is of significant importance affecting the number
and size of the produced bubbles. Lower frequencies may induce the
formation of fewer and larger bubbles, gathering more energy and
forming micro-jets after their implosion. On the contrary, more and
smaller bubbles are formed when higher frequencies are applied, gath-
ering less energy [54,55].

Moreover, the ultrasound efficiency is depended on other parame-
ters, such as pressure, temperature, generator capacity, shape, size, and
material of the transducer. In most cases, the amount of electrical energy
supplied to the equipment is the only information provided regarding
the ultrasound equipment’s operation. Thus, the acoustic fields’ char-
acterization is not an easy task when assembling a new ultrasound vessel
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Table 2
Reports dealing with pressurized liquid solvents assisted by ultrasound for the extraction of bioactive compounds.

Ultrasonics Sonochemistry 74 (2021) 105584

Technique Scale Matrix Extract Device

Condition

Ref.

MP-UAE! Bench Dry tomato pomace Carotenoids US probe
system

PHP-UAE> Bench Mate leaves (Ilex Solid extracted material Cylinder-piston system
system paraguariensi) immersed in a US water
bath

HP-UAE® Bench Ligusticum chuanxiong Ferulic acid, senkyunolide I, senkyunolide H, US water bath
system rhizome senkyunolide A, ligustilide and levistolide A

HP-UAE® Bench Ligusticum chuanxiong Polysaccharides US water bath
system

UAPLE* Bench Pomegranate (Punica Phenolics US probe
system granatum L.) peels.

UAPLE- Pilot Pomegranate peel Phenolics US probe
expanded plant (Punica granatum L.)
gas

HP-UAE® Bench Hovenia dulcis Antioxidants, sugar content, uronic acid and US probe
system polyssacharides (HDPS) protein content

Frequency: 20 kHz

Amplitude: 58 to 94 um

US power: ~ 60-125 W
Particle diameter: 4 = 1 mm
Pressure: 0-100 kPa

Solvent: hexane and etanol (1:1)
S/F: 33.33 (mL solvent/g sample)
Temperature: 25, 35 e 45 °C
Extraction time: up to 10 min
Frequency: 47 kHz

Amplitude: not specified

US power: not specified

Particle diameter: 1.13x10°>
mPressure: 135.3, 202.9, 270.5
and 338.2 kPa

Solvent: water

S/F: 20 (mL solvent/ g sample)
Temperature: 16.5 °C
Extraction time: 7 h

Time step: 20 min (pulsed
pressure) and 60 min (constant
pressure)

Frequency: 40 kHz

Amplitude: not specified

US power: 75-250 W

Particle diameter: 20 mesh
(0.841 mm) to 100 mesh (0.149
mm)

Pressure: 0.05-10 MPa

Solvent: ethanol and methanol in
water

Temperature: 20-70 °C
Extraction time: 30-90 min
S/F: 20-200 (mL solvent/g
sample)

Frequency: not specified
Amplitude: not specified

US power: 175-200 W

Particle diameter: not specified
Pressure: 10 MPa

Solvent: water

S/F: 100 (mL solvent/ g sample)
Temperature: 70-90 °C
Extraction time: 20-30 min
S/F: 200 mL/g

Frequency: 19 kHz

Amplitude: not specified

US power: 0-800 W (generator)
or 0-38.5 W (tip of the probe)
Particle size: 0.68 and 1.05 mm
Pressure: 10 MPa

Solvent: water, ethanol + water
(30, 50, 70% (v/v))

S/F: 20 (mL solvent/g sample)
Temperature: 50-100 °C
Extraction time: 10 min
Number of cycles: 1-5
Frequency: 19 kHz

Amplitude: not specified

US power: 0-600 W (generator)
or 0-28.9 W (tip of the probe)
Particle size: 0.5-1.0 mm and >
1.0 mm

N initial pressure: 0 to 1.5 MPa
System pressure: 0 to 3.0 MPa
Solvent: water

S/F: 20 (mL solvent/g sample)
Temperature: 40 °C

Extraction time: 20 min
Number of cycles: 1-3 and 1-5
Frequency: 40 kHz

Amplitude: not specified

US power: 120-420 W

Particle size: 0.250 mm

[49]

[50]

[51]

[52]

[11]

[12]

(continued on next page)
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Table 2 (continued)

Technique Scale Matrix Extract Device Condition Ref.

Pressure: 5 MPa
Solvent: water and nitrogen
S/F:10-35 (mL solvent/g sample)
Temperature: 30-80 °C
Extraction time: 5-50 min
HP-UAE® Bench Mentha haplocalyx AntioxidantsSugar content, uronic acid and US probe US power: 250-350 W [54]
system polysaccharides (MHP) protein content Frequency: 40 kHz
Solvent: water and nitrogen
S/F: 20 - 30 (mL solvent/g
sample)Pressure: 10 MPa
Temperature: 60-80 °C
Extraction time: 20-40 min
US Time: 20-40 min
UAPLE* Pilot Defatted passion fruit Phenolics and piceatannolAntioxidants and US probe Frequency: 20 kHz [13]
plant bagasse (DPFB) sugar Amplitude: not specified
US power: 240, 440 and 640 W
Particle size: 0.086 + 0.01 mm
Pressure: 10.0 + 0.5 MPa
Solvents: ethanol and water at
75% (w/w)
S/F: 300 (g solvent/g sample)
Temperature: 65 °C (without US)
and 71-77 °C (with US)
Extraction time: 300 min
Solvent flow rate: 5.0 g/min
MTS® Bench Pomegranate peels Phenolics US probe Frequency: 20 kHz [55
system Amplitude: 100% 34]
Pressure: 100, 300, and 500 kPa
Solvent: 30% Ethanol
S/F: 50 (ml solvent/g sample)
Temperature: 25, 35, and 50 °C
Extraction time: 15 s (0.25 min)
to 300 s (5 min)

MP-UAE': manosonication, PHP-UAE?: pulsed hydrostatic pressure ultrasound assisted extraction, HP-UAE®: high-pressure ultrasonic-assisted extraction, UAPLE*:
pressurized liquid extraction assisted by ultrasound, MTS®: manothermosonication.

Modifier

@

COz Metering valve
Controller HC E

3-way ball valve

By-pass

%BR

Water bath

@

Iﬁl MV2

Float flowmeter

Flexible electric

heating tape

Drum-type gas meters

Trap Trap

Fig. 4. Schematic diagram of supercritical CO, extraction apparatus. V1, V2, V3, V4: stopping valve (on-off valve); HPA, HPB: syringe pump; M: mixer; CB: cir-
culation bath; CH: circulating heater; MV1, MV2: micro-metering valve; HC: heating coil; E: extraction vessel; PG: pressure gauge; BR: backpressure regulator; T:
thermocouple; TM: mercury-in-glass thermometer. Reproduced from Yang et al. [36] with permission from Elsevier.

[49]. transmitted into the medium when extracting antioxidants from
Santos-Zea et al. [49] reported the importance of an adequate choice oregano. Entezari, Pétrier, and Devidal [56] studied the phenol degra-
of the transducer geometry to maximize the amount of energy dation, reporting that a cylindrical stainless-steel tube reactor was more

10
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Fig. 5. Diagram of the extraction bed used in UASFE composed by two layers of
glass wool, two layers of glass spheres and a layer of the raw material. Adapted
from Santos et al. [12]. Reproduced with permission from Elsevier.

effective than other conventional reactors due to the higher surface area
of the sonicator, the reactor’s geometry, and the uniformity of the
acoustic field. In a similar trend, Faid et al. [57] evaluated the mass
transfer coefficients of radial and axial profiles for horn, cup horn, and a
tube emitter. The authors observed that for horn and cup horn, the
maximum mass transfer coefficient was reached on the axis of the ul-
trasonic beam but decreased abruptly on each side. On the contrary, the
tube emitter showed a good radial homogeneity for both the tube wall
and along the axis.

The ultrasound-assisted extraction process using pressurized solvents
is extraordinarily versatile and can be conducted in various ways. The
literature reports different equipment, which gives particular charac-
teristics for each extraction process. Among the different configurations
used, it is worth mentioning the systems similar to those used in UASFE
in concept, using baths and probes to propagate ultrasound waves in the
extraction medium.

A few examples are using ultrasound bath-based systems. Kotovicz
et al. [58] studied the pulsed hydrostatic pressure and ultrasound-
assisted extraction of soluble matter from mate leaves. The equipment
consisted of an extraction chamber containing a sample wrapped in filter
paper and the extraction solvent. The vessel was sealed at the upper end
with an internal piston mechanically moved up to a fixed position. The
extraction vessel fed with the solid-solvent mixture was accommodated
in an ultrasonic bath operated at a frequency of 47 kHz. This configu-
ration, presented in Fig. 6a, allowed the authors to perform ultrasonic
extraction experiments assisted and non-assisted by pulsed hydrostatic
pressure at different pressures and fixed temperature. Liu et al. [59,60]
used high-pressure extraction vessels containing the sample and solvent
to perform a high-pressure ultrasonic-assisted extraction. The system
was pressurized and partially immersed in the ultrasonic bath to proceed
with the extraction process. This configuration allowed the authors to
evaluate the effect of ultrasound power and temperature on the
extraction of bioactive compounds of interest.

On the other hand, ultrasound probe-based systems showed great
versatility and, consequently, more possibilities to evaluate the high-
pressure extraction process assisted by ultrasound. Luengo et al. [61]
performed the extraction of carotenoids from tomato waste in a pres-
surized nitrogen extraction chamber equipped with a sonication horn
connected to an ultrasonic generator. The sample and the extraction
solvent were inserted into the extraction chamber; the mixture was then
pressurized with nitrogen until constant pressure and later submitted to
ultrasound waves. This process was called manisonication.
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Sumere et al. [14] and Santos et al. [15] performed extractions
combining pressurized liquids with ultrasound in a device called
EXTRACT-US. The system consists of an ultrasound probe coupled to an
extraction cell, and HPLC pumps to pressurize the solvents. It is also
equipped with a chromatographic column and a UV-VIS detector to
analyze the extracts. A schematic diagram of the Integrated EXTRACT-
US system is shown in Fig. 6b. With this system, it was possible to
evaluate the influence of parameters such as pressure, temperature, ul-
trasound power, and the number of extraction cycles. Additionally, in
the experiments carried out by Santos et al. [15], a differential was the
use of expansion gas in high-pressure water to maximize the cavitation
caused by the application of ultrasound to improve the extraction.

Yang et al. [62] and Chen et al. [63] employed a high-pressure ul-
trasonic extraction system composed basically of a high-pressure nitro-
gen gas bottle, an ultrasonic generator, and a high-pressure extraction
reaction kettle coupled to an ultrasonic horn. With this system, the au-
thors evaluated the influence of process parameters such as ultrasound
power, solvent composition, temperature, and extraction time.

Vigané et al. [16] used the dynamic PLE method to study process
variables’ effect on extracting bioactive compounds from passion fruit
bagasse (Passiflora edulis sp.). The experiments were carried out in an
extraction unit composed of an extraction cell coupled to an ultrasound
probe and an HPLC pump that pumped a pressurized solvent with the
continuous flow throughout the extraction. The authors evaluated the
influence of temperature and ultrasound power on extraction yields.

2.2.1.2. Ultrasound power. Balachandran et al. [28] reported that ul-
trasound in SFE processes might induce cracks or disruption of the
vegetable matrices’ cell walls, favoring the release of compounds the
medium. The rupture can enhance solvation power due to the rise in the
solute-solvent interaction. Soares et al. [45] evaluated the effects of
ultrasound power (160-320 W) for different ultrasound times (40-120
min) in the extraction of antioxidants from rice bran (Oryza sativa L.) oil.
The authors noticed that at fixed extraction time (40 min), the highest
extraction yield was obtained at 160 W. In contrast, the lowest yield was
achieved at 320 W. Barrales et al. [29] studied the effects of different
ultrasound power (0-640 W) on the recovery of fatty acids, tocopherols,
and tocotrienols from Passiflora edulis sp. The authors observed that
higher ultrasound power reduced the extraction of the target com-
pounds. In a similar trend, Dias et al. [11] noticed that an increment in
the ultrasound power from 200 to 600 W at the highest pressure tested
(25 MPa) reduced the extraction yield at the beginning of the extraction
kinetic (CER step). The authors reported that higher ultrasound powers
and pressures might have caused the compression of the extraction bed,
obstructing the solvent’s flow or reducing the sample-solvent contact. In
contrast, Redtegui et al. [30] observed that the highest ultrasound power
(400 W) and pressure (25 MPa) resulted in the highest global yield,
having the effects of the solvation power more significant in the
extraction results.

Santos et al. [12] studied the effects of ultrasound power (0-360 W)
and ultrasound time (60-240 min) on the recovery of capsaicinoids from
malagueta peppers (Capsicum frutescens L.), keeping pressure and tem-
perature fixed at 15 MPa and 40 °C, respectively. The authors noticed an
increment in the global yield when the ultrasound power raised from
200 to 360 W for 60 min. Hu et al. [47] tested different ultrasound
powers (0-110 W) for the extraction of oil and coixenolide (Coix lach-
rymal-jobi L. var. Adlay) from adlay seeds. In this study, sonication ef-
fects were more pronounced at an ultrasound range from 90 to 110 W.
Moreover, the authors noticed a direct relation between the ultrasound
power and the vibration at the solid-solvent interface, showing that the
sonication results were more significant in overcoming the static pres-
sure on the ultrasound probe’s tip. However, for ultrasound powers from
0 to 90 W, the vibration effects of the transducers on the solid-solvent
interface might not be significant on the recovery of the aimed
compounds.
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Fig. 6. Experimental apparatus used for extraction assisted by ultrasound using liquids at high pressure: (a) ultrasound bath system [58] and (b) ultrasound probe
system - Integrated EXTRACT-US diagram system. P1: Liquid pump; P2: CO, pump; PRV: Pressure Regulating Valve; EC: Extraction Cell; USG: Ultrasound Generator;
SPE: Solid Phase Extraction; USP: Ultrasound Probe; P1-5: Pressure transducer; V1-5: Automatic Valve 2-position/10-port; CV1-6: Check Valve; Vinj: Manual in-
jection valve; MV1-2: Micrometric valve. *Dotted section represents the chromatographic oven [14]. All images were reproduced with permission from Elsevier.

Regarding the UAPLE, the amount of energy that enters the extrac-
tion medium directly affects the cavitation phenomenon. It is related to
bubble number and lifetime, in addition to the collapse pressure of
bubbles [64]. As the amount of energy is related to ultrasound power, it
is essential to evaluate this variable’s effect on the extraction process.
Some authors measured the actual applied acoustic power in the
extraction process with pressurized liquid assisted by ultrasound [14-
16,61]. The actual applied acoustic power is a crucial parameter to
assess the influence of power on the extraction process since it indicates
the amount of energy that effectively enters the liquid. It can be obtained
by direct or indirect methods, which estimate the energy transferred by
chemical or physical changes in the extraction medium. Among the
physical methods, the most used are hydrophones or optical
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microscopes to measure sound pressure, the aluminum foil method, and
the calorimetric method. For chemical methods, indirect measurements
of OHe radicals formed by sonoluminescence or chemical dosimeters
can be used [2].

Most of the evaluated studies report that, at constant pressure, a
higher ultrasound power promotes significant changes in the matrix by
inducing greater shear forces. A usual approach is to study the effect of
power on the target compound’s extraction yield to obtain the best re-
sults with the minimum energy consumption [2,14-16,59-63].

Luengo et al. [61] reported a positive effect of ultrasound power on
the extraction yield of carotenoids from tomato waste by man-
osonication. They observed that the maximum extraction yield of ca-
rotenoids was linear related to the ultrasound power (power delivered to
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the extraction medium) regardless of the external pressure or ultrasonic
amplitude. A similar observation was made by Liu et al. [60] when
evaluating the process of extracting bioactive compounds at high pres-
sure assisted by ultrasound from the rhizome of Ligusticum chuanxiong.
The authors reported that extraction yield increased when the applied
ultrasound power varied from 75 to 175 W.

Sumere et al. [14] evaluated the combined process of ultrasound-
assisted extraction and pressurized liquid extraction (UAPLE) to
improve the efficiency, selectivity, and yield of the extraction of
phenolic compounds from pomegranate peel. The influence of several
variables of the extraction yield process, including ultrasound power
(0-800 W at the generator) and particle size (1.05 and 0.68 mm), were
analyzed according to the yield of 20 different phenolic compounds. A
significant main effect on phenolic compounds’ content was observed
varying the ultrasound power and particle size, besides a positive
interaction between these two variables, mostly observed for large
particles (1.05 nm) at 480 and 640 W. The authors reported that ul-
trasound power did not affect the extraction using small particle sam-
ples. However, when using samples with larger particle sizes, ultrasound
power had a significant impact. Extractions conducted under US power
of 480 and 640 W resulted in the highest recovery of phenolics. Ac-
cording to the authors, the increase in total phenolic yield is mainly due
to cavitation, and the mechanical effect resulted from the application of
ultrasound. Combining these two factors increased the surface area of
contact between the solid and liquid phases, improved the solvent’s
penetration in the matrix, and accelerated the analytes’ mass transfer to
the extraction solvent [65].

Another significant effect that the application of ultrasound can
promote at ambient pressure and high pressures is the degradation of
compounds. The application of ultrasound, especially in aqueous solu-
tions, can generate free radicals from water molecules’ dissociation.
These free radicals can trigger the oxidation of compounds and breakage
of bonds, resulting in the modification of macromolecular structures and
the reduction of molecular weight [66,67].

2.2.2. Medium parameters
The extraction medium parameters present intrinsic properties that
significantly affect the yield of UAPLE and UASFE processes.

2.2.2.1. Pressure, temperature, and solvent. The combined effects of
pressure and temperature on the UASFE of natural matters are pre-
dominant in understanding the behavior of the mass transfer mecha-
nisms involved in the processes. Moreover, these parameters are
essential to predict the influence of the CO, density and the vapor
pressure on the target compounds. The search for the optimum pressure
and temperature conditions is critical to maximizing the extraction
yields at reduced operational time and costs. Wei and Yang [68] eval-
uated the effects of different pressure (10.4-30 MPa) and temperature
(80-70 °C) on the recovery of oleanoic and ursolic acids from Hedyotis
diffusa and Hedyotis corymbosa at 185 W. The authors observed that
higher pressures (up to 24.5 MPa) and temperatures (up to 55 °C)
diminished the extraction yield due to reduced diffusivity. Moreover,
the lower yields obtained at higher temperatures and pressures may be
related to the small formation of cavitational bubbles. Reduced diffu-
sivities and solubilities of the aimed compounds were also observed by
Hu et al. [47], Wei et al. [69], and Santos et al. [70] when applying
higher pressures (up to 35 MPa) and temperatures (up to 60 °C) through
UASFE.

Higher pressure and ultrasound power can diminish the void fraction
and space between the molecules, reducing the convective effects caused
by ultrasound. Hu et al. [47] reported that the ultrasound power must
overcome the static pressure against the probe to promote vibrational
effects. Moreover, the internal temperature of the system may rise when
applying ultrasound. At lower pressures and higher temperatures, the
internal temperature effects may reduce the COy density and its
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solvation power. Bubble formation may also be avoided using higher
pressures, which may decrease the cavitation effects [29].

On the contrary, Wei et al. [38] applied UASFE to recover oleanoic
and ursolic acids from Hedyotis corymbosa noticing that the solubility of
the aimed compounds and the diffusional effects were favored at higher
pressures (up to 31.5 MPa) and temperatures (up to 53 °C). A similar
trend was found by Yang et al. [40] when evaluated the flavonoids
extraction from Scutellaria barbata D. Don. Combining ultrasound with
higher pressure (up to 28 MPa) and temperature (up to 52 °C) increased
the flavonoids content up to 19%. Liu et al. [41] extracted cucurbitacin
oil from Iberis amara seeds observing that at 25 MPa and 55 °C, the
global yield for UASFE raised by 21.6% compared to SFE. Besides, the
authors reported that the convective effects were more predominant
than the diffusional ones. Tang et al. [10] noticed a higher extraction
yield of caffeine from green tea when using higher pressures (up to 32
MPa), temperatures (up to 65 °C), and ultrasound powers (up to 150 W).
A possible explanation for this behavior is the hydrogen bond’s rupture
between water, caffeine, and supercritical carbon dioxide (SC-CO5).

Generally, UASFE experiments improve the recoveries of the aimed
compounds in comparison to the SFE methods. Temperature and pres-
sure will determine the fluid density (and thus, target compounds’ sol-
ubility) and affect mass transfer between the sample matrix and the
fluid. These variables will also affect the propagation of ultrasonic waves
in the fluid, the bubble dynamics, and the cavitation phenomena.
Therefore, the observed extraction yields result from overlapping effects
of the temperature and pressure on the fluid’s properties, ultrasound
propagation, and bubble dynamics. However, the evidence provided by
the studies mentioned above suggests that lower pressures are more
favorable for higher ultrasound powers since the internal temperature
can be accurately controlled. Higher pressures are encouraged at later
stages of the extraction, especially when diffusional mechanisms are
more prominent.

The system pressure has a direct influence on the cavitation phe-
nomenon in the UAPLE processes. If the external pressure increases,
higher acoustic pressure will be required to induce cavitation [2].
However, once the cavitation threshold is reached under external
pressure, the cavitation bubble collapse’s intensity will be higher than
without pressure. As a consequence, there will be an enhancement in
sonochemical effects [71,72].

Luengo et al. [61] observed higher extraction yields of carotenoids
from tomato waste by increasing the medium’s hydrostatic pressure in
the manosonication process. According to the authors, this effect is
associated with the influence of static pressure on the dynamic of growth
and collapse of bubbles. According to the authors, it is possible to in-
crease the physicochemical effects of ultrasound in two ways. The first is
to increase the number of cavitation bubbles, and the second is to in-
crease the power of bubbles implosion. When the external pressure is
increased, the cavitation process is impaired; however, if the ultrasound
power is sufficient to cause the cavitation phenomenon, the intensity of
the collapse of the bubbles increases.

In UAPLE processes, the temperature has a notable influence on the
properties of the solvent. For example, the increase in temperature in-
duces vapor pressure increase and a decrease in the solvent’s viscosity
and surface tension [2], affecting the extraction process’s performance
directly.

The influence of temperature on the manosication was studied by
Luengo et al. [61], which reported that temperature was the most sig-
nificant parameter in the extraction yield of carotenoids. Results indi-
cated that the effect of temperature on extraction yield was
characteristic of solid-liquid extraction processes of intracellular com-
pounds from plant matrices. At higher temperatures, the material’s
solubility and diffusivity increase, which results in higher extraction
yields [73]. It is known that the temperature rise reduces the intensity of
cavitation when ultrasound is applied at ambient pressure due to the
increased pressure of the vapor contained within the bubble by
increasing temperature cushion bubble implosion. However, in
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manosonication, ultrasound used under pressure allows maintaining the
cavitation intensity at higher temperatures [74]. Thus, it is possible to
manipulate cavitation and diffusion phenomena through the matrix cell
walls with the temperature. By increasing the temperature, the surface
tension and the liquid medium’s viscosity are reduced, the liquid’s vapor
pressure increases, enhancing the formation of cavitation bubbles in the
liquid medium and producing ultrasonic cavitation at low intensity [75].

Sumere et al. [14] observed that temperature, solvent, and their
interaction, significantly influenced the extraction of phenolic com-
pounds from pomegranate peel. As the ethanol percentage of the solvent
increased, the extraction yield of the polar compounds decreased. Such
results were expected since as ethanol percentage in the solvent in-
creases, solvent polarity and solubility of hydrophilic compounds in the
solvent reduces. The effect of the different temperatures evaluated (50,
60, 70, 80, 90, and 100 °C) varied significantly depending on the sol-
vent’s composition. The authors stated that the observed behavior is
likely to be associated with a combination of various effects, such as
temperature, cavitation phenomena, viscosity, dielectric constant, ana-
lytes’ solubility, mass transfer, and degradation of target compounds.
For instance, increasing the temperature reduces the solvent’s viscosity,
affecting the ability to penetrate the matrix’s pores. The increase in
temperature also reduces the solvents’ dielectric constant, changing
their chemical characteristics and their ability to extract target com-
pounds from the matrix. Besides, high temperatures can also positively
affect the solubility of the analytes in the solvent; on the other hand, it
can trigger degradation processes in thermolabile compounds during the
extraction process. The extraction temperature can be increased up to a
limit, where the target compounds’ degradation surpasses the increased
mass transfer promoted by higher temperatures in the process [14].

Besides affecting the extraction process and the interaction between
the temperature and solvent, the solvent’s boiling point is crucial for the
cavitation phenomena. The cavitation intensity is a function of solvent
temperature; when the solvent temperature is close to its boiling point or
is much lower, the relative cavitation will be less intense than using
intermediate temperatures [14]. For instance, the highest relative
cavitation is observed between 50 and 60 °C for water, which can be two
or three-fold more elevated than at 100 °C [33,76]. Considering that
solvent mixtures have different boiling points, differences in the relative
cavitation achieved with these solvents at different temperatures will be
observed.

2.2.2.2. Particle size. For UASFE procedures, particle size reduction
implies in higher surface area to volume ratio, which means that more
surface area is available to be extracted. Moreover, smaller particle sizes
reduce the solvent’s diffusional resistance toward the solute, which may
raise the final extraction yields [36].

Riera et al. [46] applied UASFE to extract oil fraction from almonds
(Prunus amygdalus), and they observed an increment in the extraction
yield about 20% when the particle size reduced from 9 to 10 mm to 3-4
mm. Balachandran et al. [28] tested different particle sizes (4-8 mm) to
recover gingerols from ginger (Zingiber officinale) through UASFE. The
authors noticed that for 4 mm, the use of ultrasound increased the yields
up to 30%. Gao et al. [48] also observed an optimum mean particle size
interval between 0.245 and 0.350 mm to recover lutein esters from
marigold (Tagetes erect L.). The study conducted by Santos et al. [12]
evaluated the effects of different particle sizes (1.43 and 0.23 mm) on
the recovery of capsaicinoids from malagueta peppers (Capsicum fru-
tescens L.). The authors found that the global yield was 6.2% and 10%
higher for large and small particles, respectively. The use of ultrasound
was favorable for larger particle sizes (1.43 mm) during the whole
extraction. For smaller particle sizes (0.23 mm), ultrasound was more
advantageous after 5 h, in which the diffusivity mechanisms were pre-
dominant. On the other hand, Yang and Wei [37] studied the effects of
different mean particle sizes (0.089-0.925 mm) on the extraction of
oleanoic and ursolic acids from Hedyotis corymbose. The authors noticed
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an increase in the mass transfer properties due to the particle size
reduction from 0.925 to 0.355 mm, but further diminishes
(0.355-0.089 mm) did not increase the extraction yields.

For UASFE experiments, it is crucial to determine an optimum par-
ticle size interval to improve the extraction yields. The use of too small
particles may compromise the efficiency of the process since the parti-
cles can aggregate during the extraction forming the so-called “chan-
neling” or “short-circuiting” phenomena, where the solvent passes
through the channels inside the matrix instead of the inner parts of the
samples [37,48]. It also may promote clogging of filters and valves.

Regarding the influence of particle size on the UAPLE process,
Sumere et al. (2018) noted that the smallest particle diameter studied
(0.68 mm) resulted in an average yield of phenolic compounds about
22% higher than that obtained for the largest particles (1.05 mm). As
expected, the smallest particles’ larger relative contact area favors the
mass transfer of soluble compounds from the sample matrix to the sol-
vent. On the other hand, the relative contact area between the sample
matrix and the solvent is smaller in larger particles, decreasing the mass
transfer rate [77]. Even though higher extraction yields were obtained
using the sample with a smaller particle size, the authors reported
frequent clogging of the extraction system lines, resulting in constant
interruption of the extraction process. Thus, from a practical point of
view, the use of small size particles was not recommended, resulting in
serious reliability problems.

2.2.2.3. Co-solvent. The non-polar nature of the SC-CO, may restrain its
use as an extraction solvent to recover polar compounds from natural
matter. The addition of polar co-solvents is recommended to overcome
this limitation. Generally, ethanol and water are the most used co-
solvents in supercritical extractions. However, the difficulty in oper-
ating these solvents at their critical pressures and temperatures makes
them found in their sub-critical state. After being adsorbed by the
vegetable matrices, co-solvent induces the bed’s swelling, enhancing the
diffusion of SC-CO; to the matrix’s inner parts, then the solute’s avail-
ability is extracted [36]. On the other hand, a higher co-solvent con-
centration can promote the bed’s channeling, reducing the final
extraction yield [41].

The use of ethanol-water mixtures as co-solvent increased the re-
covery of oleanoic and ursolic acids from Scutellaria barbata D. Don [36]
and Hedyotis corymbose [13,37,68] due to the enhanced solubility and
diffusivity effects of the SC-CO; into the solutes. Redtegui et al. [30]
noticed that the application of co-solvents (ethanol-water mixtures) in
the UASFE experiments raised the recovery of polar compounds, such as
anthocyanins and phenolics from blackberry (Rubus sp.) industrial res-
idues. A similar trend was found by Chhouk et al. [78] when an aqueous
ethanol solution was used to enhance the recovery of curcumin from
turmeric (Curcuma longa L.). Yang et al. [40] observed that the addition
of small amounts of aqueous ethanol as co-solvent (10-14.5%) favored
the extraction of flavonoids from Scutellaria barbata D. Don due to the
driven polar forces of the extraction system. Liu et al. [41] reported that
12% of co-solvent raised cucurbitacin E (CuE) extraction from Iberis
amara seeds.

The use of an optimum co-solvent concentration is necessary when
ultrasound is applied in a supercritical system. Yang and Wei [39]
noticed that the highest yield obtained for UASFE required a lower
aqueous ethanol concentration (11.6%) in comparison to the highest
yield for SFE (14.9%). Thus, the ultrasound application may induce a
reduced operational cost since the amount of co-solvent can be dimin-
ished. However, the addition of a co-solvent to supercritical CO, will
also affect the fluid’s density and vapor pressure. Consequently, it will
influence how ultrasonic waves are propagated, directly impacting the
bubble dynamics and cavitation.

2.2.2.4. CO3 flow rate. The CO, flow rate interval is another crucial
parameter to be studied in UASFE experiments, which may directly
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impact the extraction performance and the economic aspects. The
application of lower CO; flow rates may result in longer residence times
inside the extraction vessel, which will allow the SC-CO, to diffuse in-
side the vegetable matrices, improving the extraction yield [13].
Generally, when the CO, flow rate increases, the intermolecular inter-
action between solute and solvent rises, allowing the dissolution of the
analytes by the solvent [36]. Moreover, the CO; flow rate increment may
reduce the molecules’ external mass transfer resistance [68]. However, a
further rise in the CO2 flow rate will induce the solvent to flow at high
velocities around the channels instead of diffusing through the vegetable
matrix. The solute-solvent interaction will occur in a shorter contact
time, which may diminish the extraction yield.

Hu et al. [47] did not observe a significant effect of the CO5 flow rate
on the SFE and UASFE of oil and coixenolide from adlay (Coix lachrymal-
jobi L. var. Adlay) seeds. The authors reported an increased yield at a COo
flow rate from 1.5 to 3.0 L/h for both SFE and UASFE, but a further
increment from 3.5 to 4.0 L/h showed a plateau behavior of the
extraction curves. The UASFE obtained a higher extraction yield than
the SFE, demonstrating that lower CO, flow rates were sufficient to
obtain higher extraction yields. Similarly, Yang et al. [79] observed that
UASEFE raised the extraction yield of bioactive compounds from Syzy-
gium aromaticum flower bud (clove) in comparison to SFE experiments.
The authors obtained the highest extraction recovery at a CO5 flow rate
of 1.4 g/mL for UASFE, while for SFE, a CO» flow rate of 1.8 g/mL was
necessary. Chhouk et al. [78] reported that at CO, flow rate interval
from 2.0 to 3.0 mL/min, curcumin extraction increased but further
raises (from 3.0 to 4.0 mL/min) declined the yield. Besides, Liu et al.
[41] observed that the CO, flow rate from 1.0 to 2.5 mL/min signifi-
cantly improved the supercritical extraction of CuE oil from Iberis amara
seeds, but decreased extraction yields were noted from 2.5 to 3.0 mL/
min.

Wei and Yang [68] inferred that the higher extraction recovery of
oleanoic and ursolic acids from Hedyotis diffusa and Hedyotis corymbose,
respectively, using UASFE was due to the micro-stirring and cavitational
effects of ultrasound on the cell walls of the vegetable matrices. In this
work, a CO; flow rate of 2.1 mL/min was used to obtain the highest yield
for UASFE, while 2.5 mL/min was the flow rate necessary for the highest
result in SFE experiments.

2.2.2.5. Ultrasound irradiation time. The effects of ultrasound irradia-
tion time on the extraction yield in SFE processes can be described
through overall extraction curves (OECs), based on quantifying the mass
of the extraction or extraction yield as a function of time. According to
Sovova [80], the OECs are divided into three steps: i) constant extraction
rate (CER), in which the readily solute is extracted from the external
surface of the particles and convection is predominant; ii) falling
extraction rate (FER) where both convection and diffusion play signifi-
cant roles and iii) diffusion-controlled (DC) where the extraction is
controlled by the diffusion of the solvent for the inner parts of the par-
ticles. Balachandran et al. [28] observed that applying ultrasound for 10
min favored the convectional effects. The CER period was longer, while
diffusional effects were more pronounced when ultrasound was used
after 200 min of extraction.

Dias et al. [11] evaluated the effects of different ultrasound irradi-
ation times (40-80 min) on the recovery of bioactive compounds from
Dedo de moca pepper (Capsicum baccatum L. var. pendulum). Still, the
authors did not find a significant effect of this parameter at the level of
5%. However, the authors observed that at the lowest pressure and
temperature (15 MPa and 40 °C), the CER time was shorter (10.52 min)
with ultrasound application (200 W for 40 min) in comparison to the
condition without ultrasound (18.62 min). Similar behavior was found
by Reategui et al. [30] for the extraction of anthocyanins and phenolics
from blackberry (Rubus sp.) industrial residues. In this case, the CER
time was lower (36.21 min) with ultrasound than without (42.48 min) at
15 MPa and 40 °C. Wei and Yang [68] extracted oleanolic and ursolic

15

Ultrasonics Sonochemistry 74 (2021) 105584

acids from Hedyotis diffusa and Hedyotis corymbosa, respectively, varying
the ultrasound time from 10 to 145 min. In this study, the highest
extraction yield was achieved for shorter times (10-80 min). A similar
trend was noticed by Santos et al. [12], in which the authors concluded
that the lowest ultrasound irradiation time (60 min) resulted in the
highest global yield.

3. Scale of application

The described extraction methods in Sections 2.2. and 2.3. can have
different objectives: i) analytical extraction for quantitative purposes; or
ii) production of extract and/or purification. Although the same tech-
niques and methods can be used, they have fundamental differences
when considering ultrasound to intensify the process.

Analytical extraction methods are designed for the quantitative re-
covery of the target compounds through an exhaustive process. There-
fore, it is necessary to extend the kinetic extraction curves until the end
of the last step, controlled by diffusion (DC). Generally, the extraction
process is used as sample preparation for the instrumental method of
analysis (e.g., high-performance liquid chromatography - HPLC, gas
chromatography — GC, mass spectrometry — MS, among others). In the
analytical extraction, higher solvent to feed (S/F) are ratios usually
required, meaning smaller sample sizes and higher solvent amounts. Due
to the lower sample quantities, methods are relatively short, even when
extending the kinetic curve until the last stage. The use of green solvents
is strongly recommended and sought, but smaller amounts of organic
solvents (e.g., hexane, methanol) can be tolerated.

Analytical applications can fully explore the potential of ultrasound
because samples are small (a few grams), the duration of methods is
relatively short. Furthermore, since small samples are used, most of the
sample is in contact with the probe, minimizing energy dissipation. The
costs related to the application of ultrasound for analytical chemistry are
much lower due to smaller ultrasound generators and the shorter ul-
trasound time, which is not a critical issue. Moreover, by using ultra-
sound, it is possible to shorten the extraction time, mainly that related to
the DC step to achieve quantitative recoveries. The DC phase is the
slowest of the extraction process and can significantly benefit from the
application of ultrasound, as observed by Dias et al. [11] in which the
SFE (15 MPa and 40 °C) could not achieve the DC period after 120 min;
meanwhile, for UASFE (15 MPa, 40 °C, and 200 W) the DC step was
identified for the same extraction time.

In contrast, the production of extracts aims for higher extraction
yields at reduced operational costs. The objective is to obtain a
concentrated extract. Usually, quantitative recoveries may not be
necessary (unless target compounds have a high value), and the
extraction is interrupted in the FER stage of the kinetic curve. Over-
extending the extraction will only dilute the extract and increase
expenses.

Using ultrasound at large scales is a real challenge, and several fac-
tors should be considered. Operational cost is a critical issue. Since lower
S/F ratios are employed, a higher amount of raw material may raise the
expenses due to the longer ultrasound irradiation time and/or ultra-
sound power requirements to scale up, keeping proportions constant.
When using more sample attenuation and ultrasonic power loss may also
become a problem. Additionally, the ultrasound generator size has
limits, and the required power may not be achievable or too expensive to
implement.

Among the possible solutions to reduce the costs are pulses, the
redesign of the reactors, new types of probes, parallel operation of
smaller reactors, and continuous processes. For continuous operations,
the samples would be pumped together to the solvent passing through
the reactor at controlled temperature and ultrasound power. In this case,
the limitation is the amount of solids high-pressure pumps can operate
with, implying a high S/F ratio and a more diluted extract. Additional
filtration steps also are required in comparison with semi-continuous
systems. Another possibility is applying ultrasound only in some
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specific stages of the process, the initial part or the end of the extraction.

The production of extracts has a promising field for higher aggre-
gated value products, such as pure substances or high-priced raw ma-
terials. In these cases, ultrasound may enhance the extraction yield and
improve the compound’s recovery in the DC step. However, concerns are
related to the charges, environmental impact, and further usage of the
extracts when a higher solvent amount is applied.

The scale-up of a high-pressure system assisted by ultrasound is still
challenging for the companies that aim to expand their production from
lab- to industrial scale. At a lab-scale, the combination of high-pressure
systems and low-frequency ultrasound has significantly enhanced the
extraction yield of the target compounds. At the industrial scale, the
nature and amount of the matrix will determine the type of device (US-
bath or US-probe) used. Generally, US-probe is recommended for a
continuous or semi-continuous system. A larger sample is irradiated in a
smaller reactor volume, thus enhancing the ultrasonic density (ultra-
sound power per volume of the reactor). On the other hand, US-bath
requires that the vessel has a larger surface area and agitation system.
Nowadays, it is possible to find some companies that produce reactors
from the laboratory (up to 50 L) to industrial-scale (up to 1000 L) in a
high-pressure process [2].

The main operational parameter that affects the costs of a high-
pressure system is the extraction time. For scale-up purposes, the opti-
mum extraction time is desired to maximize the extraction yield and
reduce the costs. Del Valle [81] reported that the effects of the extraction
time were more pronounced in the CER step and the effects of ultrasound
were more significant at times used for cost analysis. This trend
demonstrated the efficiency of ultrasound to reduce the costs of the
system. Besides, for scale-up purposes, ultrasound has a lower imple-
mentation price than other non-thermal technologies, such as high hy-
drostatic pressure and pulsed electrical fields, which turns ultrasound a
feasible method to be used at the industrial scale [82].

4. Mathematical modeling

The use of mathematical modeling to predict the behavior of SC-CO,
extractions is crucial to understand the main effects of the operational
parameters on the mass transfer mechanisms of the process. The models
used for SC-CO5 extractions are divided into Kkinetic-based and
solubility-based models. According to Dassoff and Li [83], the kinetic-
based models can be classified in the linear driving forces (LDF) model
[84], the broken and intact cell (BIC) model [80], and the combined LDF
and BIC model [85,86]. On the contrary, the solubility-based models
evaluate the effects of density and/or solubility through state equations
[87].

The broken and intact cell (BIC) model developed by Sovova [80]
considers that at the inlet portion of the cell, the solvent is free of the
solute, having one part in contact with the solvent and another main-
tained intact inside the extractor. The BIC model makes some assump-
tions, such as the constants’ solid particle size and the solute distribution
inside the extractor. Moreover, this model assumes that the mass
transfer resistance may be lower to the broken cells. Still, ultrasound can
influence the initial considerations due to the micro-and macro-mixing
effects [83]. The BIC model predicts the adjustment of three parameters
(Xi — the intact solid ratio; ky, - the mass transfer coefficient in the fluid;
and ky, - the mass transfer coefficient in the solid phase). Recently, the
behavior of UASFE experiments has been predicted through the BIC
model. Barrales et al. [29] applied the BIC model, observing an increase
of the CER time when the ultrasound was applied. Moreover, ky,
diminished when pressure raised from 16 to 26 MPa, minimizing the
effects of ultrasound at higher pressures. The increase of ky, with ul-
trasound can be explained due to the more prominent effects of ultra-
sonic waves to release the inner particles from the matrix during the CER
period [12,45]. However, Dias et al. [11] observed a diminish of the ky,
when ultrasound was used at higher pressures, which led to higher
average absolute relative deviation (AARD) percentages for UASFE
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(13.01-19.42%) in comparison to SFE experiments (11.32-11.36%).

Another kinetic-based model is the BET-based developed by Pardo
et al. [88], supported by the Brunauer-Emmett-Teller (BET) theory of
adsorption. This model is described by one equation that relates the
extraction yield as a function of time with three adjusted parameters
(3P) (x;, — the solute mass fraction in the first monolayer; y* - the sol-
ubility of the solute; and K - the ratio between the adsorption equilib-
rium constants). However, when it is assumed equality of the
equilibrium constants (K =~ 1) the model is reduced to a simpler form
with two adjustable parameters (2P) (x,, and y"). Dias et al. [11] pro-
posed applying the BIC and the BET-based models to predict the
extraction kinetics’ behavior and the effects of the operational param-
eters, mainly those related to the ultrasound use. The authors noticed
that ultrasound usage at 15 MPa promoted a lower AARD for 3P
(10.54%) in comparison to 2P (14.26%), but a slight difference was
observed at 25 MPa (8.34% for 3P and 8.03% for 2P).

Generally, the use of ultrasound in a supercritical process may alter a
mathematical model’s efficiency since the initial considerations may be
compromised, and then its final validation. From the published works,
the BET-based model showed to be more accurate in predicting the
experimental data for UASFE than the BIC’s model. The use of fewer
parameters to be adjusted make the BET-based model feasible to be
studied for scale-up proposes at reduced operational costs.

Regarding the extraction with pressurized liquids assisted by ultra-
sound, only a few studies were concerned with the process’s theoretical
description [16,58]. Two different models were suggested to reproduce
the kinetic results of solute mass fractions during the ultrasonic
extraction assisted and non-assisted by pulsed hydrostatic pressure by
Kotovicz et al. [58]. For the extraction at constant pressure, the solute-
mass transfer was assumed to be governed exclusively by diffusion. In
contrast, for the extraction subjected to hydrostatic pressure pulses, a
combination of internal convection and diffusion in the sample matrix
was adopted to explain the removal of the solute from the leaves. The
modeling of the ultrasound-assisted extractions at constant pressure
demonstrated an exponential increase of the diffusion coefficient and an
asymptotic rise of equilibrium solute mass fraction in the liquid phase
with pressure. The two-dimensional diffusive model was able to check
the progress of extraction, besides reproducing the positive influence of
pressure on the kinetics and extraction yields at equilibrium.

Vigané et al. [16] studied the extraction of bioactive compounds
from defatted passion fruit bagasse with pressurized liquids assisted by
ultrasound. The authors used the two and three-line spline models to fit
the experimental extraction curves described by Rodrigues et al. [89]
and Meireles [90]. According to this strategy, an overall extraction curve
can be described by a straight-line family, usually comprising 2 to 3
lines, depending on the process. The fitted lines can be attributed to
three different mass transfer mechanisms based on classic descriptions
of the extraction periods: CER, FER, and DC. The slope of the first line
represents the mass-transfer rate of the CER period, called Mcgg. tcgr is
the time corresponding to the interception of the two lines, which can be
related to the minimum time an extraction cycle should last. Y¢gg is the
mass ratio of solute in the liquid phase at the bed outlet, and it can be
obtained by dividing Mcgr by the mean solvent flow rate for the CER
period. The yield relative to the CER period is Rcgr or minimum yield
expected from the extraction process at a given temperature, pressure,
solvent flow rate, and solid matrix properties [90]. The two- and three-
lines spline models were fitted to the experimental data obtained by
Vigano et al. [16], but the three-line model presented the best fit for all
responses. CER, FER, and DC periods were identified for all the kinetics
evaluated. The authors observed a notable variation in the parameter
b1, or the Mcggr, with the extraction condition. The application of ul-
trasound during the extraction resulted in a higher Mcgr than the PLE
without ultrasound application at 65 °C for both cases.
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5. Concluding remarks and future perspectives

High-pressure systems assisted by ultrasound to extract bioactive
compounds from natural products are a promising field to be explored in
some industrial segments, such as food, chemical, and pharmaceutical.
Ultrasonic waves can enhance the extraction yield due to the bubbles’
cavitational effects on the vegetable matrices’ cell walls, improving the
mass transfer phenomena between solute and solvent. High-pressure
systems have shown to be feasible in recovering the target compounds
through GRAS solvents, reducing waste and environmental impacts.

However, there is a lack in the literature dealing with the cost
analysis and scale-up of high-pressure systems assisted by ultrasound.
The industrial-scale process is still challenging for many companies,
mainly due to the high expenses with facilities, extraction time, and
ultrasound power. Moreover, the lack of specialist laborers, weak
competition between supplier companies, and fewer start-ups inserted
in the market can also be highlighted as barriers to the scale-up of these
kinds of techniques.

Due to the generally lower power density and reactor size limita-
tions, the use of a reactor vessel design that allows enough penetration of
the ultrasound probe inside the extraction bed can be an option to
enhance the final yields. For this point, the evaluation of different
transducer geometries and positions inside the vessel may be helpful
(Fig. 7).

The energy dissipation rate is an important parameter that needs to
be monitored because it is related to the cavitational effects affecting the
number, size, and distribution of the bubbles. Moreover, the control of
the increment of temperature in the bulk of the fluid is necessary since it
can alter the gas solubility, vapor pressure, and then the generation of
cavitational bubbles. The irradiations frequency, vessel geometry, sur-
face area, and position of the transducers are some parameters that need
to be established to optimize the power dissipation. Once the power
dissipation is optimized, the power density (W/m®) may be calculated,
providing the energy requirement per volume for physicochemical re-
actions [64].

Maintaining the uniform distribution of the cavitational activity is
critical when the optimization of the ultrasound system is aimed. When
assembling an ultrasound vessel, one may consider the influence of some
physical parameters, such as temperature, amplitude, shape, and size of
the ultrasound vessel, material, and diameter of the probe [49]. Besides,
the transducer’s position and the fluid height are of major importance
when the distribution of the cavitational effects is evaluated. The cav-
itational activity increases with the increment of the ratio between the
transducer’s diameter to the vessel’s diameter, affecting the level of
turbulent dissipation of energy and the acoustic streaming’s intensity.
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Fig. 7. Different transducer positions for ultrasonic-assisted extraction: A — the
probe is inside, and the piezoelectric transducer is outside the extraction vessel;
B — both the probe and the piezoelectric transducer are inside the extraction
vessel; C — both the probe and the piezoelectric transducer are outside the
extraction vessel. Adapted from Santos-Zea et al. [49]. Reproduced with
permission from Elsevier.
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Furthermore, the use of multiple transducers is encouraged to obtain a
uniform and maximized cavitational activity [64]. The choice of
adequate transducers and power generators is also a key factor to avoid
foaming and corrosion of the equipment. Although some probe materials
like glass and ceramic are available, their fragility can restrict the cav-
itational effects. However, titanium is usually the most used probe
material because of its resistance to heat and corrosion [91].

An efficient acoustic coupling and excitation mode requires under-
standing the wave propagation nature and radiation from ultrasound
vessels. Moreover, important recommendations may be followed to
optimize an ultrasound system’s efficiency, such as selecting the irra-
diations frequency, the maintenance of an optimum power dissipation
level (W/m3), and the use of a larger irradiation surface of the trans-
ducers. Besides, low viscosity, low vapor pressure, and high surface
tension fluids are necessary to enhance the cavitational effects. Under-
standing the fluid’s flow behavior is crucial to select the vessels di-
mensions and transducer’s location [64].

Some works have applied mathematical models to describe the
cavitation formation [92,93]. However, only a small number of cavita-
tional bubbles is modeled due to the complexity of the phenomena. The
mapping of the pressure distribution and its correlation to achieve the
pressure threshold are necessary to produce cavitation [94]. Moreover,
the use of finite element modeling (FEM) has been adopted to design and
optimize ultrasonic transducers [93].

Studies of the effects’ evaluation of other operational parameters,
such as amplitude, pulse, and frequency of ultrasound waves, are also
encouraged. Larger amplitudes may cause compression/shearing cycles
in the solvent molecules, which may change their density, a crucial
parameter to be monitored in a high-pressure system. Pulse duration
and/or pulse interval optimization are necessary to reduce the costs with
time and energy; meanwhile, studies of the effects of high (100-1000
kHz) and low (20-100 kHz) frequencies are essential to a better un-
derstanding of the formation of the cavitational bubbles.

The combination of ultrasound with ionic liquids (ILs) has also been
extensively investigated in the extraction area. A recent review showed
that around 40% of the published works of combined ultrasound/ILs
focus on the extraction and micro-extraction processes [95]. This syn-
ergic effect can be attributed to the high solvation power and chemical
stability of the ILs and the ease of operation, lower solvent consumption,
and the facilitated mass transport effects. Moreover, ILs can improve the
sonochemistry effects in the extraction through the formation of
microjets, erosion, and shockwaves [95]. High-pressure systems coupled
to the combined ultrasound/ILs system may improve the extraction
yield, reduce operational time and energy consumption, and increase
the final compounds’ purity. However, the possible formation of free
radicals is a drawback that needs to be monitored during the process.

Studies of the synergic effects of ultrasound and deep eutectic sol-
vents (DESs) on the extraction of bioactive compounds are still incipient
in the literature. Biodegradability, low toxicity, and low cost of DESs are
some advantages, but their higher viscosity and lower diffusivity may
diminish the mass transfer mechanisms [96]. In this case, the applica-
tion of high-pressure solvents can overcome this limitation by reducing
the DESs viscosity. Moreover, SC-COy can replace water as solvent
facilitating the solubilization of the non-polar components.

The use of expanded gases in high-pressure processes to recover
bioactive compounds is also another promising field to be explored.
Expanded gases can produce new cavitational bubbles enhancing the
ultrasound extraction efficiency [15]. Besides, studies of the effects of
the main operational parameters (e.g., pressure, ultrasound power,
solvent amount) can be suggested.

Instantaneous Controlled Pressure Drop process or DIC is another
extraction technology that can be applied together with the US. In this
thermo-mechanical process, the sample is subjected to a fast transition
from high steam pressure to vacuum, promoting sample swelling and
texture changing. As a result, there is an increase in porosity and specific
surface and decreases the sample matrix’s diffusion resistance. The
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combination of US and DIC can improve the extraction kinetics and has
been successfully applied to extraction with yield enhancements and
reduced treatment time [97]. More information on this topic can be
obtained in the review by Chemat et al. [2].

The combination of ultrasound during physical and chemical treat-
ments can also be highlighted. In the context of the extraction of
bioactive compounds from vegetable matrices, it is noticed that ultra-
sound can act either by independent or combined mechanisms. Among
the main mechanisms, we can mention fragmentation [98,99], erosion
[100], sonocapillary [101,102], sonoporation [103], local shear stress
[104], and detexturation [105]. For all these mechanisms, the collapse
of the cavitational bubbles within the fluid is predominant in incre-
menting the mass transfer phenomena raising the extraction yields.
However, in some cases, ultrasound impacts the vegetable matrices not
by a single mechanism but following a chain of mechanisms as observed
by Khadhraoui et al. [106]. The authors observed that a chain detex-
turation mechanism in the following order (erosion, shear forces,
sonoporation, fragmentation, capillary effect, and detexturation) led to
the total detexturation of rosemary (Rosmarinus officinalis L.) leaves.

To sum up, when choosing a high-pressure system assisted by ul-
trasound, one may consider an appropriate set of operational parameters
to reduce costs and optimize the extraction yield. The use of greener
technologies (e.g., UASFE, UAPLE, HP-UAE, among others) has shown to
be viable to be applied in the lab-scale, reducing the extraction time and
increasing the quality of the final products. However, the process’s
scale-up is still a challenge to overcome, and many studies are necessary
to shed more light on the critical points and find solutions to specific
applications.
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