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Abstract

The increasing consumer awareness about the link between nutrition and health has led the food industry to
produce fortified food with bioactive compounds. Considering that not all bioactive compounds are freely
available and in the light of increasing attention to preserve environmental resources, the new trend
consisted of waste recovery of industrial food processing residues with active potential. Currently, clean
label and eco-friendly extraction methods have realized reputation accounts for the removal of solvent
usage and reduction in energy consumption. In this context, microwave-assisted extraction (MAE) evolved
as a novel procedure for the extraction of bioactives and nutraceuticals. With higher extraction efficiency,
this process was noted to consume less time and energy, and interestingly, the bioactive compound’s
functionality has not degraded. In this chapter, MAE’s potential as an eco-friendly technique was explored.
To improve its efficiency, microwave-assisted extraction has been coupled with conventional techniques.
Accessible data stress the significance of various hybrid techniques: microwave /conventional ones for the
extraction of bioactive compounds. Information about this topic could help students and scientific
researchers who are engaged in chemical engineering, chemistry, and meat technology communities to
approach the complex theme of microwave-assisted extraction.

Key words Microwave-assisted extraction, Bioactive compounds, Nutraceuticals, Eco-friendly,
Hybrid technique extraction

1 Introduction

Nowadays, extraction and production of various bioactive com-
pounds have gained momentum as there is increased demand for
herbal products globally. This is because they are safe, possess
various biological activities as compared to synthetic formulations,
and are cost-effective. To provide higher recoveries and greater
reproducibility, the chief tendencies in analyte extraction was to
reduce solvent and energy consumption and to provide higher
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recoveries and greater reproducibility. The implementation of tra-
ditional extraction methods may be more time-consuming, requir-
ing large volumes of solvents, and are principally related with the
degradation of heat-sensitive compounds [1]. In this sense, to
overcome the drawbacks of these extraction methods, it is decisive
to explore contemporary techniques. Green solvent extraction
methods have been developed, including microwave-assisted
extraction (MAE), which has gained a wide attention due to its
various advantages, namely, a reduced solvent consumption, a
shorter operation time, and an enhanced recovery yield [2 ]. Numer-
ous comparative studies have shown that MAE allowed better
performance in terms of compound recoveries [3—7]. By applying
MAE, plentiful kinds of compounds, comprising essential oils,
antioxidants, pigments, and other organic compounds have been
successfully isolated from various natural plant resources [5, 8-
10]. These previous studies displayed that MAE could be a
promising alternative to conventional extraction of plant pigments
(carotenoids and anthocyanins) [9, 11], polyphenols, polysacchar-
ides [12-14], essential oils [5, 15, 16], and proteins and lipids
[17]. Compared to maceration and Soxhlet extraction, it was estab-
lished that MAE approach was more effective [9]. It was found that
the obtained extracts using MAE had a greater concentration of
volatile terpenoids (a- and p-pinene) [ 18]. Microwaves have electric
and magnetic fields since they are electromagnetic devices
[19]. MAE employs microwave radiation to heat solvents and
facilitates the transfer of target compounds from the sample matrix
to the extractant by inducing polar molecules, ions, and dipoles
movement and rotation [20]. Microwaves can penetrate the sample
and incite cell molecules to absorb their energy, resulting in an
increase in temperature and pressure. Then, it facilitates the cell’s
rupture and the reachability of the components into the solvent
solution [21]. In fact, there are several categories of MAE such as
solvent-free MAE (SEM), focused-MAE (FMAE), ionic liquid-
based MAE (ILMAE), ultrasonic MAE (UMAE), microwave
hydro-distillation (MHD), microwave hydro-diftusion and gravity
(MHG), and microwave-assisted subcritical extraction (MASE)
[12,22-27]. The extraction techniques employed for this purpose
are highly dependent on the following factors: microwave power,
time, solvent, sample-to-solvent ratio, temperature, and matrix
characteristics [28]. The aim of this chapter is to spotlight the
versatility of MAE in the recovery of bioactive compounds and
nutraceuticals from various types of vegetal materials using differ-
ent techniques of MAE with a special focus on the factors that could
influence its processing and efficiency.
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2 Mechanism of MAE Process

Microwaves have electric and magnetic fields since they are electro-
magnetic devices. These fields lead to a heating effect via two
mechanisms, dipolar rotation and ionic conduction [19].

(i) Dipolar rotation refers to the phenomenon that occurs when
molecules with uneven distribution of charge, known as a dipole
moment, attempt to align themselves with the alternating electric
field produced by microwaves. The oscillation of these dipolar
molecules results in collisions with other molecules in the sur-
rounding medium, which then generates heat. This process hap-
pens quickly and repeatedly, making it an efficient way to convert
electromagnetic energy to thermal energy [29].

On the other hand, (ii) Zonic conduction is defined as a process
that occurs when charged particles, such as ions and electrons,
move through a medium in response to an electric field produced
by microwaves. This movement or migration generates friction
between the ions and the medium, which results in the generation
of heat. The degree of heat generated by this process depends on
factors such as the strength of the electric field and the conductivity
of the medium [20].

The relative contribution of these two mechanisms to the
overall heating of the sample is largely dictated by temperature.
Specifically, as the contribution of dipole rotation decreases, the
temperature of the sample increases, while the contribution of ionic
conduction increases. It means that if'a sample contains both polar
molecules and ions, then as it is heated by microwave energy, the
heating will initially be dominated by dipole rotation. The relative
contribution of these two mechanisms also depends on the mobility
and concentration of the ions within the sample [20]. Conse-
quently, these mechanisms induced the destruction of hydrogen
bonds in organic molecules, which increased solvent penetration
into the plant matrix [30] and thereby dissolution of extractable
molecules. In fact, microwave-assisted extraction (MAE) may be
summarized in two main steps as Chemat et al. [21] and Vinatoru
et al. [20] mentioned:

1. Penetration of the solvent into the plant cell by diffusion:
Initially, in the equilibrium phase, solubilization and partition-
ing phenomena come into play, which leads to the detachment
of the substrate from the particle’s outer surface at a relatively
consistent rate. This step is then followed by an intermediate
phase of transition to diffusion, where resistance to mass trans-
fer begins to appear at the interface between the solid and
liquid phases. During this period, a mass transfer occurs
through convection and diffusion.
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2. Cell rupture and leaching out of cell components into the
solvent solution: When the dielectric loss tangent of the plant
cell is higher than that of the solvent, the vegetal material could
absorb more electrical energy, which can lead to an increase in
the temperature of the plant material and subsequently an
increase in cell pressure. As the extract is removed mainly
through diffusion, it is typically regarded as the limiting step
of the process.

Throughout the extraction process, a variety of forces and
relationships can be observed, including dispersion forces, intersti-
tial diffusion, driving forces, and chemical interactions, with the
persistence and strength of these phenomena often closely linked to
the solvent’s properties, such as solubilization power, solubility in
water, purity, and polarity [21].

3 Factors Affecting MAE

3.1 Microwave
Power
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Fig. 1 Factors affecting MAE

Numerous types of compounds, including essential oils, antioxi-
dants, pigments, and other organic compounds, have been effec-
tively isolated from various natural plant resources using MAE
[5, 8-10]. The extraction techniques employed for this purpose
are highly dependent on the following factors (Fig. 1).

In a reaction medium, the amount of electromagnetic energy that is
transformed into heat depends, in a practical sense, on the permit-
tivity and permeability of the chemical compounds or mixture, as
well as the intensity of the electromagnetic field [21].

Microwaves belong to the electromagnetic spectrum, and their
frequency range spans from 300 MHz (classified as radio radiation)
up to 300 GHz. In scientific research, two specific frequencies are
usually utilized: 2.45 GHz, which is commonly used in laboratory
equipment, and 915 MHz, which is mostly used in industrial
equipment [20, 31]. It has been shown that the range of power
delivered was between 60 and 960 W (Table 1). Increasing

Factors of microwave-assisted
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3.2 Extraction Time

microwave power from 180 to 300 W gave rise to high trans-
lycopene and f-carotene contents [32]. Additionally, Vu et al.
[33] reported that high phenolic compounds were acquired when
the power was raised from 240 to 960 W. These radiations led to
the disruption of cell wall and then cell membrane followed by the
release of bioactive compounds [2]. Hence, it permitted the grad-
ual efflux of plant exudates. Consequently, it affected the yield of
bioactive compounds [33]. However, increasing microwave power
beyond 300 W decreased the contents of trans-lycopene and
B-carotene [32]. In fact, there is a risk of losing/degrading plant
bioactive components caused by the usage of higher power with
extended exposure [34]. Thus, microwave power and irradiation
time are completely opposed [2].

Nisca et al. [4] found that the TPC of Quercus cerris bark
extracts was improved when the microwave power was increased.
The variation of microwave power from 200 to 850 W had a
significant influence on the content of the total phenolics and
tannins.

Microwaves could be influenced by different types of materials,
which can be categorized as follows [35]:

Opaque materinls: Conductive materials that possess free electrons,
like metals, have a tendency to reflect electromagnetic waves,
preventing them from passing through. These materials are
utilized in constructing microwave applicants [36].

Transparent materials: Materials that have a low dielectric loss or
insulating properties, such as ceramics and glass, only absorb
and reflect electromagnetic waves to a minimal extent, thus
enabling microwaves to pass through with minimal attenuation
[37]. These materials are typically used in reactors that are
placed within microwave applicants.

Heating time is an essential factor that affects the extraction mech-
anism [19]. Furthermore, increasing time augmented extraction
efficiency and quantity of analytes [2]. However, it also increases
the possibility of the degradation of thermolabile compounds. For
the extraction of different kinds of plant matrices, various time
scales are required [38]. Sometimes, 60 s—60 min are required
for the maximum production of analytes in MAE (Table 1). Several
findings agreed that extended exposure to microwave irradiation
resulted in a greater release of phenolic compounds from Hibiscus
sabdariffa, Aegle marmelos, and Myrtus communis leaves [39—
41]. The amount of polyphenols extracted increased by over 30%
when the extraction time was changed from 5 to 29.5 min
[42]. Whereas, Belwal et al. [8] reported that 2 min was suitable
for MAE of alkaloids, berberine and palmatine with concentrations
of 46.38 mg/g DW and 20.54 mg/g DW, respectively. In the
investigation of Kadi et al. [9], it was noticed that the total
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carotenoid content from Citrus clementine peel reached its maxi-
mum (186.55 pg/g DM) at 7.64 min; then the compounds of
interest easily decomposed as a result of the long exposure. Accord-
ing to Samanta et al. [ 3], MAE technique has exhibited an increase
in yield of 70% compared to other traditional methods, resulting in
higher TFC and TPC levels, which was accomplished in a shorter
time frame.

The proper selection of extraction solvent is one of the key elements
that have a significant impact on MAE’s total output. The proper-
ties of the solvent (nature, polarity, solubilization, purity, etc.) are
other variables that affect the process of extraction [2]. Several
forces, such as the physicochemical interactions, may be strongly
associated with the properties of the solvent [21]. Typically, when a
solvent has a high dielectric constant and dielectric loss, it tends to
have a greater ability to absorb microwave energy. Essentially, the
capacity of the solvent to absorb this energy increases as the dielec-
tric constant and dielectric loss increase, resulting in a faster heating
rate for the solvent relative to the plant material [43]. In order to
measure relative solubility, the Hildebrand solubility parameter
scale is commonly used. This parameter is the measure of the
cohesive energy between the solvent and the matrix in a solution
[20]. In fact, & is linked to the hydrogen-bonding capacity, the
polarity, and the dispersion coefficient. As a result, there is a signifi-
cant correlation between the polarity and the Hildebrand solubility
parameter (&) [20]. The solvent volume is also a crucial component
to take into account since it needs to be sufficient to ensure that the
entire sample is submerged in the solvent during the whole irradia-
tion process [21]. In addition, the selected solvent must be more
selective toward the target analyte than the other matrix constitu-
ents [44]. MAE can use water as a solvent for both polar and
nonpolar compounds, making it an attractive option for more
environmentally friendly extraction processes [43]. By blending
different solvents, it is possible to alter the properties of the solvent,
resulting in differing selectivity for various compounds [43]. In
fact, the use of an ethanol-water mixture as an extraction solvent
facilitated the recovery of TPC due to its high dielectric constant
and dissipation factor, which enables the effective absorption of
microwave energy. Furthermore, this solvent mixture increased
the penetration of the solvent into the sample matrix, thereby
enhancing heating efficiency. These results are in line with the
findings of Nisca et al. [4], who carried out an optimization of
extraction parameters for aqueous and hydroalcoholic extractions,
and the total polyphenolic and tannin contents were determined.
The results indicated that the optimal extraction conditions for
aqueous (30 min at 850 W) and hydroalcoholic (18 min at
650 W) extracts were different. The hydroalcoholic bark extract
exhibited a higher yield of total polyphenols (403.73 mg GAE/g
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3.4 Matrix
Characteristics

dried weight) compared to the aqueous extract that had a lower
level of tannins. Hence, MAE may yield higher levels of polyphe-
nols when mixtures of solvents are used due to the increased
solubility of target compounds and better penetration into the
plant material [4].

In addition, optimizing the solvent-to-solid ratio (S/S) is a
crucial parameter. It is necessary to ensure that the solvent volume
is adequate to fully immerse the sample during the entire irradiation
process, particularly when dealing with a matrix that may expand
during the extraction process [45]. As the ratio of sample to solvent
increased from 2:100 g/mL to 8:100 g/mL, the TPC decreased by
nearly 50% [33]. The reason coming behind these results is that
when a smaller sample ratio is utilized, the plant material swells,
which leads to an increase in the contact area between the plant
matrix and the solvent [46]. While Kumar et al. [47] stated that the
retrieval of phenolic content showed a notable upsurge when the
ratio of solvent to solid (S/S) increased, achieving the maximum at
20:1 and declining afterward at higher levels. Hence, 20:1 was
considered the best ratio for subsequent process parameters. The
range of 10-30 (v/w) was then used to refine the process para-
meters through response surface methodology (RSM) optimiza-
tion. Choosing the appropriate ratios can have significant difficulty
in MAE. This decision is typically influenced by various factors,
including the solvent’s selectivity toward the target analyte,
its ability to absorb microwaves, its interaction with the sample
matrix, and its compatibility with the analytical methods used
downstream [48].

MAE depends on the type of plant utilized as a raw material, which
can produce a variety of valuable compounds as well as the compo-
sition of the chosen plant tissue/cell or part of the plant that
incorporates different kinds of components. Moreover, bioactive
and nutraceutical compounds are typically bound to other com-
pounds within plant structures, such as polyphenols, which are
uncommonly found in their unbound form. Instead, they are
often covalently linked to the plant cell wall, may exist in waxes or
on the exterior surfaces of plant organs, and are linked via glyco-
sides [49]. For example, plants’ leaves contain high content of
phenols [50]. Moreover, Rahmawatii et al. [1] reported that the
yield of extraction from Pegagan (Centelin Asiatica 1.) leaves is
significantly impacted by the quantity of material present. Also, the
particle size of the plant matrix is an important factor [51]. Several
studies reported that the extraction yield improved when matrix
particle size decreased [51-53]. According to Poureini et al. [52],
the apigenin extraction yield was enhanced by decreasing the parti-
cle size from 0.75 to 0.10 mm. A similar trend was depicted by Patil
etal. [53]. These authors detected an optimal range of particle size
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between 0.150 and 0.212 pm for curcuminoids extraction. Thus,
fine matrix particles promote the deeper penetration of the micro-
wave [38]. This improvement can be explained by the raise of the
contact area between the solvent and the plant matrix. In fact,
reducing the size of the particles decreased the distance that the
solvent needs to diffuse, which in turn accelerated the rate of mass
transfer between the solute and the solvent [54].

The level of moisture in the sample matrix affects the extraction
efficiency. The presence of water can increase the microwave-
absorbing ability of the sample and facilitate heating by making
the extractant more polar [40]. By utilizing, the RSM combined
with a Box—Behnken design to extract essential oil from Cinnamo-
mum camphora leaves by MAE, Liu et al. [5] showed that the
optimal moisture content was found to be 60%.

Increasing temperature until a certain level increases the extraction
yield of some bioactive compounds. In fact, Zhao et al. [55] men-
tioned that the impact of extraction temperatures was examined
while holding other variables constant (30% ethanol, 30 mL/g,
30 min, 500 W). As the temperature increased (20-50 °C), there
was a significant increase in TPC value from 23.88 to 34.46 mg
GAE /g DW. Elevated temperatures have the potential to accelerate
intermolecular interactions and molecular movement, which may
lead to increased solubility of solutes in the solvent [43]. Therefore,
the TPC value depicted a marked improvement as the extraction
temperature increased from 40 to 50 °C, but subsequently
decreased as the temperature continued to rise. Kapoore et al.
[48] noticed that an increase in temperature resulted in decreased
yields of phycoerythrin, which confirmed that thermal damage can
occur over 40 °C, while carotenoids degrade at temperatures over
60 °C. The extraction of phenolic acids from green tea was found to
be more effective at a temperature of 100 °C, whereas the flavanols
and flavonols, which are sensitive to high temperatures, displayed
better extraction yield at a lower temperature of 80 °C [56]. In
addition, according to these authors, the extraction of quercetin
glycosides is more efficient at 80 °C compared to 100 °C. This
finding could be explained by the fact that quercetin glycosides
have an oxidizable catechol ring (B-ring), making them more sus-
ceptible to thermal degradation than kaempferol glycosides, which
have a mono-phenolic B-ring. Moreover, when extracted using
MAE at a temperature of 90 °C, the sulfated polysaccharides
obtained from Ulva prolifera using an acidic solvent (0.05 M
HCI) exhibited superior water- and oil-holding capacities. Con-
versely, the polysaccharides extracted at a higher temperature of
150 °C demonstrated the best foaming properties as well as the
highest antioxidant and pancreatic lipase inhibition activities [57].
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4 Some Techniques of MAE

4.1 Solvent-Free
MAE (SFM)

Coupling MAE with other extraction methods was proved to have
potential applications due to the popular effectiveness of MAE

(Fig. 2).

This method involves using microwaves to perform a dry distilla-
tion on a fresh matrix, without adding any water or organic solvent.
The process involves heating of the raw material with water to
release the essential oil from glands, which is then carried away by
steam produced from the matrix water. The distillate, made up of
water and essential oil, is continuously condensed using a cooling
system placed outside the microwave oven. Any excess water is
returned inside the balloon to maintain the appropriate humidity
level of the matrix [21]. This straightforward approach allows the
efficient extraction of essential oils without the use of additional
solvents. The findings of Iftikhar et al. [22] revealed that the SFM
technique, which does not require solvents and utilizes a power
setting of 480 W and a duration of 60 s, is an efficient approach for
extracting antioxidant compounds from gourd fruit. Likewise, Wei
et al. [15] mentioned that the combination of SFM and moisture
regulation was a potent approach to extract essential oil from
deciduous leaves of C. longepaniculatum. In addition, compared
to conventional hydro-distillation, Liu et al. [5] depicted that SEM
exhibited better performance in terms of various parameters such
as extraction efficiency (3.51% in 23 min vs. 3.35% in 240 min),
initial extraction rate (3.3772 vs. 0.1868), extraction rate constant
(0.3002 vs. 0.0152), extraction capacity (3.67% vs. 3.51%),
oxygenated compound content (83.93% vs. 74.81%), energy

Solvent-
| free MAE
\ Microwave-
Focused- S assisted
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Fig. 2 Recent methods of MAE
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(FMAE)

4.3 lonic Liquid-
Based MAE (ILMAE)
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consumption (0.22 kW h vs. 4 kW h), and environmental impact
(177.87 g CO, vs. 3200 g CO,). These findings demonstrated that
SEM is a time-efficient, energy-saving, and eco-friendly method
that has great potential as a preferable alternative to traditional
methods for the extraction of essential oil from C. camphora leaves.
Hence, SEM was suggested as it showed higher yield and volumet-
ric mass transfer coefficient, greater proportions of oxygen com-
pounds, lower electricity consumption, and less CO, emission and
water waste compared to conventional hydro-distillation [77].

In FMAE, the sample is placed in an opened vessel and a specific
area is exposed to microwave radiation. This system functions at
atmospheric pressure [78], while the maximum temperature is
provided by the boiling point of the extraction solvent utilized
[79]. Hence, it can be used for the extraction of thermolabile
components. In addition, this system is composed of a condenser
that is set on the top of the vessel to avoid the loss of volatile
compounds [80]. Therefore, the microwave reactor’s configuration
influences heat production in the reaction medium [21]. In fact,
using a central composite experimental design, the extraction of
betulinic acid from Zizyphus joazeiro was optimized by employing
FMAE technology. This analysis confirms the applicability of
FMAE extraction as a speedy, environmentally friendly, and effec-
tive extraction method. As per the study, the optimal temperature
and duration of extraction are 70 °C and 15 min, respectively
[81]. By directing microwave energy to a small region of the sample
[82], FMAE attained a more efficient extraction with less energy
consumption [81].

The merging of microwave irradiation with ionic liquids (ILs)
presents an influential approach toward achieving high effectiveness
and less harmful procedures. ILs are liquefied salts that retain their
liquid form at low temperatures, frequently under 100 °C, and they
are comprised of organic cations and organic or inorganic anions
[83]. In comparison to conventional organic solvents, ILs exhibit
numerous distinguishing characteristics, such as trivial vapor pres-
sure, elevated temperature stability, low volatility, chemical stability,
wide electrochemical stability window, and ionic conductivity
[84]. Thus, ILs are considered as outstanding microwave absor-
bers. As stated by Li et al. [85], ILMAE can enhance the extraction
efficiency of total biflavonoids in a shorter time and with a reduced
amount of solvents, compared to conventional soxhlet extraction.
In fact, according to Motlagh et al. [6], when compared to the
commonly used conventional Soxhlet method, the protein yield
obtained under optimized conditions using choline acetate ([Ch]
[Ac])-mediated water-based MAE technique (26.35%) is much
higher, indicating the superiority of this approach over the Soxhlet
extraction method (0.63%). The results indicated that [Ch]
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4.4 Ultrasonic MAE
(UMAE)

[Ac]-based MAE of proteins from Nannochloropsis oceanica is
superior to the conventional method of Soxhlet methods, making
it a highly recommended innovative approach for protein separa-
tion. The findings of this investigation had the potential to aid in
identifying and utilizing important biochemical compounds from
microalgae through IL-based MAE, leading to the development of
new and enhanced bioproduct technologies. Furthermore, the
major obstacle in astaxanthin extraction is the effective disruption
of the thick and resistant cell walls of Haematococcus pluvialis.
However, the utilization of biocompatible protic ionic liquids-
based microwave-assisted liquid-solid extraction (PILs-MALSE)
has resolved this issue in the study of Fan et al. [7]. One of the
protic ionic liquids, ethanolammonium caproate (EAC), has the
ability to dissolve mannan, which is one of the key components of
the cell walls of Haematococcus pluvialis. Fan et al. [7] elucidated
that compared to traditional extraction techniques, the PILs-
MALSE method is more efficient for extracting astaxanthin. In
addition, the effectiveness of MAE combined with protic ionic
liquids (PILs) in obtaining phycobiliproteins was assessed by
Rodrigues et al. [24]. The most efficient solvent was a combination
of  2-hydroxyethylammonium  acetate  (2-HEAA) and
2-hydroxyethylammonium formate (2-HEAF), using a process
conducted at 62 W power and a ratio of 10 mL/g. These authors
found that MAE using PILs could be effective for the extraction of
phycobiliproteins with concentrations of 33 g L ™!, 0.84 g L', and
0.41 g L' of allophycocyanin, phycocyanin, and phycoerythrin,
respectively. Guo et al. [86] successfully utilized ILMAE to extract
6-, 8-, and 10-gingerols and 6-, 8-, and 10-shogaols from
ginger. The highest extraction yields of gingerols and shogaols
were obtained using 1-decyl-3-methylimidazolium bromide
[CIOMIM]Br. The efficiency of extraction of these compounds
was greatly influenced by the alkyl chain length and anions of
cations. Compared to methanol-based MAE (MMAE), ILMAE
not only produced higher extraction yields but also had a shorter
extraction time. The same tendency was observed when 1-octyl-3-
methylimidazolium acetate [Omim ][OAc] was added to the water
as the extracting solvent. This IL has been demonstrated to
enhance lipid extraction ability when exposed to microwave irradi-
ation. [Omim][OAc] at 2.5% allowed the extraction of 19.2% of
lipids [87]. Despite many accomplishments, there is still insufficient
knowledge about the precise mechanism linking microwaves, ILs,
and nanostructures or polymers [83].

The concurrent utilization of ultrasonic and microwave extraction
methods led to a notably greater quantity of bioactive compounds
in comparison to the traditional decoction extraction techniques,
highlighting the synergistic effects of these novel approaches
(Kwansang et al. 2022). As reported by Sun et al. [12], the
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UMAE approach, developed for the extraction of polysaccharides
from Camptotheca acuminata fruit (CAFP), yielded higher
amounts in a shorter duration than traditional hot water extraction
(HWE) techniques. The CAFP yield obtained via UMAE was
6.81%, which is 1.04 times greater than the yield from HWE.
Furthermore, the UMAE approach required a shorter extraction
time of 20 min compared to HWE, which necessitated 120 min of
extraction. In this line, Zheng et al. [88] indicated that the extrac-
tion yield of polysaccharides from Trametes ovientaliswas 7.52%. In
addition, the investigation of Zhang et al. [13] revealed that the
research results showed that UMAE had a greater degree of damage
to the cell wall of Dictyophora indusiata polysaccharides (DPs) and
better antioxidant capacity. The UMAE method had the highest
polysaccharides yield, which was related to the conformational
stretching and degradation avoidance of DPs in the higher molec-
ular weight components under the simultaneous action of micro-
wave and ultrasonic. In the same line, according to Shen et al. [89],
Panax notoginseng polysaccharides (PNPS) were extracted using
UMAE, and RSM was utilized to optimize the extraction para-
meters. The ideal extraction conditions were identified as 10 min
ultrasonic duration, 50 W ultrasonic power, 4 min microwave
duration, and 540 W microwave power, which led to a PNPS
extraction rate of 11.03%. Characterization of PNPS using SEM,
FTIR, and UV-Vis indicated that the UMAE method did not cause
any degradation to the polysaccharides.

The findings of Xu et al. [90] suggested that UMAE resulted in
a greater yield of pectin compared to conventional heating. The
ideal parameters for UMAE were identified as an extraction tem-
perature of 86 °C, an extraction time of 29 min, and a solid-liquid
ratio of 1:48 (w/v), resulting in a maximum pectin yield of 21.5%.
The study of Lu et al. [91] aimed to optimize the extraction of
various degrees of polymerized oligosaccharides from lotus seeds
using UMAE through RSM. The results demonstrated that the
optimal UMAE conditions for lotus seed oligosaccharides were
determined to be an extraction time of 325 s, a liquid-solid ratio
of 10.00 mL /g, ultrasonic power of 300.46 W, and microwave
power of 250 W. These conditions resulted in a 76.59% increase
in the yield of total oligosaccharides, with a 17.47% increase in
trisaccharides and a 27.21% increase in tetrasaccharides. Addition-
ally, the extraction time was significantly reduced compared to
traditional hot water, ultrasonic-assisted, and MAE methods.
Regarding oil extraction, Wang et al. [92] found that the utilization
of UMAE resulted in higher oil yield and greater superoxide radical
scavenging activity of white pepper compared to MAE and UAE,
indicating its superior efficiency as an extraction method. In terms
of the specific components extracted, UMAE generally yielded
more monoterpenes and sesquiterpenes than MAE and UAE.
Therefore, UMAE has the potential to become a prominent
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4.5 Microwave
Hydro-distillation
(MHD)

4.6 Microwave
Hydro-diffusion and
Gravity (MHG)

eco-friendly method for extracting essential oil from P. nigrum due
to its maximum extraction yields and short extraction time. Fur-
thermore, Yu et al. [93] employed the UMAE method to extract
polyphenols, flavonoids, triterpenoids, and vitamin C from Clina-
canthus nutans. The optimized conditions for the extraction pro-
cess included the use of distilled water, a solid-liquid ratio of 1:
55 g/mL, an irradiation power of 90 W, and an extraction cycle
lasting 75 s. With the previously described conditions, the extrac-
tion yields of polyphenols, flavonoids, triterpenoids, and vitamin C
were found to be 8.893,25.936, 16.789, and 0.166 mg/g, respec-
tively. These findings suggest that UMAE is a highly efficient
method for the extraction of bioactive substances from Clina-
canthus nutans. Overall, these findings suggest that UMAE has
the potential to be a more efficient and effective technique for
bioactive compounds extraction as compared to traditional
methods.

The mechanism of MHD produces heat by absorbing microwave
radiation from the plant material, resulting in the evaporation of
essential oil components [21]. The condensed vapor is then col-
lected as a liquid that consists of essential oil. Newer research has
examined the possibility of MHD for extracting essential oils from
diverse aromatic plants [94-97]. Elyemni et al. [97] compared the
efficiency of two extraction methods, microwave-assisted hydro-
distillation (MHD) and Clevenger hydro-distillation (CH), for
obtaining essential oils from Rosmarinus officinalis L. MAH only
requires 20 min to obtain the same yield of essential oils that takes
CH 180 min. Furthermore, the quality of the essential oil was
enhanced by an increase of 1.14% in oxygenates. Additionally, as
reported by Megawati et al. [95], the utilization of microwave-
assisted hydro-distillation (MHD) for the extraction of mace essen-
tial oil was proven to be more effective than hydro-distillation
(HD). MHD resulted in 8.62% essential oils in just 42 min, whereas
HD only produced 7.03% in 73 min. In addition, MHD consumed
less energy (756 kJ) compared to HD (1095 kJ). As the power
input is increased, a higher yield of essential oil is obtained. At
300, 600, and 800 W within 10 min, yields obtained were 2.68,
4.56, and 5.41%, respectively, while at 20 min, yields obtained were
5.13,7.39, and 6.83%. The findings of Mollaei et al. [25] devoted
that MHD may be a useful technique for extracting essential oil
from F. angulata due to its ability to decrease the distillation
duration, minimize energy usage, and enhance biological proper-
ties when compared to the HD method.

The MHG apparatus is essentially a microwave unit that operates
similarly to a standard commercial model. It utilizes a combination
of microwave radiation and the force of gravity at ambient pressure
to perform extraction from fresh plant material [98]. As described
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by De Castro and Peinado et al. [54], this method involved the
introducing of a matrix into a reactor inside a microwave oven.
Microwaves trigger the heating of the water present in the matrix,
leading to the elimination of cells that contain essential oil. The
hydro-ditfusion process took place, wherein both the essential oil
and internal water of the matrix were released from the plant’s
interior to its exterior. To condense the distillate, a cooling system
situated outside the microwave oven is employed and then col-
lected under gravity. In addition, MHG extraction has demon-
strated optimal outcomes in diverse applications aimed at
extracting active compounds, including antioxidant molecules
from aromatic plants such as Cuminum cyminum, Cytisus scoparius,
Brassica vapa, Quercus robur, and Pleurotus ostreatus [17, 26,
99]. As detailed by Benmoussa et al. [99], the use of MHG resulted
in a higher yield of essential oil (1.579%) in a shorter time
(16 min vs. 150 min required for HD) as compared to conventional
hydro-distillation (HD) (1.550%). Additionally, the MHG tech-
nique requires less electricity, emits less carbon dioxide, and gen-
erates less wastewater. Examination via GC-MS affirmed that the
quality of cumin essential oils procured by MHG and HD were
comparable. According to this investigation, the effectiveness of
MHG and ethanolic solid-liquid extraction methods were com-
pared using various plant sources, that is, Cytisus scoparius, Brassica
rapa, Quercus robur, and Pleurotus ostreatus [17] (Table 2). The
results illustrated that MHG technology is suitable for generating
extracts with interesting antioxidant characteristics.

By combining microwave-assisted and subcritical water extraction
(MASE), Moirangthem et al. [11] found that anthocyanins could
be extracted from straw with an 85.8% efficiency when exposed to a
temperature of 90 °C for 5 min. This combination was also
observed to have superior antioxidant activity as compared to a
conventional methanol extract. Both the straw and bran’s micro-
wave extracts did not exhibit any noticeable cytotoxicity on Jurkat
cells in vitro.

In addition, Yang et al. [27] used MASE to extract steviol
glycosides from Stevia rebaudiana (Bertoni). The results depicted
that the yields of major steviol glycoside, including rebaudioside A
and stevioside, and rebaudioside C were comparable to those
obtained by the conventional extraction method that used 70%
ethanol under sonication for 45 min, within just 1 min of reaching
subcritical water conditions at 140 °C. This method can be a cost-
effective alternative for producing high-purity steviol glycoside
sweeteners. Moreover, Cai et al. [28] attempted to enhance oil
extraction efficiency by utilizing seed pretreatments, such as micro-
wave assistance, to increase subcritical extraction fluid penetration
without affecting the physicochemical properties of the phyto-
chemicals in oilseeds. These authors established that using
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Table 2

MAE methods for bioactive compounds extraction

Methods Compounds Plants References

Solvent-free MAE TPC/TEC Lagenaria siceraria fruit [22]
Essential oil Coleus aromaticus [16]
TPC Centelln asiatica L. [1]
Essential oil Cinnamomum longepaniculatum — [15]

leaves

EMAE (Focused MAE)  Betulinic acid Zizyphus joazeiro bark [81]
Sesamol Sesame seed [23]

ILMAE (Ionic liquid- Lipids and Nannochloropsis oceanica [101]

based MAE) eicosapentaenoic acid  Passion fruit and mango leaves [102]
Flavonoids Nothopanax scutellarium leaves [103]
Quercetin Coriander foliage [104]
Heneicos-1-ene Arthrospiva platensis [24]
Phycobiliproteins Selaginelln sinensis [105]
Amentoflavone / Haematococcus pluvialis [7]
hinokiflavone
Astaxanthin

Ultrasonic MAE Polysaccharides Trametes ovientalis [88]
Caffeic and ferulic acids  Clinacanthus nutans [106]
Polysaccharides Camptotheca acuminata fruits [12]
a-mangostin Garcinia mangostana [107]
Polysaccharides Pericarp [13]

Microwave hydro-
distillation (MHD)

Microwave hydro-
diffusion and gravity
(MHG)

Microwave-assisted
subcritical extraction

Dictyophora indusiata

Essential oils Rosmarinus officinalis L. [97]
Clove (Syzgium aromaticum) stem  [96]
Myristicae arillus [95]
Ferulago angulate [25]
Pelargonium graveolens [94]
Essential oil Cuminum cyminum L. [99]
Phenolic compounds Blackberries (Rubus spp.) [26]
Carotenoid/phenolic/  Cytisus scoparius;Brassica rapa; [17]
lipid /protein contents  Quercus robur; Pleurotus ostreatus
Anthocyanins Manipur black rice [11]
Steviol glycosides Stevia rebaundiana leaves [27]
Oil Tigernut [28]
Berberine hydrochloride  Berberis aristata roots [100]

microwaving as a pretreatment prior to subcritical extraction is an
uncomplicated technique to improve oil output while producing
high-quality oil. In fact, Cai et al. [28] employed subcritical
n-butane extraction with the aid of microwave pretreatment to
extract tigernut oil from tigernut meal. Microwaving (560 W,
6 min) substantially increased subcritical extraction efficiency. The
most oil was obtained by subcritical extraction of tigernut oil at a
temperature of 52 °C for 32 min after three extraction cycles, with a
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liquid-solid ratio of 3.62 kg/(kg of tigernut meal), resulting in a
maximum vyield (24.736%) of tigernut oil. The oil’s high-quality
attributes, including a ratio of unsaturated to saturated fatty acids of
4.68 UFA /SFA, low acid value (3.30 mg KOH /g oil), low perox-
ide value (0.28 meq.kg ™), and a predominance of oleic acid, were
identified. Additionally, an optimization of the conditions for
extracting berberine from Berberis aristata roots by microwave-
assisted subcritical water extraction (MASCW) was conducted by
Manikyam et al. [100]. This method was employed to extract
berberine at temperatures ranging from 110 to 170 °C using
various combinations of five subcritical parameters. The experimen-
tal data concentration of berberine (223.82 pg/mL) was found to
be significantly correlated under specific subcritical parameters.
This new hybrid extraction technique can be an eco-friendly option
tor producing high-purity compounds [27].

5 Conclusion

References

The MAE has minimized energy, time, and solvent consumption,
which makes it a sustainable technology. Furthermore, it has been
coupled with other extraction techniques such as ultrasonic, hydro-
distillation, and subcritical extraction. These combinations had
considerably reduced energy and time, and improved bioactive
compound yields. The versatility of MAE in the recovery of bioac-
tive and nutraceuticals from various kinds of vegetal materials could
be applied in advanced practical applications in food and pharma-
ceutical fields.

1. Rahmawati A, Fachri BA, Oktavia S et al

(2021) Extraction bioactive compound of
pegagan (Centella Asiatica L.) using solvent-
free microwave-assisted extraction. IOP
Conf Ser: Mater Sci Eng 1053:012125

2. Akhtar I, Javad S, Yousaf Z et al (2019)

Microwave assisted extraction of phytochem-
icals an efficient and modern approach for
botanicals and pharmaceuticals. Pak J Pharm
Sci 32:223

. Samanta R, Ghosh M (2023) Optimization of
microwave-assisted extraction technique for
flavonoids and phenolics from the leaves of
Oroxylum indicum (L.) Kurtz using Taguchi
L9 orthogonal design. Pharmacogn Mag 19:
97-104

. Nisca A, Stefinescu R, Moldovan C et al
(2022) Optimization of microwave assisted
extraction conditions to improve phenolic
content and in vitro antioxidant and anti-

microbial activity in Quercus cerris bark
extracts. Plants (Basel, Switzerland) 11:240

. LiuZ,Deng B, Li S et al (2018) Optimization

of solvent-free microwave assisted extraction
of essential oil from Cinnamomum camphora
leaves. Ind Crop Prod 124:353-362

. Motlagh SR, Elgharbawy AA, Khezri R et al

(2021) Ionic liquid-based microwave-assisted
extraction of protein from Nannochloropsis
sp. biomass. Biomass Conv Bioref 13:8327

.Fan'Y, Niu Z, Xu C et al (2019) Biocompati-

ble protic ionic liquids-based microwave-
assisted liquid-solid extraction of astaxanthin
from Haematococcus pluvialis. Ind Crop
Prod 141:111809

. Belwal T, Pandey A, Bhatt ID et al (2020)

Optimized microwave assisted extraction
(MAE) of alkaloids and polyphenols from
Berberis roots using multiple-component
analysis. Sci Rep 10:917



98

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Moufida Chaari et al.

.Kadi A, Boudries H, Bachir-bey M et al

(2022) Optimization of microwave-assisted
extraction of carotenoids from Citrus clemen-
tina peels. Curr Bioact Compd 18:
€301221199690

Yigit U, Turabi Yolaganer E, Hamzalioglu A
et al (2022) Optimization of microwave-
assisted extraction of anthocyanins in red cab-
bage by response surface methodology. ]
Food Process Preserv 46:¢16120

Moirangthem K, Ramakrishna P, Amer MH
et al (2021) Bioactivity and anthocyanin con-
tent of microwave-assisted subcritical water
extracts of Manipur black rice (Chakhao)
bran and straw. Future Foods 3:100030

Sun H, Li C, Ni Y et al (2019) Ultrasonic/
microwave-assisted extraction of polysacchar-
ides from Camptotheca acuminata fruits and

its antitumor activity. Carbohydr Polym 206:
557-564

Zhang Y, Lei Y, Qi S et al (2023) Ultrasonic-
microwave-assisted extraction for enhancing
antioxidant activity of Dictyophora indusiata
polysaccharides: the difference mechanisms
between single and combined assisted extrac-
tion. Ultrason Sonochem 95:106356
Al-Ajalein A-HAS, Shafie MH, Yap P-G et al
(2023) Microwave-assisted extraction of poly-
saccharide from Cinnamomum cassia with
anti-hyperpigmentation properties: optimiza-
tion and characterization studies. Int J Biol
Macromol 226:321-335

Wei C, Wan C, Huang F et al (2023) Extrac-
tion of Cinnamomum longepaniculatum
deciduous leaves essential oil using solvent-
free microwave extraction: process optimiza-
tion and quality evaluation. Oil Crop Sci 8:7—
15

Gunny AAN, Fang LP, Misnan NM et al
(2021)  Microwave-assisted  solvent-free
extraction of essential oil from Coleus aroma-
ticus: anti-phytopathogenic potential for fruit
post-harvesting. 3 Biotech 11:166
Lopez-Hortas L, Falqué E, Dominguez H
et al (2019) Microwave hydrodiffusion and
gravity (MHG) extraction from different raw
materials with cosmetic applications. Mole-
cules 25:92

Nisca A, Stefinescu R, Stegdru DI etal (2021)
Phytochemical profile and biological effects of
spruce (Picea abies) bark subjected to ultra-

sound assisted and microwave-assisted extrac-
tions. Plants (Basel, Switzerland) 10:870

Delazar A, Nahar L, Hamedeyazdan S et al
(2012) Microwave-assisted extraction in

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

natural products isolation. In: Sarker SD,
Nahar L (eds) Natural products isolation.
Humana Press, Totowa, pp 89-115

Vinatoru M, Mason TJ, Calinescu I (2017)
Ultrasonically assisted extraction (UAE) and
microwave assisted extraction (MAE) of func-
tional compounds from plant materials. TrAC
Trends Anal Chem 97:159-178

Chemat F, Cravotto G (eds) (2013)
Microwave-assisted extraction for bioactive
compounds. Springer US, Boston

Iftikhar S, Tariq Qamar M, Aydar AY et al
(2022) Optimization of solvent-free micro-
wave-assisted extraction of antioxidant com-
pounds from Lagenaria sicerarvia fruit by
response surface methodology. Folia Hortic
34:163-171

Sharma M, Patel D, Meghwal K et al (2022)
Focused microwave assisted extraction setup
and extraction of sesamol from sesame seed. ]
Postharvest Technol 10:134-141

Rodrigues RDP, Silva ASE, Carlos TAV et al
(2020) Application of protic ionic liquids in
the microwave-assisted extraction of phycobi-
liproteins from Arthrospira platensis with
antioxidant activity. Sep Purif Technol 252:
117448

Mollaei S, Sedighi F, Habibi B et al (2019)
Extraction of essential oils of Ferulago angu-
lata with microwave-assisted hydrodistillation.
Ind Crop Prod 137:43-51

Moraes DP, Machado ML, Farias CAA et al
(2020) Eftect of microwave hydrodiffusion
and gravity on the extraction of phenolic com-
pounds and antioxidant properties of black-
berries (Rubus spp.): scale-up extraction.
Food Bioprocess Technol 13:2200-2216

Yang Z, Uhler B, Lipkie T (2019) Microwave-
assisted subcritical water extraction of steviol
glycosides from Stevia rebaudiana leaves. Nat
Prod Commun 14:1934578X19860003

Cai X, Zhao X, Miao W et al (2022) Optimi-
zation and kinetics modeling of microwave-
assisted subcritical #z-butane extraction of
tigernut oil. J Oleo Sci 71:1799-1811
Zhang H-F, Yang X-H, Wang Y (2011)
Microwave assisted extraction of secondary
metabolites from plants: current status and
future directions. Trends Food Sci Technol
22:672-688

Hudaib M, Gotti R, Pomponio Retal (2003)
Recovery evaluation of lipophilic markers
from Echinacea purpurea roots applying
microwave-assisted solvent extraction versus
conventional methods. J Sep Sci 26:97-104



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4]1.

Microwave-Assisted Extraction of Bioactive and Nutraceuticals 99

Moret S, Conchione C, Srbinovska A et al
(2019) Microwave-based technique for fast
and reliable extraction of organic contami-
nants from food, with a special focus on
hydrocarbon contaminants. Foods 8:503

Lasunon P, Phonkerd N, Tettawong P et al
(2021) Effect of microwave-assisted extrac-
tion on bioactive compounds from industrial
tomato waste and its antioxidant activity.
Food Res 5:468-474

Vu HT, Scarlett CJ, Vuong QV (2019) Max-
imising recovery of phenolic compounds and
antioxidant properties from banana peel using
microwave assisted extraction and water. |
Food Sci Technol 56:1360-1370

Vladié¢ J, Jankovi¢ T, Zivkovi¢ J et al (2020)
Comparative study of subcritical water and
microwave-assisted  extraction techniques
impact on the phenolic compounds and
5-hydroxymethylfurfural content in pome-
granate peel. Plant Foods Hum Nutr 75:
553-560

Singh C, Khanna V, Singh S (2023) Sustain-
ability of microwave heating in materials pro-
cessing technologies. Mater Today: Proc 73:
241-248

Kumar S, Walia R, Kumar A et al (2021)
Hybrid structure of MWCNT /ferrite and
GO incorporated composites for microwave
shielding properties and their practical appli-
cations. RSC Adv 11:9775-9787

Elmahaishi MF, Azis RS, Ismail T et al (2022)
A review on electromagnetic microwave
absorption properties: their materials and per-
formance. J Mater Res Technol 20:2188-
2220

Bagade SB, Patil M (2019) Recent advances in
microwave assisted extraction of bioactive
compounds from complex herbal samples: a
review. Crit Rev Anal Chem 51:138

Purbowati ISM, Maksum A (2019) The anti-
oxidant activity of Roselle (Hibiscus sabdariffa
Linii) phenolic compounds in different varia-
tions microwave-assisted extraction time and
power. IOP Conf Ser: Earth Environ Sci 406:
012005

Sonar MP, Rathod VK (2020) Microwave
assisted extraction (MAE) used as a tool for
rapid extraction of Marmelosin from Aegle
marmelos and evaluations of total phenolic
and flavonoids content, antioxidant and anti-
inflammatory activity. Chem Data Collect 30:
100545

Dahmoune F, Nayak B, Moussi Ketal (2015)
Optimization of microwave-assisted extrac-

tion of polyphenols from Myrtus communis
L. leaves. Food Chem 166:585-595

42.

43.

44.

45.

46.

47.

48.

49

50.

51.

52.

Quiles-Carrillo L, Mellinas C, Garrigos MC
et al (2019) Optimization of microwave-
assisted extraction of phenolic compounds
with antioxidant activity from carob pods.
Food Anal Methods 12:2480-2490

Routray W, Orsat V (2012) Microwave-
assisted extraction of flavonoids: a review.
Food Bioprocess Technol 5:409-424

Tzanova M, Atanasov V, Yaneva Z et al
(2020) Selectivity of current extraction tech-
niques for flavonoids from plant materials.
Processes 8:1222

Alara OR, Abdurahman NH, Obanijesu EO
et al (2020) Extract-rich in flavonoids from
Hibiscus ~ sabdariffa  calyces: optimizing
microwave-assisted extraction method and
characterization through LC-Q-TOFE-MS
analysis. ] Food Process Eng 43:¢13339

Hayat K, Hussain S, Abbas S et al (2009)
Optimized microwave-assisted extraction of
phenolic acids from citrus mandarin peels
and evaluation of antioxidant activity
in vitro. Sep Purif Technol 70:63-70

Kumar M, Dahuja A, Sachdev A et al (2019)
Valorisation of black carrot pomace: micro-
wave assisted extraction of bioactive phyto-
ceuticals and antioxidant activity using Box—
Behnken design. J Food Sci Technol 56:995-
1007

Kapoore RV, Butler TO, Pandhal ] et al
(2018) Microwave-assisted extraction for
microalgae: from biofuels to biorefinery. Biol-
ogy 7(18):25

. Krakowska-Sieprawska A, Kietbasa A, Rafifiska

K et al (2022) Modern methods of
pre-treatment of plant material for the extrac-
tion of bioactive compounds. Molecules 27:
730

Feduraev P, Chupakhina G, Maslennikov P
et al (2019) Variation in phenolic compounds
content and antioxidant activity of different
plant organs from Rumex crispus L. and
Rumex obtusifolius L. at different growth
stages. Antioxidants (Basel) 8:237

Elhag HEA, Naila A, Ajit A et al (2019) Opti-
mization of protein yields in water extracts of
Jackiopsis ornata roots by response surface
methodology using microwave —assisted
extraction (MAE), Presented at the materials
characterization using X-rays and related tech-
niques, Kelantan, Malaysia

Poureini F, Mohammadi M, Najafpour GD
et al (2020) Comparative study on the extrac-
tion of apigenin from parsley leaves (Petrose-
linum crispum L.) by ultrasonic and
microwave methods. Chem Pap 74:3857-
3871



100

53

54.

55.

56.

57.

58.

59.

60.

6l.

62.

63.

Moufida Chaari et al.

. Patil SS, Rathod VK (2023) Extraction and
purification of curcuminoids from Curcuma
longa using microwave assisted deep eutectic
solvent based system and cost estimation. Pro-
cess Biochem 126:61-71

Luque De Castro MD, Castillo-Peinado LS
(2016) Microwave-assisted extraction of
food components. In: Innovative food pro-
cessing technologies. Elsevier, Amsterdam,
pp 57-110

Zhao C-N, Zhang J-J, Li Y et al (2018)
Microwave-assisted extraction of phenolic
compounds from Melastoma sanguineum
fruit: optimization and identification. Mole-
cules 23:2498

Nkhili E, Tomao V, El Hajji H et al (2009)
Microwave-assisted water extraction of green
tea polyphenols. Phytochem Anal 20:408-
415

Yuan Y, Xu X, Jing C et al (2018) Microwave
assisted hydrothermal extraction of polysac-
charides from Ulva prolifera: functional prop-
erties and bioactivities. Carbohydr Polym
181:902-910

Wongkaew M, Sommano SR, Tangpao T et al
(2020) Mango peel pectin by microwave-
assisted extraction and its use as fat replace-
ment in dried Chinese sausage. Foods (Basel,
Switzerland) 9:450

Deng B, Liu Z, Zou Z (2019) Optimization
of microwave-assisted extraction saponins
from Sapindus wmukorossi pericarps and an
evaluation of their inhibitory activity on xan-
thine oxidase. ] Chem 2019:1-11

Caleja C, Barros L, Prieto MA et al (2017)
Extraction of rosmarinic acid from Melissa
officinalis L. by heat-, microwave- and
ultrasound-assisted extraction techniques: a
comparative study through response surface
analysis. Sep Purif Technol 186:297-308

Rodrigues LGG, Mazzutti S, Siddique I et al
(2020) Subcritical water extraction and
microwave-assisted extraction applied for the
recovery of bioactive components from Chaya
(Cnidoscolus aconitifolius Mill.). J Supercrit
Fluids 165:104976

Pinela J, Prieto MA, Barreiro MF et al (2017)
Valorisation of tomato wastes for develop-
ment of nutrient-rich antioxidant ingredients:
a sustainable approach towards the needs of
the today’s society. Innovative Food Sci
Emerg Technol 41:160-171

Pimentel-Moral S, Borrds-Linares I, Lozano-
Sanchez J et al (2018) Microwave-assisted
extraction for Hibiscus sabdariffa bioactive
compounds. J Pharm Biomed Anal 156:
313-322

64

65.

66.

67.

68.

69.

70.

71.

72.

73.

. Vu HT, Scarlett CJ, Vuong QV (2018) Phe-

nolic compounds within banana peel and their
potential uses: a review. J Funct Foods 40:
238-248

Pavli¢ B, Naffati A, Hojan T et al (2017)
Microwave-assisted extraction of wild apple
fruit dust-production of polyphenol-rich
extracts from filter tea factory by-products:
PAVLIC et al. ] Food Process Eng 40:¢12508

Varadharajan V, Shanmugam S, Ramaswamy
A (2017) Model generation and process opti-
mization of microwave-assisted aqueous
extraction of anthocyanins from grape juice
waste: VARADHARAJAN et al. ] Food Pro-
cess Eng 40:¢12486

Pal CBT, Jadeja GC (2019) Microwave-
assisted deep eutectic solvent extraction of
phenolic antioxidants from onion (Allium
cepa L.) peel: a Box—Behnken design
approach for optimization. J Food Sci Tech-
nol 56:4211-4223

Liu Z, Qiao L, Gu H et al (2017) Develop-
ment of Bronsted acidic ionic liquid based
microwave assisted method for simultaneous
extraction of pectin and naringin from pom-
elo peels. Sep Purif Technol 172:326-337

Weremfo A, Adulley F, Adarkwah-Yiadom M
(2020) Simultaneous optimization of
microwave-assisted extraction of phenolic
compounds and antioxidant activity of Avo-
cado (Persea americana Mill.) seeds using
response surface methodology. J Anal Meth-
ods Chem 2020:1-11

Sahin S, Samli R, Tan ASB et al (2017)
Solvent-free microwave-assisted extraction of
polyphenols from olive tree leaves: antioxi-

dant and antimicrobial properties. Molecules
22:1056

Li X, Chen F, Li S et al (2016) An efficient
homogenate-microwave-assisted extraction of
flavonols and anthocyanins from
blackcurrant marc: optimization using combi-
nation of DPlackett-Burman design and
Box-Behnken design. Ind Crop Prod 94:
834-847

Kusuma HS, Mahfud M (2015) Box-Behnken
design for investigation of microwave-assisted
extraction of patchouli oil, Presented at the
international conference of chemical and
material engineering (ICCME) 2015: Green
technology for sustainable chemical products
and processes, Semarang, Indonesia

Zakaria NA, Abd Rahman NH, Rahman RA
et al (2023) Extraction optimization and
physicochemical properties of high methoxyl
pectin from Ananas comosus peel using
microwave-assisted approach. J Food Meas
Charact 17:3354



74

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Microwave-Assisted Extraction of Bioactive and Nutraceuticals

. Zayed A, Finkelmeier D, Hahn T et al (2023)

Characterization and cytotoxic activity of
microwave-assisted extracted crude fucoidans
from different brown seaweeds. Mar Drugs
21:48

Tomasi IT, Santos SCR, Boaventura RAR et al
(2023) Microwave-assisted extraction of poly-
phenols from Eucalyptus Bark—a first step for
a green production of tannin-based coagu-
lants. Water 15:317

Bansod SP, Parikh JK, Sarangi PK (2023)
Pineapple peel waste valorization for extrac-
tion of bio-active compounds and protein:
microwave assisted method and Box Behnken

design optimization. Environ Res 221:
115237

Liu Z, Li H, Zhu Z et al (2022) Cinnamo-
mum camphora fruit peel as a source of essen-
tial oil extracted using the solvent-free
microwave-assisted method compared with
conventional hydrodistillation. LWT 153:
112549

Vernes L, Vian M, Chemat F (2020) Ultra-
sound and microwave as green tools for solid-
liquid extraction. In: Liquid-phase extraction.
Elsevier, Amsterdam, pp 355-374

Kumar A, Kuang Y, Liang Z et al (2020)
Microwave chemistry, recent advancements,
and eco-friendly microwave-assisted synthesis
of nanoarchitectures and their applications: a
review. Mater Today Nano 11:100076

Yadav A, Kumar N, Upadhyay A et al (2020)
Effect of mango kernel seed starch-based
active edible coating functionalized with lem-
ongrass. J Indian Chem Soc 97:1751-1756

Fonseca FS, Reis LB, dos Santos JG et al
(2017) Betulinic acid from Zizyphus Joazeiro
bark using focused microwave-assisted extrac-
tion and response surface methodology. Phar-
macogn Mag 13:226

Reis LCB, Carneiro LM, Branco CRC et al
(2015) Comparison of conventional micro-
wave and focused microwave-assisted extrac-
tion to enhance the efficiency of the extraction
of antioxidant flavonols from jocote pomace
(Spondias purpurea L.). Plant Foods Hum
Nutr 70:160-169

Wang Y, Hou Q, Ju M et al (2019) New
developments in material preparation using a
combination of ionic liquids and microwave
irradiation. Nanomaterials 9:647

Delinska K, Yavir K, Kloskowski A (2021)
Ionic liquids in extraction techniques: deter-
mination of pesticides in food and environ-
mental samples. TrAC Trends Anal Chem
143:116396

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

101

Li D, Qian Y, Tian Y-J et al (2017) Optimiza-
tion of ionic liquid-assisted extraction of bifla-
vonoids from Selaginella doederleinii and
evaluation of its antioxidant and antitumor

activity. Molecules (Basel, Switzerland) 22:
586

Guo J-B, Fan Y, Zhang W-J et al (2017)
Extraction of gingerols and shogaols from
ginger (Zingiber officinale Roscoe) through
microwave technique using ionic liquids. J
Food Compos Anal 62:35-42

Krishnan S, Ghani NA, Aminuddin NF et al
(2020) Microwave-assisted lipid extraction
from Chlorella vulgaris in water with 0.5%—
2.5% of imidazolium based ionic liquid as
additive. Renew Energy 149:244-252

Zheng Y, Cui J, Chen A-H et al (2019) Opti-
mization of ultrasonic-microwave assisted
extraction and hepatoprotective activities of
polysaccharides from Trametes orientalis.
Molecules 24:147

Shen S, Zhou C, Zeng Y et al (2022) Struc-
tures, physicochemical and bioactive proper-
ties of polysaccharides extracted from Panax
notoginseng using ultrasonic/microwave-
assisted extraction. LWT 154:112446

Xu S-Y, Liu J-P, Huang X et al (2018)
Ultrasonic-microwave assisted extraction,
characterization and biological activity of pec-
tin from jackfruit peel. LWT 90:577-582

Lu X, Zheng Z, Li H et al (2017) Optimiza-
tion of ultrasonic-microwave assisted extrac-
tion of oligosaccharides from lotus (Nelumbo
nucifera Gaertn.) seeds. Ind Crop Prod 107:
546-557

Wang Y, Li R, Jiang Z-T et al (2018) Green
and solvent-free simultaneous ultrasonic-
microwave assisted extraction of essential oil
from white and black peppers. Ind Crop Prod
114:164-172

Yu Q, Li C, Duan Z et al (2017) Ultrasonic
microwave-assisted extraction of polyphenols,
flavonoids, triterpenoids, and vitamin C from
Clinacanthus nutans. Czech ] Food Sci 35:
89-94

Wei L, Yang H, Li H et al (2022) Comparison
of chemical composition and activities of
essential oils from fresh leaves of Pelargonium
graveolens L'Herit. extracted by hydrodistil-
lation and enzymatic pretreatment combined
with a solvent-free microwave extraction
method. Ind Crop Prod 186:115204
Megawati, Fardhyanti DS, Sediawan WB et al
(2019) Kinetics of mace (Myristicae arillus)
essential oil extraction using microwave



102

96.

97.

98.

99.

100.

101.

Moufida Chaari et al.

assisted hydrodistillation: effect of microwave
power. Ind Crop Prod 131:315-322

Haqqyana VEWT, Altway MM (2020) Kinetic
study in the extraction of essential oil from
clove (Syzgium aromaticum) stem using

microwave hydrodistillation. Morrocan ]
Chem 8:8-071

Elyemni M, Louaste B, Nechad I et al (2019)
Extraction of essential oils of Rosmarinus offi-
cinalis L. by two different methods: hydrodis-

tillation and microwave assisted
hydrodistillation. Sci World ] 2019:1-6

Lépez-Hortas L, Conde E, Falqué E et al
(2016) Flowers of Ulex europacus L. — com-
paring two extraction techniques (MHG and
distillation). C R Chim 19:718-725

Benmoussa H, Elfalleh W, He S et al (2018)
Microwave hydrodiffusion and gravity for
rapid extraction of essential oil from Tunisian
cumin (Cuminum cyminum L.) seeds: opti-
mization by response surface methodology.
Ind Crop Prod 124:633-642

Manikyam HK, Ramesh C, Poluri KM et al
(2017) Microwave assisted Subcritical water
extraction of Berberine hydrochloride from
the roots of Berberis Aristata using Harmony
search algorithm. J Herb Med Res 2:1-9

Rezaei Motlagh S, Harun R, Awang Biak DR
et al (2021) Ionic liquid-based microwave-
assisted extraction of lipid and eicosapentae-
noic acid from Nannochloropsis oceanica bio-
mass: experimental optimization approach. J
Appl Phycol 33:2015-2029

102.

103.

104.

105.

106.

107.

Mouckova K, Pacheco-Fernandez I, Ayala JH
et al (2020) Evaluation of structurally differ-
ent ionic liquid-based surfactants in a green
microwave-assisted extraction for the flavo-
noids profile determination of Mangifera
sp. and DPassiflora sp. leaves from Canary
Islands. Molecules (Basel, Switzerland) 25:
4734

Rahmi I, Jufri M, Mun’im A et al (2020)
Extraction of Quercetin from Nothopanax
scutellarium leaves via ionic liquid-based

microwave-assisted extraction. Pharm ] 12:
1512-1517

Priyadarshi S, Balaraman M, Naidu MM
(2020) Ionic liquid-based microwave-assisted
extraction of Heneicos-1-ene from coriander
foliage and optimizing yield parameters by
response surface methodology. Prep Biochem
Biotechnol 50:246-251

Li D, Sun C, Yang J et al (2019) Ionic liquid-
microwave-based extraction of biflavonoids
from Selaginella sinensis. Molecules 24:2507

Chamutpong S, Chen C-J, Chaiprateep E
(2021) Optimization ultrasonic—-microwave-
assisted extraction of phenolic compounds
from Clinacanthus nutans using response sur-
face methodology. ] Adv Pharm Technol Res
12:190

Kwansang J, Chen C-J, Chaiprateep E (2022)
Optimization of water-based ultrasonic-
microwave assisted extraction (UMAE) of
bioactive compounds from Garcinia mangos-
tana pericarp. ] Complement Integr Med 19:
225-231



	Chapter 4: Microwave-Assisted Extraction of Bioactive and Nutraceuticals
	1 Introduction
	2 Mechanism of MAE Process
	3 Factors Affecting MAE
	3.1 Microwave Power
	3.2 Extraction Time
	3.3 Extraction Solvent and Sample-to-Solvent Ratio
	3.4 Matrix Characteristics
	3.5 Temperature

	4 Some Techniques of MAE
	4.1 Solvent-Free MAE (SFM)
	4.2 Focused-MAE (FMAE)
	4.3 Ionic Liquid-Based MAE (ILMAE)
	4.4 Ultrasonic MAE (UMAE)
	4.5 Microwave Hydro-distillation (MHD)
	4.6 Microwave Hydro-diffusion and Gravity (MHG)
	4.7 Microwave-Assisted Subcritical Extraction (MASE)

	5 Conclusion
	References


