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Abstract

Because food byproducts (waste) are rich in phytoconstituents, valorizing them is crucial for global food security.
However, conventional extraction (CE), including decoction, maceration, Soxhlet, etc., for agro byproducts' polyphenol
extraction are time-consuming and rely significantly on vast volumes of potentially aggressive solvents. Hence, Avant-
garde extraction technologies, including non-thermal (high hydrostatic pressure (HHPE), pulsed-electric field (PEF), high
voltage electrical discharges (HVED), etc.) and thermal extraction (supercritical fluid (SCF), subcritical water extraction
(SWE), microwave-assisted extraction (MAE), etc.), as well as their thermal combinations (SCF-PLE, SCCO2-SWE,
SCCO2-MAE, etc.), non-thermal combinations (HHPE þ UAE, PEF þ UAE, HVED þ UAE, etc.) and combined thermal-
non-thermal (MAE-UAE, etc.) are increasingly replacing CE. However, a review of combined Avant-garde extraction
escalation technologies (non-thermal/thermal extraction matrix) for extracting polyphenols from agro-byproducts is
limited. Hence, this manuscript reviewed Avant-garde extraction technologies (non-thermal/thermal extraction matrix)
for extracting phenolics from agro-byproducts in the last 5 years. The key factors affecting polyphenols’ extraction from
the byproduct, the recent applications of Avant-garde technologies, and their principle were reviewed using databases
from Web of Science and Lens.org. The results demonstrated that combined Avant-garde extraction escalation technol-
ogies increase extractability, resulting in polyphenols with higher extraction rates, fewer contaminants, and preservation
of thermosensitive components. Therefore, combined Avant-garde extraction technologies should be explored over the
next five years. Implementing an integrated process and the strategic sequencing of diverse Avant-garde extraction
technologies are important. Thus, further investigation is required to explore the sequencing process and its potential
impact on the extraction of phenolics from agro-byproducts.

Keywords: Combined extraction methods, Green extraction, Polyphenols, Waste valorization, Ultrasound extraction

1. Introduction

F ood processing creates millions of tons of
byproducts (peels, spent grains, cobs, brans,

etc.) annually, leaving a substantial financial burden
on food processors and causing adverse ecological
impacts. Nevertheless, several studies have proven
that these byproducts have high phytoconstituents,

indicating that extracting them from agro-byprod-
ucts is paramount [1]. One notable group of bioac-
tive compounds is polyphenols, which have gotten
prominence because of their antioxidant, allelo-
pathic, antibacterial, and ultraviolet (UV)eprotec-
tive properties. Phenolics range from 200 to
3500 kDa and are generally produced from the
malonic or shikimic acid pathways, representing
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8e10 k molecules globally [2]. Since phenolics
counteract abiotic and biotic stresses, chelate pro-
oxidant metals, scavenge reactive nitrogen and ox-
ygen species, and replace antioxidants, they provide
pleiotropic shields against degenerative illnesses
and nitrooxidative damage [3]. Hence, polyphenols
are becoming increasingly popular for food fortifi-
cation as nutraceuticals and additives in various
sectors (food processing, pharmaceuticals, cos-
metics, etc.) [3,4].
Extracting polyphenols is a crucial phase before

assessing the prospective utilization of a plant
sample for therapeutic uses. Heating under reflux,
Soxhlet, maceration, percolation, etc. [5] are con-
ventional extraction (CE) methods to extract poly-
phenols from byproducts. However, CE have
numerous drawbacks (polymerization of HO*,
recurrent conjugation, etc.) [1]. Consequently,
Avant-garde extraction escalation technologies have
been used to enhance extraction while retaining
strict green chemistry and reaching extraction ob-
jectives quickly [4,6]. Avant-garde extraction esca-
lation technologies (emerging extraction
technologies), such as cold plasma (CP), microwave-
assisted extraction (MAE), ultrasound-assisted
extraction (UAE), pulsed electric fields (PEF), etc.,
have been underlined by scientists [4,7]. The
extraction processes employed in this study are
characterized by their advanced nature, as they
utilize many stimuli that induce cell lysis via inter-
nal physicochemical instability or extracellular ac-
tivity [8,9]. Therefore, the efficacy of their
application is contingent upon their application
technique and the prevailing physicochemical cir-
cumstances [1]. Likewise, it is also worth noting that
merging Avant-garde extraction escalation technol-
ogy approaches is becoming a hot research topic
[3,10,11]. Nonethess, the combined Avant-garde
extraction technologies (non-thermal/thermal
extraction matrix) for extracting polyphenols from
agro-byproducts is limited.
Hence, this review delved into the principles and

success stories of Avant-garde extraction methods
and their combinative effects of these technologies
for extracting polyphenols from byproducts (Fig. 1).
The methodology of this review follows a compre-
hensive literature review approach to provide an
overview of the Avant-garde extraction to maximize
agro-byproducts' polyphenols (Fig. 2). The data for
this study were obtained from online databases,
including Web of Science and lens.org. The search
terms used were “extraction of polyphenols from
waste (lens.org),” “extraction of polyphenols from
waste using HHPE, PEF, PLE, UAE, HVED,
SWE, SCFE, MAE, and their combinative effects

(SCFE-PLE, SCCO2-SWE, SCCO2-MAE, HHPE þ
UAE, PEF þ UAE) (Web of science)” to capture all
relevant studies on the topic (Fig. 2). The data were
painstakingly examined, and relevant papers were
filtered based on relevance and quality. The inclu-
sion criteria for this review were research papers
published in English until September 2023 that re-
ported on the use of these technologies to extract
polyphenols from agro-byproducts.

2. Key factors influencing the biorefinery
approach for agro-byproduct phenolic
compounds’ extraction, and their mechanisms

2.1. Solvents’ polarity

Determining the distribution coefficient and
extraction of polyphenol in the agro-product relies
on the interplay amongst the solubilization of the
solvent and the phenolics' solubility. The ability of
solvents to establish hydrogen bonds plays a crucial
role in this context, specifically in facilitating solva-
tion and liberating species bound inside a matrix.
Consequently, an enhanced diffusivity of the
extractant inside the matrix leads to a corresponding
decrease in the stability of the hydrogen bond
network present in the matrix's structure, resulting
in a higher degree of solvation for the analyte of
interest [12].

Abbreviations

CE Conventional extraction
HHPE High hydrostatic pressure
PEF Pulsed-electric field
HVED High voltage electrical discharges
SCF Supercritical fluid
SWE Subcritical water extraction
MAE Microwave-assisted extraction
UV Ultraviolet
CP Cold plasma
UAE Ultrasound-assisted extraction
TPC Total phenolic content
GAE Gallic acid equivalent
GRAS Generally recognized as safe
TFC Total flavonoid content
RSM Response surface methodology
HPLE Hot-pressurize liquid extraction
SA Solvent aerosolization
SCFE Supercritical fluid extraction
CBS Cocoa bean hulls
Mw Molecular weight
EF Electric fields
CCC Countercurrent chromatography
PLC Preparative liquid chromatography
DPPH 2,2-Diphenyl-1-picrylhydrazyl
TAC Total anthocyanin content
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The polarity of an extractant plays a crucial role in
determining the selectivity of the partition system,
hence facilitating the distribution of different poly-
phenols within the extract. Polar protic solvents
tend to yield more favorable extraction results due
to the typically polar nature of polyphenol de-
rivatives. These derivatives exhibit varying degrees
of hydrophilicity or lipophilicity per the number and
conjugation of phenolic groups. Thus, the use of
aliphatic alcohols (for instance, ethanol and meth-
anol) and organic extractants (polar) (e.g., ethyl ac-
etate and acetone) are the common methods to
extract polyphenols from agro-byproducts [13,14].
In extracting polyphenols from citrus peels, extrac-
tants such as ethyl acetate, ethanol, methanol, and
acetone are frequently utilized. By decocting
grapefruit, mandarin, and orange byproducts in
acidified water and methanol (1:1 v/v, pH of 2) and
washing with H2O and acetone (30:70), extracts high
in narirutin, naringin, and hesperidin flavanones
were obtained [15].
On the other hand, polar phenolics such as cin-

namic and benzoic acids may not be completely
soluble in organic extractants. As a result, most
applications use mixtures with different levels of
water. Thus, a simple decoction in water and
methanol (30:70) at room temperature was effective
for extracting kaempferol, coumaric acid, and caffeic
acid derivatives from seven European Vicia faba

cultivars with greater antioxidant activities
(3.1e4.73 mg Trolox equivalent (TE)/g dry weight
(dw)) and was strongly associated with total
phenolic content (TPC) [16]. Moreover, a water and
acetone (1:1) mixture extracted maximum phenolics
from the hazelnut involucre (370.42 mg of GAE/g)
and walnut septum (67.03 mg of GAE/g) [17]. Both
formulations showed promise in treating skin hy-
perpigmentation, wrinkle formation, cancer,
obesity, and diabetes [17]. Besides, a fraction con-
taining 10 phenolics (comprising rutin, epicatechin,
chlorogenic acid, epigallocatechin, isoquercetin,
ferulic acid, catechin, kaempferol, caffeic acid, and
quercetin) with positive impacts on gut microbiota,
fatty acid metabolism, and lipid homeostasis of rats,
was extracted in methanol (10% v/v) [18]. In addi-
tion, using several extractants in consecutive cycles
is an alternative approach to enhance the accumu-
lation of extracted polyphenolic compounds. For
instance, notable quantities have been obtained by
utilizing mixtures of acidified methanol and water in
a 1:1 ratio, as well as water and acetone in a 30:70
ratio, on ground peel derived from three different
shades of pears (Opuntia ficus indica). These pears
exhibited a TPC of ~9.64 to ~12.28 mg GAE/g.
Additionally, the analysis revealed the presence of
68 extractable and 15 hydrolyzable polyphenols [19].
Even though non-generally recognized as safe

(non-GRAS) extractants are used extensively in

Fig. 1. Schematic diagram to describe the overall scope of the review article.

554 JOURNAL OF FOOD AND DRUG ANALYSIS 2023;31:552e582

R
E
V
IE
W

A
R
T
IC

L
E



extraction procedures, they are potentially toxic-
and biologically aggressive, making their use in the
food, cosmetics, and pharmaceutical sectors highly
controversial. For example, methanol's high toxicity
makes it unsuitable for human contact or con-
sumption applications. Instead, ethanol is non-toxic
and environmentally benign [20], yields higher
polyphenols, and is amenable to large-scale pro-
cessing capabilities. Consequently, 3.32 and
0.95 mg/g extracts of TPC and TFC, correspond-
ingly, were obtained from melon peels (extracted at
30 �C, 24 h in ethanol (95% v/v)), with 0.29 mg/g of
apigenin-7-glycoside and 0.33 mg/g of hydrox-
ybenzoic acids being the extremely copious
phenolic compounds [21]. Similarly, polyphenols
were extracted from avocado peels [22] and fragrant
Thymus serpyllum herbal dust (0.06 mg/g GAE) [23]
using 50% ethanol.

Conversely, grape pomace has been tested in
comprehensive valorization conditions for pomace
residues using HPLE in polar media (hydro-
alcoholic) or a non-polar organic solvent-water
mixture [24]. Ethanol and H2O mixture have been
efficiently studied in extracting polyphenols from
peanut skin [25], peels of citrus [26], pequi's peel
[27], papery onion skin [28], grape's seeds [29], and
seeds of blackberry [30], where ethanol/water sys-
tems have been applied. The necessity of polar
extractants for efficient extraction can be ascribed to
glycosides in certain polyphenols, such as anthocy-
anins. Glucosides exhibit greater solubility in water,
whereas aglycones demonstrate enhanced solubility
in alcohols. Conversely, flavonols and anthocyanins
exhibit improved solubility in polar extractants [4,7].
Anthocyanins possess solubility in polar extractants
because of hydroxyl groups and sugars within their

Fig. 2. (A) Scholarly works (only peer-reviewed journal articles) on the extraction of polyphenols over time (Data were taken from Lens.org on 15th
September 2023) (B) extraction of polyphenols from waste using thermal, nonthermal and their combinations (Data were taken from web of science on
15th September 2023). (C) Fields of study and (D) most active countries that have published extraction of polyphenols from waste (Data were taken
from Lens.org on 15th September 2023).
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chemical structure [31]. Consequently, hydro-
alcoholic extractants are frequently employed to
extract anthocyanins. H2O has a polarity value of 10,
while methanol and ethanol have polarity indices of
5.1 and 4.3, respectively [32]. Consequently, the
enhanced efficiency of extraction can be ascribed to
a reduction in the polarity of the extractant used for
extraction, achieved by increasing the ethanol con-
tent [32]. This finding aligns with multiple research
that conducted experiments with mixing water and
pure solvents and concluded that the combined
solvent exhibited more efficacy in extracting phe-
nolics than the single extraction solvent [3,13,31,32].

2.2. Acid and pH

Acids are commonly employed as extractants for
phenolics because of their ability to facilitate the
disruption of cell membranes and serve as a solvent
for water-soluble polyphenols [33]. Lao et al. [33]
demonstrated that acidified organic solvents were
the most efficient in extracting anthocyanins from
corn. Excessive acid utilization might result in the
impairment of the intermolecular bonds responsible
for binding the anthocyanin molecule to co-pig-
ments or metals, as well as the partial hydrolysis of
the glycosidic link, hence diminishing the overall
extraction yield [32,34]. Besides, too much acid can
obstruct extraction by altering the polyphenols
because of (acyl) glycoside hydrolysis [35]. Hence, a
proper ratio is needed when applied in the extrac-
tion of phenolics. For instance, membranes and
analytes can be dissolved in acidified ethanol or
methanol. Furthermore, excessive acids can also
hydrolyze sugar and acyl labile residues simulta-
neously [3,4]. Given the complexities of extraction
setups, a priori modeling of chemo-thermodynamic
principles of various solvents, like the Hansen sol-
ubility parameters theoretical technique or non-
random two-liquid segment activity coefficient
technique, can help determine their solubilization
and suitability [36]. Given this perspective, using
modeling tools to address the numerous factors
impacting yield to get an optimal solution is highly
captivating [37,38]. For example, chemometric
models that employ the response surface method-
ology (RSM) aim to distinguish response factors
from various underlying components and develop
predictive models to guide efficient approaches
[39,40].
The ionic strength of the solvent, which influences

the solubility of the polyphenols and their in-
teractions with the byproduct matrix, can also
impact the extraction performance. Several experi-
ments have determined the best pH to extract

flavonoids from byproducts. In Mai et al. [41] study,
the effect of the extratant's pH on the extraction of
flavonoids' extra from Euonymus alatus was exam-
ined. The results revealed that recovery rates rose in
acidic pH ranges (2.5e3.5) and fell at higher pH
levels. Another study that looked at polyphenols in
this situation found that the solvent's pH impacted
how well polyphenols were extracted from pome-
granate peel, with an acidic medium producing the
most remarkable results [42]. The lower extraction
yields were observed for pH > 7. The most signifi-
cant outcomes for extracting phenolics from the
bark of Citrus reticulata were achieved using slightly
acidic electrolyzed H2O (pH 6.20). Nevertheless, an
acid-electrolyzed water pH of 3.24 showed higher
flavonoid production [43]. A higher TFC was found
at pH 2 when polyphenols were extracted from
Satsuma mandarin leaves, providing yet another
illustration of the impact of pH as the acidic media
produced the highest TPC and TFC [44].
According to observations in the literature, an

acidic medium typically produces higher flavonoid
yields. This polyphenol pattern can be clarified by
the acidic pH encouraging phenolics attached to
proteins and carbohydrate polymers to break down.
As a result, phenols become protonated at low pH
levels, changing them from hydrophobic molecules
to ones that interact more firmly with the hydro-
phobic micellar surfactant and more easily
permeate the micelles. As protons are more active at
higher pHs, phenols become deprotonated and
exhibit stronger ionic properties, which reduces the
hydrophobic phenolics’ solubility in micelles. As a
result, as the pH decreases, more phenols are
extracted [7,45].

2.3. Temperature

Temperature is another crucial variable in poly-
phenols' extraction from agro-byproduct. The
extractants' surface tension and viscosity are
reduced as the temperature rises, boosting the
diffusion coefficient and, thus, the rate of mass
transfer and efficiency of extraction [38,46,47].
Nonetheless, higher temperatures can accelerate the
decomposition of labile phenolics such as anthocy-
anins [48]. The significant deterioration may arise
from the fracture of covalent bonds or the acceler-
ated oxidation resulting from thermal extraction.
This process can lead to the breakdown of antho-
cyanins into chalcone structures upon heating, fol-
lowed by the conversion of the latter into coumarin
glucoside derivatives, resulting in the B-ring
loss [49]. Furthermore, to minimize chemical
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deterioration, anthocyanin extractions’ temperature
of �60 �C (mostly at 20e50 �C) is required [50].
Three theories were presented by Maillard &

Berset [51] to illustrate how polyphenols behave at
high temperatures. First, when the lignin that is
bonded to phenolic acids are broken, the insoluble
polyphenols may be released. It has been demon-
strated that the amount of bound phenolic acids is
twice as large as the amount of free phenolic com-
pounds (measured after plant tissue has been hy-
drolyzed). Second, high temperatures may cause
lignin to break down, producing more phenolic
acids. This may account for the phenolic yield in
PLE extractions rising with the temperature. Finally,
the polyphenols' heat breakdown may occur at high
temperatures. The decrease in polyphenolic yield
during high-temperature extractions is most
frequently attributed to thermal degradation [52].
However, research using CE methods has revealed
that heat degradation occurs at 80 �C as opposed to
150e200 �C in hot-pressurize liquid extraction
(HPLE), which means that thermal degradation
alone cannot explain the behavior of polyphenols.
The inconsistent findings in the literature could be
related to the other two mechanisms outlined above.
Therefore, the lignin-phenolic acid bonds cleavage
or the breakdown of the lignin itself producing
additional phenolic acid may cause the increase in
TPC found at high temperatures in PLE extractions.

2.4. Extraction time

The duration of the extraction has a crucial role in
extracting polyphenols from byproducts. The
occurrence of incomplete extraction is well
acknowledged when the time of the extraction
process is insufficient. As extraction time increase,
the polysaccharides and oligosaccharides probably
formed strong associations with a significant
amount of phenolic compounds. Consequently,
these phenolics were released from their bound
state and transformed into free polyphenols [38].
This phenomenon occurred due to the extended
exposure of the sample to the extractant, allowing
sufficient time for the desired phenolics to move
into the extractant [13,53]. However, an extended
duration of extraction would lead to the inefficient
allocation of resources and financial loss. Besides,
extraction time is an important parameter since
excessive light or oxygen exposure can degrade
phenolics, reducing their ability to scavenge radical
nitrogen and oxygen species. On the other hand,
other polyphenols are prone to volatility or oxida-
tion, necessitating quick methods or circumstances
to shield the solubilized portions from oxygen or

light degradation and avoid releasing polyphenols
into the gaseous phase [35]. Considering these fac-
tors, the time for specific phenolics to reach parti-
tion equilibrium must be doubled. However,
antioxidants, such as butylated hydroxytoluene or
ascorbate, can be added to the extraction cocktail to
strengthen chemical protection and post-extraction
shielding methods, such as encapsulation, prior to
manufacturing the end-formulations [54,55].

2.5. Pretreatment prior to extraction

Pretreatments, including homogenization, mill-
ing, grinding, and drying, are frequently employed
to decrease particle size before extraction, which
improves the yield of targeted phenolics because of
an increase in the surface area [4,13]. Solvent aero-
solization (SA) has also successfully extracted poly-
phenols by maximizing the extraction surface. For
example, SA was environmentally friendly in
determining the TPC in 42 olive oil samples and
saved time and cost [56]. However, protocolation
and pretreatment significantly influence the
extract's phytoconstituents. Therefore, water activity
(aw) ought to be reduced through drying or lyophi-
lization [57]. As established in the loss of
polyphenols because of the instability of native
flavan-3-ols and 5-O-caffeoylquinic acid (from apple
pomace), drying impacted the preservation of
polyphenols' native structures [58,59]. Because
drying might induce unexpected changes in the
phenolic, sample preparations ought to be thor-
oughly investigated and extrapolated carefully
[59,60]. In spite of the lack of a comprehensive
investigation, lyophilization has proven to be more
successful than thermal drying in retaining pheno-
lics and keeping the functional capability of extracts
like those reported in olive pomace [61].
To summarize, plant phenolic extractability from

agro-byproduct is influenced by several physico-
chemical parameters that require a meticulous bal-
ance amongst natural structure partition and
protection to maintain the functionality of the
extract (phenolics). In addition, biological variables
such as the target polyphenols’ microheterogeneity
and their pairing with matrix compounds also in-
fluences the extraction yield.

3. Conventional biorefinery methods for
byproducts’ polyphenols

3.1. Percolation

The most common method for making liquid ex-
tracts is percolation (Fig. 3A). The definition of
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percolation is to pass a liquid through a solid ma-
terial drop by drop. In the process of percolation, a
fresh solvent is supplied from the top, and the sol-
ventdtypically ethyl alcoholdis gradually forced
down while slowly passing via the plant material
and slowly packing itself with polyphenols [62]. The
plant material needs to be carefully shred, taking
care not to shred the particles too fine, before add-
ing it to the percolator as it will be more difficult to
separate the tiny particles from the solvent if the
particles are too fine. As a result, there would be
residue at the bottom of the percolator and a hazy
extract. To facilitate the smooth diffusion of poly-
phenols into the extractant, it is suitable to wet the
plant matrix with the extractant to allow the plant
cell to lengthen [63]. The solvent is poured into the
percolator from the top once the plant material has
been placed within (Fig. 3A). The extraction solvent
percolates via the plant material at a rate specific to
the agro-byproduct being extracted. To provide the
solvent enough time to enter agro-byproduct cells
and extract the polyphenols, the flow rate of the
solvent should be manageable. Nonetheless, the
rate at which the solvent percolates should not be
too slow, as this would require more solvent to

achieve full extraction. Generally, the extractant
flow rate is 5 mL per min for 1 kg of plant material
[62].
The chemistry of the phenolics to be extracted

determine which extraction solvent is best for the
percolation. Water-alcohol extractant mixture is
frequently used, producing an exceptionally effi-
cient extraction [64]. For instance, 70% ethanol was
used to extract phenols, especially epicatechin,
while petroleum ether was utilized to extract flavo-
noids and other antioxidants [65]. Interestingly, al-
kaloids from wild fruits were extracted by
percolation using an inorganic aqueous hydrochlo-
ric acid solution, aside from alcohol [62]. But
because alcohol is a preservative, it also has the
benefit of keeping the extract intact. After the pro-
cedure is complete, the byproduct pressed to the
extract the residually absorbed solvent, and the re-
sidual solution is added to the extract. The extrac-
tion process concludes when a colorless liquid free
of polyphenols elutes from the percolator and
concentrated [62]. Several polyphenolics have been
isolated using this method from matrices of food
byproducts [64]. The percolation approach has the
same time-consuming, large solvent volume issues

Fig. 3. Conventional extraction methods (A) percolation [12], (B) decoction, (C) Soxhlet extraction, and (D) maceration.
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as the maceration method but also has sample size,
extraction length, and polyphenol solubility issues.

3.2. Decoction

Using the decoction technique (Fig. 3B), plant
samples are either boiled for a shorter time
(15e60 min) or are covered with boiled water and
left to stand for a predetermined amount of time.
This technique works best with water-soluble and
heat-stable polyphenols in crude byproducts [62].
The type of agro-byproduct and the extracted
polyphenols will determine how long the boiling
process takes. For example, decoction and infusion
methods have been employed to extract flavonoids
and phenols from rhizomes and leaves at 100 �C
[66]. According to reports, the Syzygium cumini bark
extract obtained by decoction as an extractive
method showed notable antioxidant and anti-
glycation potential [67]. Alternatively, you can boil
the byproduct for 1 h, including tree bark and
branches. After boiling, the mixture is allowed to
cool before being filtered and supplemented with
cold water to get the desired solution concentration.
Once the decoction process is finished, the mixture
is filtered to acquire the liquid extract. However, the
decoction procedure will likely yield an extract with
a high concentration of unwanted phenolic com-
pounds. Besides, there are better approaches for
polyphenols that are thermolabile than this one.

3.3. Soxhlet extraction

Soxhlet extraction (Fig. 3C) is one of the crucial
approaches when it comes to eco-friendly methods.
The Soxhlet method involves adding the sample
into a thimble and replacing the solvent in the flask
with a circular bottom. The new solvent is run
through the thimble throughout the extraction
procedure. Once the liquid reaches the top, the
thimble holder allows the siphon to return the sol-
vent to the flask with a circular bottom (Fig. 3C).
Until the process reaches saturation, this procedure
is repeated. Over half of the extractant is utilized for
phenolic extraction studies (24e50 h) [64].
The Soxhlet extraction process is still considered

because of its greater simplicity. These methods do
have certain limitations, though. This method in-
volves using a lot of solvents (300e500 mL per
sample), 10e30 g of sample (byproduct), extended
extraction time (18e24 h per the sample), and very
high heat energy loss. However, it is a better
extraction method because maceration requires
lower temperatures, takes less time, and yields a
larger yield of polyphenolic content. For example,

the flavonoid and phenolic content of the S. cumini
seed kernel was investigated [68]. According to
Mahindrakar and Rathod [68], the TPC of the
soxhlet extraction was ~30 mg GAE/g for 6 h and
100 �C, but the TPC of the batch extraction
(maceration) was 79.87 mg GAE/g for 105 min at
50 �C. Using process intensification, a study on
curcumin extraction was examined using macera-
tion and Soxhlet extraction. Juxtaposed to Soxhlet,
which required virtually the same yield at higher
temperatures, batch extraction (maceration) had a
higher extraction yield (~7.89 mg/g) at 30 �C [69].
Therefore, maceration is a more financially viable
and promising method.

3.4. Maceration

A straightforward extraction technique called
maceration immerses the coarsely ground or
powdered agrobyproduct in a suitable solvent for a
long time at room temperature while stirring occa-
sionally (Fig. 3D). The mixture is strained via a net
or sieves with microscopic holes once the extraction
process is finished. The marc is then crushed, and
the liquid extract can stand before decantation or
filtration. Doing maceration in a stoppered
container is preferable to reduce solvent loss by
evaporation [62]. The solvent should not evaporate
and yield a concentrated extract throughout the
extraction process. Vacuum evaporation is
commonly used to concentrate the product [8].
Choosing the right solvent for the maceration is
essential since it will identify the classes of poly-
phenols that can be recovered from the samples.
The extraction of thermolabile polyphenols may
also be made possible by the solvent. Besides, the
crucial variables to consider are time and the
agitation speed. If the magnetic stirrer's speed
changes, turbulence may result from creating a
vortex [64]. These factors also make an increase in
the mass transfer rate feasible. Therefore, the stir-
rer's speed should be between 180 and 240 rpm [64].
Increased speed results in significant fluctuations in
the equilibrium concentration and, consequently,
the diffusion coefficient. Consequently, the entire
investigation is carried out until all polyphenoloc
components are extracted, and the procedure ach-
ieves equilibrium [70].
The primary drawback of the process is its lengthy

extraction time and low efficiency [62]. However,
given that chokeberries yielded higher concentra-
tion of anthocyanins, optimal conditions may attri-
bute significant efficiency to this procedure [71].
However, a study that used microwave, reflux, ul-
trasonic, and maceration extractive methods to
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extract flavonoids from Cajanus cajan leaves found
that the maceration procedures produced the lowest
yield [72]. Similarly, Boateng et al. [8] stated that
extraction yield for MAE' was ~38% higher than
maceration and MAE took ~30 min to extract poly-
phenols, whereas maceration took ~510 min.

4. Thermal extraction methods

4.1. Supercritical fluid extraction (SCFE)

The SCFE combines both liquid and gas inside a
single phase, as depicted in Fig. 4A. The presence of
low surface tensions offers protection to more unsta-
ble phenolic constituents, reduces the viscosity of
organic liquids, enhances the diffusion of phenolics,
and facilitates the partitioning of polyphenols in the
supercritical zone (when pressures and temperatures
exceed their critical thermodynamic points) due to
diffusivity properties similar to gases [73]. Due to their
increased solubility and solvating capabilities under
high pressure, and temperatures, dual liquidegas
SCFs exhibit remarkable versatility as extractants for
many products, both in laboratory and industrial
settings [3]. In addition, the extraction process of SCF
has the potential to be non-reactive towards food el-
ements and pose no harm to human health. In addi-
tion, it is noteworthy that SCF extraction does not

adversely impact the environment due to the com-
plete avoidance of toxic solvents while also reducing
the high energy requirements associated with alter-
native extraction methods [74].
Numerous literary studies have provided evi-

dence that using SCFE positively impacts the poly-
phenols' extraction from byproducts (Table 1). Using
SCFE has demonstrated its efficacy in preserving
the integrity and functionality of labile phenolic
compounds, enhancing its applicability across a
wide range of plant matrices. This advancement in
SCFE technology has extended its application
beyond its initial utilization in decaffeinated tea and
coffee. This aligned with the extraction of mango-
steen [75], resveratrol [76], and numerous poly-
phenols of Vitis vinifera [77]. Analogous findings
have been documented by Mazzutti et al. [78] about
the effects of polyphenols derived from cocoa bean
hulls (CBS) and by Campone et al. [79], who
extracted onion peel's flavonoids (Table 1). The
enhanced extraction of phenolics from agro-
byproducts via SCFE may be attributed to the better
solvating and solubility capabilities at high pressure
and temperature, as well as the dual liquidegas
state of the supercritical fluid, which renders it
very versatile as an extractant for a diverse array of
byproducts. Previous studies have documented
comparable findings of polyphenols' extraction from

Fig. 4. Experimental setup for thermal polyphenol extraction form agro-byproduct utilizing (A) Subcritical fluid, (B) Subcritical water [9], (C) Hot
pressurized liquid, and (D) Microwave extraction technologies [8,9].
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Table 1. Agro-byproducts’ phenolic extraction using thermal Avant-garde technologies.

Extraction Byproduct Optimum conditions Results Reference

SCF Cocoa bean hulls 120 min, 20 MPa, and 40 �C TPC ¼ 35e51 mg/g [78]
Onion skin 120 min, EtOH (85%, v/v) with CO2, 10 MPa, 10 mL/min

of CO2 flowrate, and 40 �C.
Protocatechuic acid ¼ 0.14 mg/g and
quercetin ¼ 0.53 mg/g

[79]

Spent coffee grounds EtOH/H2O (2:1 v/v), 80 �C, 20 MPa for 25 min High TPC (294.47e392.96 mg/100 g), similar PLE. [88]
Oat bran 35 MPa, 50 �C, 15 g/min and 300 min. Higher ferulic acid in SCF (~35 mg/g) than CE (~30 mg/g). [86]
Rice bran Extractant: CO2 þ EtOH (5e10%), 40 MPa, 120 min and

40 �C.
SCF had higher gallic acid (~30.5 mg/g) than CE
(~29.7 mg/g).

[210]

Orange pomace 15e35 MPa, 40e60 �C, and EtOH (6%, v/v). TPC ¼ 0.36e0.57 mg/g [82]
Peganum harmala seeds 55 �C, and 30 MPa TPC ¼ 79.04 mg/g and TFC ¼ 7.10 mg/g [81]
Spent black tea EtOH/H2O (1:1), 0.3 MPa and 12 �C. Higher TPC in SCF (80.82 mg/g) for SCFE than HWE. [84]
Mango peel 35 MPa, 55 �C, and ethanol (20%, v/v) SCF had higher gallic acid (30.5 mg/g) than CE (29.7 mg/

g)
[210]

SWE Defatted coffee cake
and powder.

Defatted cake (200 �C), coffee powder (175 �C), 22.5 MPa,
and 9 min

(Coffee powder) TPC ¼ 26.6 mg/g
(Defatted cake) TPC ¼ 55.7 mg/g

[101]

Sorghum bran S/L ratio (35 mL/g), ~145 �C, and 21 min. TPC ¼ ~47.3 mg/g. [91]
Yarrow by- products 198 �C, 3 MPa, and 16.5 min. TPC ¼ ~52.4 to~128 mg/g. [102]
Hayward kiwifruit pomace 170e225 �C, 3 MPa, S/L of 1:100 g/mL 30 min. TPC ¼ ~26.16e86.26 mg/g [104]
Onion skin 170e230 �C, 30 min and 5 MP TPC ¼ 200 mg/g and TFC ¼ 90 mg of QE)/g. [103]
Papaya seeds 70e150 �C, 5e40 min, 4 mL/min flow rate, and 10 MPa. Ferulic acid: 22.7 mg/g, mandelic acid: 122.7m mg/g,

vanillic acid: 108 mg/g
[105]

Spent coffee 180e240 �C, 6 g, and 20e6 MPa TPC and TFC of 33.1e51.2 and 15.13e25.51 mg/g,
respectively.

[107]

Green coffee byproduct 22e30 MPa, 150e250 �C, 10 mL/min and 36 min. TPC ¼ ~27 mg/g [101]
Chestnut shells 30 min and 220 �C. TPC ¼ 315.2e496.8 mg/g [108]
Distillery stillage 30-min with S/L of 1:15 at ~140 �C (TPC) or (~200 �C) for

TFC.
TFC ¼ 1.24 mg/g and TPC ¼ 4.88 mg/g [96]

Coffee spent ground 7 MPa, 30 min, and 150e220 �C. TPC ¼ 70.3 mg/g [100]
HPLE Grape pomace 150 �C, EtOH: H2O 32.5:67.5, and 1 MPa. HPLE's TPC was ~19� higher than CE (0.23 mg of GAE/

g)
[121]

Vitis vinifera L. pomace H2O: EtOH (40:60, v/v), 160 �C, 5 min, 1 MPa. HPLE's TPC was ~1.5 to 2.5� more than CE. [118]
Grape marc Acidified H2O: EtOH (pH 2) 1:1, 40 �C, 10 MPa and

40 min
TPC ¼ 28.66 mg/g [120]

Avocado peel 200 �C, EtOH: H2O 1:1, 40 min, and 11 MPa. TPC was 34 mg/g [22]
Orange peel EtOH: H2O 3:1 (v/v), 65 �C, 40 min and 10 MPa The extraction yield was ~35%, and TPC was ~15 mg/g [116]
Pomegranate peel 200 �C, EtOH: H2O (1:1), 20 min and 10.34 MPa TPC was ~149 mg/g [117]
Winery byproducts and
olive oil mill

100 �C, EtOH: H2O 1:1, 5 min, 1 cycle, and 10.3 MPa (Olive pomace) TPC was ~9.5 mg of GAE/g, winery
byproduct: TPC was 3.58 mg of GAE/g)

[122]

Tetrapleura tetraptera 43 min, 220 �C, and L/S of 60 mL/g TPC of 8.92 mg/g [46]
Spent coffee grounds 195 �C TPC ¼ 19e26 mg/g, Caffeine was 3e9 mg/g. [112]
Olive Pomace 52.3% of EtOH and 136.5 �C. HPLE had a higher TPC (1.66 g/kg) than CE (0.28 g GAE/

kg)
[113]

Beetroot byproduct 7.5e12.5 MPa, 40 �C, and 3 mL/min HPLE had a higher TPC (~0.61 mg/g) for HPLE than CE
(0.13 mg/g)

[114]

Eucalyptus intertexta leaves 26.6% EtOH, 179 �C and 36 min. TPC ¼ 180.7 mg/g. [115]
Maqui leaves 200 �C, EtOH (23% v/v), and 3 extraction cycles HPLE's TPC was ~3� more than maceration [119]

(continued on next page)
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sugar beet leaves [80] and Peganum harmala seeds
[81].
Furthermore, a study by Espinosa-Pardo et al. [82]

showed that the orange pomace’ TPC significantly
increased after undergoing biotransformation with
SC-CO2 (25 MPa and 60 �C) proceeded by fermen-
tation. The TPC (~21.2 mg/g) was twice as high as
the control group. The extract derived from the pulp
of black chokeberry, which was extracted using SC-
CO2 (10% ethanol, 24.9 MPa, and 68 �C), exhibited
an inhibitory influence on the proliferation of breast
cancer cells, as reported by Wenzel et al. [83]. The
fitness of semi-continuous SCFE for the pilot-scale
polyphenol extraction from wasted black tea was
evaluated by Rajapaksha and Shimizu [84]. The
occurrence of SCFE increased the diffusivity and
solubility of phenolics. In contrast to hot water
extraction, the TPC exhibited a higher level
(80.82 mg GAE/g), as seen in Table 1. The findings
can be ascribed to the emergence of a moderately
polar environment and the enhanced ability of
ethanol to create intermolecular interactions with
phenolics [85]. Comparable findings have been
stated for apple pomace and oats bran [86]. Chai
et al. [87] extracted flavonoids (quercetin and quer-
cetin derivatives) and phenolic acids (protocatechuic
acid, ferulic acid, gallic acid, vanillic acid, and p-
coumaric acid derivatives) from Lees produced by
the pisco-making method at 20 MPa and 39.85 �C.
Analogous results have been documented for spent
coffee grounds [88] and wild vegetables [89].

4.2. Subcritical water extraction (SWE)

SWE (Fig. 4B), applies pressures >21.8 MPa and
H2O (200 �C � temperature <374 �C) to maintain the
liquid state stable. Mostly, 5 MPa and 100e250 �C
are adequate to retain liquid H2O [90]. SWE can be
done in either continuous or batch mode. Conse-
quently, it can be shown that pure H2O possesses
remarkable temperature-reliant dynamic abilities
that enhance mass transfer efficiency and enable the
selective extraction of diverse phenolics [91,92]. The
viscosity of an aqueous solution is decreased within
the subcritical region, leading to an improvement in
the diffusivity and mass transfer rates. In addition,
the dielectric constant exhibits a reduction upon the
disruption of hydrogen bonds, resulting in a
reduced polarity of H2O. Consequently, H2O dem-
onstrates comparable behavior to conventional
organic solvents like ethanol or methanol, exhibiting
analogous solvation characteristics. Controlling
temperature under medium pressures can impact
H2O ion product, density, and dielectric constant,Ta
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enhancing its versatility in extracting phenolic
compounds with lower polarity [92].
Multiple findings have proved that using SWE

enhances the efficiency of polyphenol extraction
from different byproducts (Table 1). Ibrahim et al.
[93] showed that the SWE method at 200 �C for
30 min showed an affinity for extracting poly-
phenols from apple pomace (Table 1). In research
on peels by Cai et al. [94], it was shown that the use
of SWE (2 cycles, 90 �C, 80% ethanol, and 15 min)
resulted in an improved extraction yield (~2.44 mg/
g) compared to UAE (~2.29 mg/g) and CE
(~2.189 mg/g) for purple sweet potato peels. In
contrast to anthocyanins, the tannins extracted from
red and white grape pomace exhibited an extraction
yield of 68 mg/g (2.5 MPa and 200 �C), according to
Yammine et al. [95]. This extraction yield surpassed
that obtained for SWE using a mixture of H2O and
ethanol (1:1 v/v) at 25 �C. In the study by Mikucka
et al. [96], on phenolic extraction from distillery
stillage (Table 1), the highest TPC of ~4.88 mg GAE/
g and TFC of 1.24 mg QE/g were attained at 140 �C
and 200 �C, respectively. These optimal conditions
were achieved by a 30 min SWE using a solvent-to-
liquid ratio of 15:1 (v:w). The TPC and TFC exhibited
a statistically significant reduction as the extraction
duration (90 min), and temperature (260 �C)
increased, with TPC decreasing 4.4� and TFC
decreasing 3.9�. The polyphenols in coriander
seeds were recovered through SWE, as conducted
by Zekovi�c et al. [97]. The maximum TPC of 10 mg/g
was attained (8.76 MPa, 100 �C, and 10 min). This
TPC was more than that obtained by CE. Pavli�c et al.
[98] reported comparable findings, indicating that
the highest TPC (~79.8 mg GAE/g) was obtained by
SWE (202 �C and 15.8 min) for sage herbal dust.
Furthermore, Naffati et al. [99] revealed that using
SWE had a higher efficiency in recovering phenolics
from Arctostaphylos uva-ursi’ compared to CE.
Pedras et al. [100] employed a semi-continuous SWE
technique to extract polyphenols from a coffee-
waste grind. A higher yield of polyphenols was
obtained at temperatures of 200 and 220 �C
compared to the hydro-alcoholic extraction. Pedras
et al. [100] postulated that the liberation of poly-
phenols inside the matrix of spent coffee grounds
and the potential conversion of lignin into poly-
phenols could explain this observed enhancement.
Previous studies have documented comparable in-
vestigations on the SWE of phenolics from sorghum
bran [91], defatted cake and coffee powder [101],
yarrow byproducts [102], onion skin [103], Hayward
kiwifruit pomace [104], papaya seeds [105], grape
seeds [106], spent coffee grounds [107] and chestnut
shells [108].

4.3. Hot-pressurized liquid extraction (HPLE)

Pressured liquid extraction (Fig. 4C), or advanced
HPLE, involves the dissolution of solid matrices in
extractants at >100 �C while maintaining a liquid
state [109]. Secondary intermolecular forces disrupt
when ethanol or H2O is employed as extracting
agents under elevated temperatures (50e250 �C)
and pressures (4e20 MPa). This process accelerates
the release and dissolution of polyphenols bound
inside the matrix [110]. The encapsulation and
extraction of the solvent and sample can be per-
formed either in a static state, where short intervals
are employed, or in a dynamic state, where the
solvent is continuously delivered into the chamber
[20]. Consequently, employing HPLE exhibits
notable advantages such as enhanced extraction
efficiency, reduced extractant consumption, elimi-
nation of filtration requirements, and compatibility
with extractants suitable for food-grade applica-
tions. These attributes contribute to the develop-
ment of ecologically conscientious strategies [20].
Works of literature have provided evidence that

HPLE substantially affects phenolics' extraction
from agro-byproducts (Table 1). The comparative
analysis conducted by Ref. [111] revealed that the
HPLE method (20 min, 176 �C, and 10.3 MPa)
exhibited a higher extraction efficiency than SCFE
(60 min, 30 MPa, 15% ethanol, and 40 �C). Shang
et al. [112] investigated the effects of different
operating parameters (pressure, temperature, and
time) on extracting polyphenols from coffee
grounds using HPLE. The findings indicated that
the extraction process had positive effects, poten-
tially resulting in a TPC of ~23 mg GAE/g. Addi-
tionally, it was demonstrated that HPLE is an
efficient approach to optimize the extraction pa-
rameters of caffeine and TPC from used coffee
grounds within a relatively short duration, owing to
its high mass transfer capabilities. Similarly, a study
conducted by Cea Pavez et al. [113], used HPLE to
extract olive pomace’ phenolics (Table 1). The TPC
was much higher when using the HPLE (1.65 g/kg)
than CE (0.28 g/kg). The optimized HPLE extract
exhibited a much higher concentration of secoir-
idoids and flavonoids, which was 3e4� that of CE.
Similar outcomes have been documented in
phenolic extraction from beetroot waste [114],
Eucalyptus intertexta leaves [115], orange peel [116],
olive pomace [113], Tetrapleura tetraptera L. [46], and
pomegranate peel [117].
In Allcca-Alca et al. [118] research, V. vinifera L.

pomace’ skin and seeds' polyphenols were recov-
ered utilizing HPLE (Table 1). The authors reported
that HPLE was able to extract 1.5� and 2.5� of
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polyphenols from the seeds and skins of grape
pomace, correspondingly, in comparison to CE,
which utilized 60% acetone at 1 atm and 30 �C. The
observed result can potentially be elucidated by
using ethanol as a co-extractant in HPLE, which
reduces the solvents' polarity. Consequently, this
reduction in polarity facilitates polyphenols' solu-
bility by establishing molecular interactions
involving London and dipole dispersion forces.
Rivera-tovar et al. [119] applied HPLE to extract
phenolics from maqui. The findings (Table 1)
showed that under the optimum conditions, the
TPC (~205 mg GAE/g) extracted using HPLE was
3� higher than the maceration method. Therefore,
it was recommended that HPLE is an efficient
method to extract catechin, quercetin, and proto-
catechuic acid. Previous studies have shown com-
parable results for the extraction of polyphenols
from grape marc’ [120], grape pomace [121], olive
oil mill and winery waste [122], and avocado peel
[22].

4.4. Microwave-assisted extraction (MAE)

The MAE has been used to efficiently extract
particularly polyphenols. The phenomenon of mi-
crowave radiation is shown to engage in interactions
with chemically linked water molecules present
within the confines of the microwave oven, leading
to the generation of elevated pressure and temper-
ature levels (Fig. 4D). The microwaves interact with
the agro-byproduct matrix's cell walls and tissues.
The absorption of photonic energy from electro-
magnetic waves during this interaction results in
heating moisture confined within the plant's matrix.
Consequently, the byproduct's matrix experiences
moisture loss because of the influence of electro-
magnetic radiation. Subsequently, the agro-
byproducts’ cell walls undergo substantial pressure
at subcellular and cellular levels, leading to swelling
during mechanical alloying and extrusion. Thus, the
rupture of cells and subsequent swelling lead to
structural alterations in the byproduct matrix, pro-
moting an increased solutes transfer. Consequently,
this process facilitates the migration of polyphenols
from the cellular matrix of the agro-byproduct into
the extractant during MAE. Microwaves effectively
interact with dipolar molecules by inducing ion
conduction or dipole rotation, resulting in efficient
agitation, rapid heating, and disruption of hydrogen
bonding within the extraction system [123]. The
enhancement of matrix desorption and mass trans-
fer of extractable polyphenols to the solvent occurs
when the accessibility of cell components to the
extractant increases. This leads to reduced

extraction durations and decreased volumes of
extractants required.
Research has shown that MAE substantially im-

pacts agro-byproducts’ phenolic extraction (Table
1). MAE-based techniques have been investigated to
extract polyphenols, such as anthocyanins, phenolic
acids, and flavonoids, from olive pomace [122] and
grape juice byproducts [124] in equivolumetric
water: ethanol (Table 1). Kumar et al. [125] stated
that MAE outperformed UAE and CE in extracting
phenolics from black carrot pomace. The TPC for
MAE was 2.64 mg GAE/mL and was performed
within 9.8 min (348 W, ethanol (19.8% v/v), and time
(9.8 min)). Previous studies have reported compa-
rable results regarding the extraction of phenolics
from various sources, including orange juice
byproduct [126], pomegranate fruit peels [127],
chardonnay grape marc [128], apple fruit dust [129],
black rice husk [130], chestnut waste [131] and T.
serpyllum L. product [132].
The utilization of MAE to extract phenolics (for

instance, phenolic acids, anthocyanins, flavonoids,
etc.) from olive pomace byproducts has been
investigated by Tapia-Quir�os et al. [122]. Similarly,
using MAE to extract polyphenols from grape juice
byproducts has also been explored by Silva et al.
[124]. Arboleda Meija et al. [133] stated the utiliza-
tion of an interconnected MAE (pH 2, ethanol (75%
v/v), and 350 W) in conjunction with a filter mem-
brane for extracting polyphenols from red grape
lees. The study identified syringic acid, gallic acid,
(þ)-catechin, gallocatechin derivative, and catechin
derivative in the extracted samples. The experi-
mental conditions achieved in a sealed chamber,
where extractants are subjected to high pressure
and temperature to optimize extraction, exhibited
similarities to MAE and HPLE. According to Kumar
et al. [125], MAE demonstrated comparable or even
better performance than UAE and CE in extracting
phenolics from black carrot pomace (TPC of 2.64 mg
GAE/mL). Comparable outcomes have been re-
ported on phenolic extraction from pomegranate
fruits peels [127], black rice husk [130], chardonnay
grape marc [128], T. serpyllum L. byproduct [132],
apple fruit dust [129], chestnut waste [131], purple
corn pericarp [8], Chicory byproducts [134], and
Fennel byproducts [134].

5. Non-thermal extraction methods

5.1. High-hydrostatic pressure extraction (HHPE)

According to Scepankova et al. [135], the primary
effects of HHPE (Fig. 5A) are observed in the non-
covalent interactions, specifically hydrophobic
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bonds, van der Waals forces, and hydrogen elec-
trostatic bonds. Consequently, it can be deduced
that compounds with low molecular weight (Mw),
such as flavonoids and pigments, are less influenced
by HHPE. Consequently, the HHPE exhibits
enhanced preservation of bioactive compounds. The
correlation between pressure and the solubility of
polyphenols establishes pressure as a pivotal
element in the extraction process. Increasing the
pressure enhanced the equilibrium concentration
within the extract, consequently leading to an
elevation in solubility. Furthermore, the scientists
documented in a subsequent study that pressure
directly influenced organelles' rupture and cellular
contents' intermingling [136]. A considerable pro-
portion of the target constituents are discharged into
the solvent due to the rupture of the cellular mem-
brane, resulting in the liberation of the cytoplasm
upon the reduction of pressure. The high efficiency
of the HHPE technique can be primarily ascribed to
two variables, as stated by Fernandes et al. [136]. In
phenolic extraction, HHPE is influenced by tem-
perature, extractant-to-solid ratio, pressure, con-
centration, type of extractant, and duration [137].
Studies have been conducted on HHPE of poly-

phenols from agricultural byproducts (Table 1).
Fernandes et al. [136] applied HHPE to extract
polyphenols from pansies (Viola wittrockiana) using

RSM (Table 2). According to Fernandes et al. [136], it
was observed that TPC, tannins, and anthocyanins
were 65.1 mg/g, 42.8 mg/g, and 6.15 mg/g, corre-
spondingly, which were 1.8 and 1.4� higher than
the control. The study conducted by Alexandre et al.
[138] employed HHPE to extract byproducts from
figs. Compared to extractions at 0.1 MPa, HHPE led
to an 8e13% increase in antioxidant capacity and
augmentation in TPC, TFC, and condensed tannins
(8e11%). Combining high pressure with extended
extraction time and increased ethanol concentration
enhanced the yield of various polyphenols obtained
from fig byproduct processing. According to Pascal's
hypothesis, applying HHP treatment results in im-
mediate and uniform pressure distribution
throughout the material, facilitating a rapid,
straightforward, and effective extraction method
[139]. Moreover, HHPE consistently produced better
extraction, up to 35% for TFC at 40% ethanol,
600 MPa, and 30 min. Alexandre et al. [140]
demonstrated that using HHPE (30 min, 470 MPa,
55% ethanol) for extracting phenolics from pome-
granate peel significantly enhanced extraction
yields. The highest flavonoids and tannins were at
492 and 600 MPa, respectively. In contrast, the
extraction of anthocyanins reached its maximum at
395 MPa. Xi and Yan [141] observed a comparable
outcome when extracting flavonoids from white Flos

Fig. 5. Experimental setup for non-thermal polyphenol extraction form agro-byproduct using (A) High-hydrostatic pressure [109], (B) Ultrasound
[31], (C) Pulsed electric field, and (D) High voltage electric discharge system [172].
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Table 2. Agro-byproducts’ phenolic extraction using non-thermal Avant-garde technologies.

Extraction Byproduct Optimum conditions Results Reference

HHPE Grape Pomace 30 �C, ~268 MPa, and ~3.3 min The extraction yield was ~56%. Malvidins, which made up
55.77% of the TAC

[142]

Pansies (Viola
wittrockiana)

15 min and EtOH (35% v/v) and 384 MPa TPC ¼ 65.1 mg GAE, tannins ¼ 42.8 mg TAE and
anthocyanins ¼ 6.15 mg C3G/g

[136]

Fig byproducts 600 MPa, 18 & 29 min, and EtOH (<15% v/v) except
for flavonoids (48% v/v)

An increase of 8e11% of TPC, TFC, and CT than extracts at
0.1 MPa

[138]

Olive leaves 500 MPa and 5.5 min Higher TPC (73.6 mg/g) than CE (71.1 mg/g). [139]
Flos Sophorae flower 400e534 MPa for 5 min at 25 �C, EtOH (53e80% v/v),

and L:S ratio (13e47 mL/g)
TFC was 200 mg QE/g. The content of rutin, kaempferol,
quercetin, and genistein was ~368.7, 104.2, 89.2, and
32.3 mg/g, correspondingly.

[141]

Pomegranate peel 300 and 600 MPa for 5, 17.5, and 30 min at 20 �C with
EtOH (0e80% v/v)

TFC increased to 24% at 600 MPa, EtOH (40% v/v), and
17.5 min.

[140]

UAE Residues of berry
press

96% EtOH with 0.5% of TFA, L/S 100:1, 20 min and
<30 �C

The yield was ~1.2x more than microwave or Soxhlet. TPC
was 15 mg of GAE/g and anthocyanin: 1.4 mg/g.

[152]

Potato peels 80% Methanol (80%) and L/S of 10:1 TPC was ~4.2 mg of GAE/g [158]
Olive leaves EtOH: H2O (1:1 v/v), and 25 �C, 60 min, and L/S 20:1 TPC was ~0.72 mg of GAE/g and TFC was ~0.39 mg of QE/g [155]
Vine cans H2O: EtOH 1:1, 20 �C, L/S 50:1 and 60 min TPC was ~32.6 mg of GAE/g and TFC was ~9.5 mg of EC/g [149]
Mandarin peel 80% Acetone, T ¼ 48 �C, and t ¼ 40 min The extraction yield was ~1.7� more than CE, and TPC was

~160 mg/g
[148]

Jujube byproduct EtOH (50.16% v/v), 29 �C, 15.94 min and L:S ratio
34:1 mL/g.

TPC, TFC, and CT were 23.83 mg GAE/g, 4.86 mg QE/g, and
157.10 mg CE/g, respectively

[147]

Mango peel EtOH (25% v/v), amplitude 75%, and 30 min. Ellagic acid augmented up to 2.5� [145]
Mango seed 60 mm amplitude and 20 min. Ellagic acid augmented up to 4.4� [145]
Olive pomace 490s, pH: 5.6 at 46 mm amplitude The maximum extraction yield was 3.6 mg GAE/mL. [146]

PEF Coffee silver skin E ¼ 1.3e4.4 kV/cm ¼ 5e20 ms, N ¼ 500e1000, and
f ¼ 50 Hz

Increase in extraction yield of TPC ~1.03e1.21� [167,205,206,
208e211]

Lemon peel 30 pulses of 30 ms and EF of 7 kV/cm Hesperidin: 0.84 mg/g, Eriocitrin: 1.76 mg/g [161]
Tepals of Crocus sativus E ¼ 1.2 kV/cm TPC increased by 44.36% [168]
Cocoa bean shell E ¼ 1.5e3 kV/cm, tt ¼ 5e20 ms, and N ¼ 500e1000,

and f ¼ 50 Hz
Increase in extraction yield of TPC (~1.01e1.19�), [167]

Potato Peels EtOH (52%), 50 �C and 230 min, EF 25 kV, pulse
widths (t ¼ 3e25 ms), f ¼ 1e450 Hz

PEF samples showed higher TPC (10%) [162]

Olive pomace ~1 to 6.5 kV/cm, ~15 ms pulse width, and ~0.9 to
51.1 kJ/kg

Increase in TPC by 91.6% with reduced extraction time [163]

Lemon Residues E ¼ 1e9 kV/cm, U ¼ 0e7.6 kJ/kg, N ¼ 0e100, and
t ¼ 3 ms

Increase in extraction yield of TPC (up to 300%) [161]

Sideritis raiseri. Maximum voltage 25 kV Increase by up to 146% the yield of TPC [169]
Sideritis scardica E ¼ 0.2 kV/cm TPC increased by 35.25% [168]
Pomegranate peels E ¼ 10 kV/cm Compared to the US and HVED, PEF is more useful in

extraction.
[165]

Thinned peach
byproducts

E ¼ 5 kV/cm TPC of 0.4 mg GAE/g [166]

Olive leaves 25% v/v EtOH:H2O, pulse time 2 ms, 0.85 kV/cm,
period of 100 ms, and 15 min.

38% increase in TPC extractability with a 117% increase for
specific metabolites

[164]

Apple pomace U ¼ 17, 100 kJ/kg, E ¼ 2e3 kV/cm, and N ¼ 9, 115 TPC of 181.4e223.5 mg GAE/g [170]
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Sophorae buds. The researchers showed that using
ethanol (75% v/v), 460 MPa and an extractant-to-
sample ratio of 32 mL/g led to the highest TPC
(203 mg/g). Comparable results have been stated by
Dobrin�ci�c et al. [139] on the HHPE of olive leaves'
polyphenols and Putnik et al. [142] on grape skin
pomace. Due to its capacity to deprotonate charged
groups, rupture hydrophobic interactions, and salt
bridges in cell membranes, which may result in a
higher permeability, HHPE enhanced the extraction
yields on grape pomace.

5.2. Ultrasound-assisted extraction (UAE)

Ultrasounds are characterized by acoustic wave
properties, with frequencies between 20 and
2000 kHz) [47]. Fig. 5B shows a schematic repre-
sentation of the UAE [31]. The transmission of me-
chanical energy in an isotropic manner occurs
through rapid cycles of compression and rarefaction
(Fig. 5B). Nanobubbles are generated at several
nucleation sites along the propagation channels due
to rapid oscillations in either low or high pressure.
The bubbles accumulate energy through a series of
compression-rarefaction oscillations until they sur-
pass the resistance threshold and undergo a cata-
strophic collapse. Therefore, the simultaneous
collapse of large vacuum bubbles generates
powerful forces of shearing that propagate as
microjets and shock waves. This process, known as
cavitation in sonochemistry, has been extensively
[143,144]. Applying mechanical energy by sonication
induces notable chemical and physical alterations in
the plant matrix [4]. Collisions disrupt the structural
integrity of cellular components such as cell walls
and membranes, reducing the size of particles
within a given sample. Furthermore, the enhanced
surface area resulting from mechanical impacts fa-
cilitates the acceleration of solvent entry and the
dispersion and mass transfer of polyphenols [4].
Table 2 illustrates the significant works in UAE for

byproduct recovery. In Ojeda et al. [145] study, UAE
was employed to extract mango peels and seeds’
polyphenols. The results showed that the UAE
augmented TPC by 33%. Remarkably, mangiferin
rose by 53% in the peel; ellagic acid extraction
increased by up to 2.5� and 4.4� in the peel and
seed extracts, respectively. Comparable findings
have been documented regarding the phenolics
from olive pomace [146], jujube byproduct [147],
mandarin peel [148], vine cans [149], and grape skin
[150]. Low-powered UAE on orange peels had
1.8� more polyphenols than maceration and had
64.35 mg/g of hesperidin [148]. Compared to tradi-
tional extraction, UAE recovered 1.5� more
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flavonoids (nobiletin and tangeretin) from orange
peels [151]. In American cranberry residues, the
UAE had a greater phenolic extraction than Soxhlet
and MAE [152]. The most effective way for extract-
ing phenolics from lime peel was in the UAE, which
surpassed MAE by 33% [153]. Comparable findings
have been documented on citrus peel [154], olive
leaves [155], carob pods [156], pomace of black
carrot [157], and potato peels [158].

5.3. Pulsed electric field (PEF)

In PEF electrotechnology (Fig. 5C), pulses ranging
from 0.14 to 1 kV or even >25 kV are discharged
from a few ms to numerous 100s into a closed
container with a sample. Electric potentials stress
the cell membrane and form irreversible or revers-
ible holes based on time, energy, and pulsation.
Once the cell membrane has been decreased, PEF
increases electrical permeability, conductivity, and
solute diffusion, which speeds up the extraction of
polyphenols [159]. For the mechanism of action,
electroporation is the predominant action. The
complicated cell membrane electroporation pro-
cedure produced by PEF considers the cells' size,
electro-physical characteristics, the surrounding
media's pH, the osmotic agents, and spatial orien-
tation [160]. As a result of the applied PEF, a trans-
membrane potential differential could lead to
membrane rupture across the cell membrane or
local structural changes. A physiological and
biochemical shift occurs when the transmembrane
potential threshold is exceeded, causing the cell
membrane to permeabilize irreversibly or tempo-
rarily. The effects of electrically induced instabilities
and modifications in the energy balance brought on
by PEF on cell membranes in terms of membrane
cleavage are explained by non-pore and pore
models [160].
Table 2 summarizes significant works on PEF

application for byproducts recovery. Byproducts,
such as lemon peels [161], potato peels [162], olive
pomace [163], etc., have all shown improvement in
solvent usage and extraction yield and time (Table
2) when PEF was applied. In research by Pappas
et al. [164], olive leaves waste phenolics were
extracted using PEF, and reported that PEF
increased the TPC by 38% compared to the control.
PEF increases diffusivity by causing changes in cell
permeabilization, thereby causing the migration of
polyphenols to an extractant. Similar findings have
been reported for PEF extraction of pomegranate
peels [165] and thinned peach byproducts [166].
Using PEF to extract phenolics from coffee silver
skin and cocoa bean shells (CBS) was researched in

a study by Barbosa-Pereira et al. [167]. The authors
stated that using PEF increased TPC in extracts from
CBS and coffee silver skin by 1.8e19.5% and 3e21%,
correspondingly, compared with CE. Comparable
findings have been reported on PEF extraction of
lemon peel's polyphenols [161], tepals of Crocus
sativus [168], olive pomace [163], Sideritis raiseri [169],
apple pomace [170], banana peels [171] and potato
peels [162].

5.4. High voltage electrical discharges (HVED)

The reasoning, strategy, and technology used in
HVED (Fig. 5D) are comparable to those used in
PEF, except that electric discharges happen at a tiny
location, making it a viable choice for CE [172]. The
two electrodes’ high electric fields (EF) (20e40 kV)
transmit via the extractant toward the sample (agro
byproduct) and through the discharging chamber,
electroporating the cell membrane and wall above a
certain potential threshold [173]. The genesis of this
physical process is the disintegration of H2O mole-
cules on an anode-to-cathode electric streamer,
which is caused by extreme EF, and it is connected
with high cavitation or turbulent shock, Joule heat-
ing, and ultraviolet radiation. As a result, this elec-
tro-technology is a more efficient means of cell
disintegration. Moreover, the process will be accel-
erated by air bubbles initially found in the H2O or
created due to local heating.
Table 2 summarizes the significant works on the

application of HVED for byproduct recovery. To
extract phenolics from pomegranate peel, Xi et al.
[174] reported using a continuous HVED extraction
system of the “converged electric field type (CEFT).”
They compared CEFT to maceration. The TPC of
continuous HVED (196.7 mg/g) was significantly
higher than maceration (158.9 mg/g). Besides, there
was a 23.78% increase in the yield for HVED, which
was attributed to improved mass transfer resulting
from disruptions of sample cells under electrical
breakdown [175]. Comparable findings have been
reported on HVED of polyphenols from red onion
peel [175], olive leaves [176], cocoa bean shells [177],
sage extracts [178], and orange peels [179]. Besides,
the effectiveness of the HVED and PEF extractions
of phenolics from pomegranate peels has been
researched by Rajha et al. [165]. According to the
study, HVED was 1.3 and 3� more successful than
UAE and PEF techniques for recovering poly-
phenols. They also demonstrated that, in contrast to
UAE, HVED, and CE, the PEF preferentially
extracted and improved the extraction of ellagic acid
(740 mg/kg), while HVED (345 mg/kg) increased
gallic acid extraction. Comparable findings have
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been reported for tobacco waste [180], mandarin
peel [181], Gac leaves [182], and orange pomace
[183].

6. Integrations of Avant-garde extraction
technologies

Due to the growing tendency toward environ-
mentally friendly extractions, the food industry
primarily focuses on lowering manufacturing costs
by either speeding up the process or improving
polyphenolic yield. Nonetheless, there are ways to
balance solvent use, product quality, and
manufacturing costs, even if no perfect extraction
technique depends entirely on the technology
applied. Therefore, even if each extraction method
described above is efficient, combining many

methods can result in better results [184]. Addi-
tionally, this method (Figs. 6e7) enables the purifi-
cation of priceless phenolic components from
various agro-byproducts and the progressive
extraction of distinct polyphenols [185]. Therefore,
this section presents the potential of combined
Avant-garde extraction technologies in phenolic
extraction from agro-byproducts.

6.1. Thermal-thermal Avant-garde extraction
technologies

6.1.1. SCFE-PLE
The SCFE-PLE potential for future applications is

extensive, particularly in sequential or in situ
extraction processes. M�arlon et al. [186] utilized
SCFE-PLE to extract polyphenols from the leaves of

Fig. 6. (A). Combined thermal-thermal extraction of polyphenols (B) consecutive extraction for pink pepper fruits [184].

Fig. 7. Combined (A) therma-thermal (PLE þ MAE) [185] (B) thermal-non-thermal (MAE-UAE) extraction of polyphenols [203].
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Sida rhombifolia (Table 3). The maximum TPC of
91 mg GAE/g was accomplished by the PLE method
using the SCFE residue and employing a rapid
depressurization rate. In addition, 31 polyphenols
were found by LC-MS/MS. Compared to extraction
methods that use a single phase, the integrated
approach, which involves assays in two processes,
has shown that process integration leads to
improved utilization of raw materials. This is ach-
ieved by boosting the efficiency of extraction and
recovery of valuable phenolic fractions, such as fla-
vonoids and phenolic acids. The observed results
seem to be influenced by two primary factors: the
initial stage involving the elimination of lipid and
wax components and the subsequent stage charac-
terized by enhanced mass transfer during PLE as a
result of cell wall disruption caused by either SCFE
depressurization or the utilization of the Soxhlet
technique, which impacts the structure of the par-
ticles. The present study proposes a viable approach
for extracting essential phenolics from the initial
product by employing a process integration strat-
egy. The subsequent fraction consists of a second
product abundant in polar molecules possessing
antioxidant properties. This product is obtained
after the initial fraction, and non-polar compounds
were extracted using either SCFE or Soxhlet
extraction (with hexane) as a subsequent stage.
Analogous findings have been reported by Carolina
et al. [187] on Capsicum chinense, Vardanega et al.
[188] on granadilla waste (Passiflora ligularis, Juss.),
and Teixeira et al. [189] on Pachira aquatica seeds.
Mazzutti et al. [78] used SCFE-PLE to extract

cocoa bean hull (CBH) phenolics (Table 3). The
SCFE-PLE had a higher TPC (44 mg GAE/g) than
PLE (9.6 mg GAE/g) and SCFE (4 mg GAE/g). Based
on the results obtained, Mazzutti et al. [78]
concluded that using SCFE-PLE demonstrates po-
tential as a viable technique for generating two
significant fractions derived from CBH. Specifically,
this method produces a lipid-enriched extract dur-
ing the SCFE phase and a phenolic-rich product
during the PLE phase. Furthermore, the extract
obtained from the second segment had the highest
caffeine and theobromine, two compounds of sig-
nificant bioactivity. Zhang et al. [190] developed
HPLE merged with countercurrent chromatography
(CCC) and preparative liquid chromatography
(PLC) to extract and isolate Cicer arietinum seeds’
phenolics. The HPLE extraction was conducted
using an aqueous ethanol solution with a volume-
to-volume ratio of 60%. The extraction process
occurred at 80 �C and 5 min. Subsequently, the PLC
and CCC sample loops were filled with the HPLE
extract. When optimizing the CCC and PLC

separations, the polarity of the phenolics in the
HPLE extract was considered. A total of 11 flavo-
noid-type compounds were potentially extracted
using the synergistic use of CCC (countercurrent
chromatography) and PLC. Therefore, the novel
continuous extraction and online isolation tech-
nique can extract phenolics from byproducts.

6.1.2. SCCO2-SWE
Integrated SCCO2 and SWE have been applied to

extract phenolics from agro-byproducts. The
implementation of sequential SCCO2-SWE extrac-
tion could yield beneficial outcomes, and it enables
the retrieval of the complete range of polyphenols
exhibiting diverse polarity. In a study by Bano�zi�c
et al. [191], tobacco waste was extracted using a
combination of SC-CO2 and SWE. The optimum
parameters (Table 3) were employed in the SC-CO2

extraction process to recover the lipophilic com-
pounds from the tobacco byproduct. The residues
underwent a subsequent extraction process using
SWEeSCeCO2 extraction. The hydrophilic fractions
of the SWE extracts contained significant amounts
of phenolics (chlorogenic acid, 3,4-dihydrox-
ybenzoic acid, neochlorogenic acid, and rutin). The
study revealed that the tobacco waste exhibited
significant DPPH scavenging activity, ranging from
~77.9 to 93.4%, and possessed TPC ranging from
around 8.0%e10.1%. A two-stage extraction process
(SCeCO2 proceeded by SWE) can increase the
extraction rate because removing fats during SC-
CO2 allows for better dissolution of the other poly-
phenols in subcritical water. In addition, the poly-
phenols were significantly higher than those
without SC-CO2. Anthocyanins extraction from Hi-
biscus sabdariffa L. was conducted utilizing a dual
technique approach in a study by Rizkiyah et al.
[192]. The initial step involved the utilization of SC-
CO2 to eliminate the outer layer or particle surface
of the roselle plant, focusing on recovering poly-
phenols. This was subsequently followed by the
implementation of SWE in the second stage, aimed
at extracting anthocyanins. The experimental setup
involved the utilization of SC-CO2 (Table 3),
resulting in an extraction yield of 18.20% and a TPC
of 80.34 mg/100 g. Furthermore, the optimal condi-
tions for SWE produced a total anthocyanin content
(TAC) of 1224.61 mg/100 g (Table 3). To enhance the
diffusivity and density of the extractant to extract
anthocyanins, an integrated approach using SCCO2

and SWE was employed, utilizing a solvent with
greater pressure. Furthermore, integrated SC-CO2

and SWE have proven effective in achieving a sig-
nificant increase in anthocyanin than the previous
extraction method.
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Table 3. Agro-byproducts’ phenolic extraction using combined Avant-garde technologies.

Combined Extraction Byproduct Optimum conditions Yield/Quantity Reference

Thermal-thermal SCFE-PLE Sida rhombifolia
leaves

SFE at 30 MPa and 59.85 �C, proceeded by
PLE with EtOH at 79.85 �C and 10 MP and
SWE at 129.85 �C and 10 MPa.

PLE had higher TPC (~91 mg/g) from the SFE.
31 phenolics were obtained.

[186]

Cocoa bean hulls SCFE (40 �C and 20 MPa) and PLE (70 �C
and 10 MPa).

SCFE-PLE had higher TPC (44 mg/g) than SFE
(4 mg/g) and PLE (96 mg/g).

[78]

Biquinho pepper SCFE- (50 �C and 15 MPa) followed by PLE
(65 �C and 10 MPa)

SFEPLE led to a lower COM (5316.41 US$/kg). [212]

Granadilla waste SCFE 40 �C and 20 MPa.
PLE 75% EtOH, 70 �C and 10 MPa

SCFE-PLE had a higher TPC (66 mg/g) than
UAE (23 mg/g)

[188]

Pachira aquatica seeds SCFE 60 �C, 120 min and 30 MPa
PLE EtOH (99.5%) at 10 MPa and 60 �C

TPC ¼ 53.66e350.29 mg GAE/100 9 [189]

SCFE-SWE Spent coffee grounds 11.6e28.4 MPa, 33.2e66.8 �C, and moisture
content (6.4e73.6 wt%)

Caffeine recovery was ~60% wt [193]

SCCO2-PLE Calafate pomace SC-CO2 60 �C, 144.6 min and 35.9 MPa.
PLE, 1500 psi, 25 �C, and 5 min.

TPC ¼ 33 mg/g and anthocyanins ¼ 8 mg/g [213]

Cranberry pomace SCFE at ~42 MPa, 53 �C, and 158 min,
~55.9% (PLE-EtOH at 83 �C, using 3 cycles,
15 min each) of EtOH-soluble extract and
6.50% (PLE-H2O at 130 �C, 3 cycles, 10 min
each) of H2O-soluble extracts.

Proanthocyanidins and anthocyanins were
~532.2 and 0.42 mg/g, correspondingly.

[214]

SCCO2-SWE Tobacco waste SC-CO2, 61.2 �C and 30 MPa
SWE, 150 �C, 23 min and L/S ratio:
28 mL/g.

neochlorogenic acid (0.24e0.53%), Chloro-
genic acid (0.46e0.74%), and rutin (0e1.025%),

[191]

Hibiscus sabdariffa SC-CO2 (1st stage) was 19.13 MPa, 60 �C,
and 4.31 mL/min. SWE (2nd stage) was
137 �C, 6.14 mL/min and 9.48 MPa.

This technique yielded an anthocyanin con-
tent of 1224.61 mg/100 g.

[192]

SCCO2-PLE-SWE Pink pepper fruit SCFE 59.9 �C and at 30 MPa
PLE with EtOH at 59.85 �C and 10 MPa.
SWE at 10 MPa and 129.85 �C.

91.97 mg/g produced by SWE in a single phase
to 163.13 mg/g for SFE þ PLE þ SWE.

[184]

MAE-SCCO2 Roselle seed SCFE 1.64 MPa and 158 �C
MAE 300 W

Low TFC (6.4524 mg QE/g) and Higher TPC
(18.2244 mg GAE/g).

[194]

Mango peel 50 g/mL, 90 s, and 800 W The TPC (52.08 mg/g) and antioxidant activ-
ities (2.75 mmol TE./g)

[195]

MAE-SWE Black rice straw
and bran

S/L ratio (5% (w/v)), 90 �C and 5 s The anthocyanin content was 62.8 mg/100 g [196]

Non-thermal-non-thermal HHPE þ UAE Pomegranate peel UAE, 70 �C, 480 W and 3 cycles and 10 MPa TPC for HHPE þ UAE 61.72 mg GAE/g was
higher than the control.

[10]

Tomato waste HHPE; nitric acid (0.1 mol/L), 80 �C,
300 MPa and 10e45 min
UAE: 400 W, 30 kHz, and amplitude of
95%.

Higher TPC than the conventional method [199]

Pomegranate peel UAE 400 and 600 W merged an initial
expansion gas pressure (0.5 and 1 MPa)

An increase in extraction yield by more than
20% with respect to the control.

[198]

Defatted passion
fruit bagasse

PLE; EtOH: H2O (75% v/v/v), 10.0 MPa.
UAE; 240, 440, and 640 W at 65 �C.

PLE þ UAE had 60% more TPC and picea-
tannol than the control.

[200]

(continued on next page)
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Table 3. (continued )

Combined Extraction Byproduct Optimum conditions Yield/Quantity Reference

Gac leaves HHPE; 300 MPa, 25 �C. for 3 min
UAE; 20 min, 150 W and 25 �C

The TPC for HHPE þ UAE (52.81 mg/g) was
higher than the control (39.90 mg/g).

[182]

Passion fruit rinds 60 �C, 360 W/cm2, 10 MPa, with a flow rate
of 10 g/min

100% of TPC was extracted [215]

Acorns Cellulase, 3.44 g/L of the enzyme at 38 �C
for 2.51 h, with a power of 97.92 W

Increase in extraction yield of 63.16% [216]

PEF þ UAE Grape Stems PEF: The pulse was 1 ms and 1 Hz
UAE; 35 kHz and 320 W

PEF-UAE increased the TPC (35%) than CE. [202]

Rosemary byproduct Pulse at 1.1 kV/cm, pulses of 30 ms, and
12.48 min. 0.1% NaCl (1: 1.4 w/v for
rosemary).

UAE þ PEF (2.97 mg GAE/g) was 1.5� higher
than UAE alone

[201]

HVED þ UAE Gac leaves HVED: E ¼ 4000 kV/m min. UAE; 20 min,
150 W and 25 �C

Highest TPC (52 mg/g), TFC (6.2 mg QE/g), [182]

Thermal-non-thermal MAE-UAE Satureja macrostema MAE 40 �C and 500 W
Ultrasound 40 kHz and 50 W

The TPC in MAE-UAE (134 mg/g) was higher
than the reflux extraction

[207]

Larix decidua bark Time (~120 s), MW power (~300 W), and
ultrasonic amplitude (99.68%).

The TPC in MAE-UAE (~596 mg GAE/g) was
higher than CE (~567 mg GAE/g)

[206]

Clinacanthus nutans Distilled H2O, S/L of 1: 55 g/mL, 90 W, and
extraction cycle with 75 S.

TPC and TFC were ~8.8 mg GAE/g and ~25
9 mg QE/g, respectively.

[209]

Jackfruit peels EtOH (63% v/v), L/S ratio 34 mL/g, 160 W
and 20 min

Higher TPC (8.14 mg/g) and chlorogenic acid
(2.53 mg/g).

[205]

Sorghum husk 20 min, and 55 �C using ultrasonic power
(360 W) and MW power (14e33 W). Pul-
sation was 2s:2s pulsed-on: off time.

MAE-UAE extraction yield was 3.6� higher
than CE. MAE-UAE had higher luteolinidin
and apigeninidin.

[208]

Osmanthus fragrans
flowers

EtOH (48.15% v/v), MW time (6.43 min),
US time (10 min), and power (370.9 W).

TFC ¼ 7.86 mg QE/g [217]

HPLE-UAE Passion fruit bagasse HPLE ¼ 65e75 �C
UAE ¼ 240e260 W

HPLE-UAE led to a 60% increase in the ther-
molabile polyphenols

[200].

Note
TPC-Total phenolic acid, GAE-Gallic acid equivalent, TFC-Total flavonoid acid, SCFE, supercritical fluid extraction, HPLE, hot pressurized liquid extraction, SCCO2, supercritical CO2

extraction, MAE, microwave-assisted extraction, SWE, subcritical water extraction, UAE, ultrasound-assisted extraction, EtOH, ethanol.
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In Rebelatto et al. [184] study, the authors employed
an integrated SCFE, HPLE, and SWE to extract poly-
phenols from pink pepper fruits (Fig. 6B). Following a
rapid decrease in pressure, thefindings indicated that
the HPLE achieved the highest TPC (~91 mg/g) from
the SCFE residue. In addition, 31 polyphenols were
detected. The present research indicates that inte-
grating Avant-garde extraction technologies is a
highly advantageous approach for acquiring two
separate fractions (recovered extracts) with specific
characteristics: a lipid-rich fraction and a phenolic-
rich fraction. The observed outcome may be
attributed to the structural alterations imposed on the
agro-byproducts during the first extraction process,
facilitating the retrieval of the targeted polyphenols.
Analogous outcomes have been stated by Vande-
ponseele et al. [193] that the coupling of supercritical
CO2 and H2O had a caffeine extraction of ~60%.

6.1.3. MAE with other Avant-garde extraction
technologies
Yusoff andLeo [194] studied the phenolic extraction

from roselle seeds underMAEusing subcritical water
as the solvent. Without temperature control, the sol-
vent had subcritical conditions (1.64MPa and 158 �C),
leading to higher polyphenols' (~18.2mgGAE/g) after
300 W and 10 min. In S�anchez-Camargo et al. [195]
research, SCCO2-MAE was employed to extract
mango peels’ phenolics (Table 3). Themaximum TPC
(52.08mgGAE/g) was reported. The utilization of this
sequential strategy led to the production of extracts at
a faster rate and with higher specificity for the
extraction of crucial compounds compared to CE.
Furthermore, this technique achieved these outcomes
while employing reduced solvent. Furthermore, the
application of RSM effectively assessed the MAE uti-
lizing depleted biomass derived from SCFE. The
study revealed that microwave power and liquid
content significantly influence the antioxidant capac-
ity and TPC in relation to the solid-to-liquid ratio. A
similar finding was reported by Moirangthem et al.
[196] that integrated MAE-SWE from the straw had
extraction efficiency for anthocyanins at 85.8%.
Furthermore, SCCO2-MAE had a higher antioxidant
activity than CE. Despite the findings above, research
on the application of MAE-SCFE/SWE in separation
science is still in its early stages, indicating its potential
for future advancements in this field.

6.2. Non-thermal-non-thermal Avant-garde
extraction technologies

6.2.1. Integrated HHPE þ UAE
Low-frequency UAE can be integrated into

HHPE in various ways, including 1. Pretreatment in

ultrasound devices separate from high-pressure
extraction apparatus, 2. Ultrasonically pretreatment
inside the extractor by linking the extraction vessel
to the ultrasound, and sonication in pulses or while
the HHPE equipment is running. Various methods
for coupling the UAE device to the extraction vessel
include configurations that place the extraction
vessel into the ultrasound bath and connect the ul-
trasonic probe to the extraction vessel [197].
Santos et al. [198] used expansion gas in high-

pressure H2O to optimize cavitation using UAE
(Table 3) and stated an increase in extraction yield by
more than 20%. Comparable results have been
stated by Nin�cevi�c Grassino et al. [199] on tomato
waste, as shown in Table 3. According to the authors,
sequential extraction of tomato peel’ phenolics can
be accomplished by combining HHPE and UAE with
more established ones (Soxhlet). Furthermore,
reducing the extraction time with HHPE þ UAE
makes it possible to effectively substitute CE and
produce a higher concentration of polyphenols. The
extraction approach suggested in this work may offer
two crucial advantages: producers may discover a
way to reduce waste disposal costs, and consumers
may seize the chance to reintroduce separated
components into food. Analogous results have been
documented by Nguyen et al. [182] in which they
reported that TPC in HHPE-UAE (52.81 mg/g) was
higher than UAE (48.97 mg/g), HHPE (45.69 mg/g),
and CE (39.90 mg/g).
Vigan�o et al. [200] employed the dynamic pres-

surized liquid extraction (PLE) approach to examine
how process factors affected the extraction of phe-
nolics from passion fruit bagasse. The research was
done in an extraction unit that included an extraction
cell connected to an ultrasonic probe and an HPLC
pump that continuously pumped a pressured solvent
during the extraction. The authors assessed the effect
of temperature and ultrasonic power on extraction
yields (Table 3). The findings revealed that PLE
assisted by ultrasound augmented the polyphenolic
yields, leading to 60% more TPC and piceatannol.
The polyphenolic yields imply that the primary
mechanism driving PLE assisted by the ultrasound
from defatted passion fruit bagasse was the increase
in temperature instigated by the ultrasonic waves.
This demonstrates that PLE with ultrasound assis-
tance has a high prospect for enhancing byproducts
polyphenols extraction. Nevertheless, additional cost
analysis is needed to prove the economic sustain-
ability of the proposed techniques.

6.2.2. PEF þ UAE or HVED þ UAE
G€orgüç et al. [201] applied PEF þ UAE to extract

polyphenols from the Rosemary byproduct (Table 3)
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and reported that UAE þ PEF (2.97 mg GAE/g) was
1.5� higher than UAE alone. Likewise, Ntourtoglou
et al. [202] extracted polyphenols from grape stems
(Table 3) and reported that PEF-UAE augmented
the TPC extraction (35%) compared to the control
(PEF alone). This could be explained by the combi-
native effect of the electroporation by (PEF) and the
cavitation effect by ultrasound that cleaves the cell
membrane and allows polyphenols to be released,
thus increasing the TPC yield. Nguyen et al. [182]
extracted polyphenols from Gac leaves using
HVED þ UAE and observed that the highest TPC
(52 mg GAE/g), TFC (6.2 mg QE/g) was found in the
HVED þ UAE compared to UAE, conventional
extraction, and HVED. The combinative effect of
ultrasound's disruption of cell walls in UAE and the
rearrangement of the electric ion in HVED
increased polyphenols' extraction.

6.3. Thermal and non-thermal combination

It is important to acknowledge that studies have
combined thermal and non-thermal Avant-garde
extraction technologies (Fig. 7). For instance, a
combination of MAE with UAE has been applied to
enhance the extraction of polyphenols [203]. Utiliz-
ing MAE-UAE has demonstrated a synergistic
impact on enhancing extraction yields while
reducing expenses (Table 3). Trujillo-Mayol et al.
[204] documented the extraction of avocado peels
using UAE-MAE. The combination technique yiel-
ded the highest TPC of 281 mg GAE/g. Additionally,
this technique demonstrated high efficacy (TPC of
281 mg GAE/g), with MAE and UAE achieving a
TPC of 275 mg GAE/g and 270 mg GAE/g, respec-
tively. According to the study conducted by
Trujillo-Mayol et al. [204], it was observed that
MAE's economic viability is enhanced when energy
prices are elevated. Simultaneously, the combined
effect of UAE-MAE was more efficient for byprod-
ucts with higher costs. In a study conducted by Jha
et al. [130], it was found that the combination of UAE
for 10 min and MAE for 31 s increased the TFC of
milled black rice husk (30 mg/g). Additionally, the
TPC increased to ~1.7 mg GAE/g, and the concen-
tration of anthocyanins reached ~34 mg/g.
The efficient polyphenols extraction from jackfruit

peels was achieved via a sequential MAE-UAE
extraction process, as demonstrated by Jiang et al.
[205]. The researchers observed an increase in the
phenolic purity of the extract from 13.59% to 49.07%,
indicating its potential as a valuable source of
powerful antioxidant activity. According to the
findings of this research, it was recommended that
the utilization of jackfruit peel be considered to scale

up a batch adsorptionedesorption unit on a large
scale. This would facilitate the production of anti-
oxidant phenolics from the peels. Applying the
HPLE technique with UAE (65e75 �C and
240e260 W) resulted in a notable 60% increase in
the thermolabile polyphenols extraction from pas-
sion fruit bagasse [200]. Analogous findings have
been documented on phenolic extraction from Larix
decidua bark [206], Satureja macrostema [207], sor-
ghum husk [208], and Clinacanthus nutans [209].

7. Conclusion and future studies

Avant-garde extraction methods exhibit enhanced
efficiency, potential cost-effectiveness, and scalabil-
ity. Despite the progress made in this field,
achieving the ideal practicality, specificity, and effi-
ciency levels in plant byproduct extraction remains
a significant challenge that has yet to be overcome.
Based on the information above, it is preferable to
achieve a harmonious equilibrium between com-
plete restoration and minor alteration of the poly-
phenolic native structure throughout the recovery
process. Even with notable technological advance-
ments, the most effective methodology for extract-
ing specific polyphenols continues to be impacted
by the characteristics of the agro-byproduct, the
desired phenolic compounds, and the inherent
structural associations. Hence, further investigation
is required before the widespread recognition and
appreciation of byproducts.
Moreover, using innovative extraction tech-

niques, specifically the combinative effects
approach, can enhance extraction yields within a
reduced timeframe, enhance the quality of the
resulting product, and mitigate environmental
concerns. There is an increasing trend of inte-
grating novel extraction approaches in contempo-
rary research. In contrast to CE, Avant-garde
extractions yield higher polyphenolic yield. The
incorporation of advanced technology has the po-
tential to improve the progress of biologically active
extraction processes. Numerous advantages are
associated with this phenomenon, encompassing
swiftness, convenience, and security. However, it is
important to establish a pilot program for
comprehensive industrial extraction first. Subse-
quently, utilizing advanced technologies requires
laboratory-scale research to demonstrate integrated
efficiency. This, in turn, calls for collaboration
among academia, government, and business part-
ners in a multidisciplinary approach to leverage
their respective competencies. Besides, acknowl-
edging that implementing an integrated process
and the sequential application of diverse Avant-
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garde extraction technologies hold significant sig-
nificance is crucial. The differential use of the in-
tegrated process, including MAE and UAE, to
extract phenolic compounds from agro-byproducts
should be distinct from the sequential execution of
UAE followed by MAE for the same objective.
Therefore, further investigation is required on
sequencing and its potential impact on extracting
phenolic chemicals from agricultural wastes.
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