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ABSTRACT: A significant challenge in valorizing food waste is the accurate extraction and identification of metabolites, as the
composition of phenolic compounds varies by plant species, part, growth conditions, and processing. This review examined phenolic
compounds in plant residue groups (leaves/stalks, peels/husks, pulp/pomace, and seeds) to verify the predominance of specific
compounds in the same plant groups, establishing a comprehensive database. This database may be helpful for future studies that
seek sources of a given compound or develop solvents to extract phenolic compounds from a specific material. Moreover, the
primary plant residues and trends in extracting and analyzing these compounds were reviewed. The predominance of specific
compounds within these groups, such as luteolin in plant leaves and stalks, was observed. Most studies focus on extracts with the
highest total phenolic content (TPC), limiting insights into how extraction variables affect the target compounds. Chromatographic
methods vary according to sample type, column, and conditions, shifting toward reducing acetone/methanol use, shortening the
analysis time, and integrating inline UV—vis detection. This perspective highlights plant residue parts rich in specific phenolics,

contributing to more targeted, selective, and sustainable extraction methodologies.
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Bl INTRODUCTION

Food loss and waste are global concerns, considering their
environmental, social, and economic impacts. In this context,
target 12.3 of the Sustainable Development Goals (SDGs)
aims to reduce global food waste throughout production and
supply chains by 2030. Fruits and vegetables, among the food
sectors, contributed the most to waste generation. These
materials include citrus and coffee peels, grape and apple pulp/
seeds from juice, coffee, wine, and cider production, olive
pomace after oil extraction, and leaves and stalks rendered
unusable after fruit harvesting. Despite retaining valuable
compounds for food chains, these materials contribute to soil
contamination from landfill saturation and air pollution
through methane emissions as waste.” The issues are
exacerbated by the high final cost of the product, considering
the expenses associated with waste disposal, leading to
environmental, economic, and social challenges.

One way to mitigate waste generation is by using solid
residues to obtain high-value ingredients, which are still
persistent in those biomasses. For example, dietary fibers and
bioactive compounds, such as phenolic compounds, carote-
noids, terpenes, ter})enoids, and alkaloids, have been acquired
from plant waste.”" These compounds can be used in several
industrial domains, from food/feed ingredients and even in
pharmaceutical formulations.”® Phenolic compounds stand out
among these ingredients because they are present in most plant
tissues and have several biological activities, mainly but not
limited to antioxidant, antimicrobial, anti-inflammatory, and
antiproliferative activities.”
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The phenolic compound profile in plant waste can vary
significantly based on species, plant part, growth conditions,
and processing methods.® This behavior becomes particularly
complex when studying phenolic compounds due to their
numerous derivatives and their wide variety of compound
types (flavonoids, phenolic acids, stilbenes, and lignans).
Moreover, these bioactive compounds have been extracted
from different plant matrices employing a wide range of solid—
liquid extraction techniques aiming at efficiency while
following the principles of green chemistry based on social,
environmental, and economic issues. Hence, an essential and
desired component in this realm is an analytical tool (mainly
based on chromatographic analysis associated with UV—vis
and mass detectors) for identifying and quantifying the
obtained compounds and guiding pertinent applications.”
However, biologically, it is anticipated that certain plant
species may share similar phenolic compositions in specific
parts due to their protective roles. Therefore, this review
sought to analyze experimental studies to determine whether
the same phenolic compounds are consistently extracted from
the corresponding plant residue parts, including leaves/stalks,
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peels/husks, pulp/pomace, and seeds. Moreover, extraction
and chromatographic techniques to isolate and analyze these
compounds were reviewed, emphasizing trends in sustainable
development.

B MAIN PHENOLIC COMPOUNDS IN PLANT
RESIDUES GROUPS

A search in the Scopus database for studies on the extraction of
phenolic compounds from plant materials identified 7322
documents published between 2013 and 2023. In contrast,
when focusing specifically on extraction from plant residues,
only 2847 documents were found. This result indicates the
need to explore food waste further to obtain phenolic
compounds for a more comprehensive use of natural resources.
Figure 1 presents the results acquired in the Scopus database:
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Figure 1. Distribution of the number of documents between 2013 and
2023 using the keywords in the Scopus database: “phenolic AND
compounds AND extraction AND residues OR coproducts OR waste
OR byproduct”, percentage of publications using the same keywords
(green) and percentage using “phenolic AND compounds AND
extraction AND plant OR vegetable OR fruit” (orange), and pie chart
demonstrating the distribution of searches using the keywords
“phenolic AND compounds AND extraction AND residues OR
coproducts OR waste OR byproduct AND chromatography AND
food leaves” or stalks/peel or husks/pulp or pomace/seeds.

(i) the distribution of the number of documents between 2013
and 2023 about phenolic compounds extracted from residues,
waste, coproducts, or byproducts, (ii) the percentage of

publications about the same theme (in green) and percentage
about phenolic compounds extracted from plant, vegetable, or
fruit (in orange), and (iii) pie charts demonstrating the
distribution of searches using food leaves or stalks/peel or
husks/pulp or pomace/seeds.

Although fewer studies evaluate the extraction of phenolic
compounds from residues, coproducts, waste, and byproducts
(26%) than from plant, vegetable, and fruit (74%), this number
of studies has been growing from 2013 to 2023. Spain,
followed by Brazil, Italy, China, and Portugal, is the country
that does the most research on this theme, according to the
Scopus search from 2013 to 2023. This more intense activity of
Spain and Brazil on the topic may be related to the production
of plant products. Spain is the leading producer of fruits and
vegetables in Europe, and Brazil is the third-largest producer of
fruits globally."® Peel/husks and pulp/pomace are the solid
plant residues most investigated as sources of phenolic
compounds, followed by seeds and food leaves/stalks,
according to this Scopus search.

Aiming to verify the phenolic compounds most present in
each group of residues, a search in Scopus was performed by
adding the “chromatography” keyword (phenolic AND
compounds AND extraction AND residues OR coproducts
OR waste OR byproducts AND chromatography AND leaves
OR stalk/peel OR husks/pulp OR pomace/seeds), founding
fewer documents: leaves and stalk (80), peel and husks (105),
pulp and pomace (85), and seeds (73). Each document was
analyzed, and the identified phenolic compounds were
extracted into an Excel table (Supporting Information (SI)).
Thus, compounds within different parts of plants were
cataloged in an Excel data set detailing the number of
occurrences of each compound (SI, Table S1). Only
compounds cited more than three times were selected as
nodes to ensure a focus on the most prevalent compounds to
prepare the data for network analysis. Edges were defined
based on the presence of these compounds in specific plant
parts, with weights assigned according to the documented
occurrences. The software Gephi 0.10.1, an open-source
network analysis tool, was employed to construct a bipartite
network consisting of nodes representing compounds and
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Figure 2. Network analysis of the phenolic compound distribution across different plant parts: Leaves and Stems (LS), Peels and Husk (PH), Pulp

and Pomace (PP), and Seeds (S).
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plant parts with edges denoting the presence of these
compounds in the parts. Nodes were visually differentiated
by type and significance by using color and size. Layout
algorithms such as ForceAtlas2 were employed to distribute
nodes to minimize overlap and to maximize readability
spatially. Additionally, the thickness of each edge in the
network was proportional to the number of occurrences of the
corresponding compound in the assigned plant part, visually
emphasizing the most prevalent connections. The networking
is presented in Figure 2.

As shown in Figure 2, individual phenolic compounds were
more likely to be identified and quantified exclusively in
specific plant parts, such as luteolin in leaves and stalk,
apigenin, trans-ferulic acid, and quercetin glucuronide in leaves,
stalk, peels, and husks, oleuropein and 3-hydroxytyrosol in
leaves, stalk, pulp, and pomace, and ellagic, sinapic, and
syringic acids in seeds, peels, and husk. Otherwise, some
phenolic compounds have been found in all plant parts and can
be more related to the plant species, such as gallic acid, methyl
gallate, p-coumaric acid, chlorogenic acid, protocatechuic acid,
kaempferol, taxifolin, vanillic acid, ferulic acid, epicatechin,
caffeic acid, rutin, quercetin, and catechin.

The high citation frequency of these compounds may reflect
their importance in plant metabolism and their value in various
applications, from health-related benefits in the nutraceutical
and pharmaceutical industries to their use as natural
preservatives in the food industry. Furthermore, the differential
distribution of these compounds, as depicted in Figure 2,
underscores the need for targeted extraction methods and the
potential for optimizing the use of specific plant parts in
industrial applications.

B MAIN SOURCES OF PHENOLIC COMPOUNDS IN
PLANT RESIDUES GROUPS

Leaves are laminar, green plant organs that are primarily
responsible for performing photosynthesis. On the other hand,
stems function as conduits for plant sap, supporting this plant’s
overall structure. Despite their significance during plant growth
and their rich composition in bioactive compounds, these
materials are considered solid residues once they are detached
from the plants. Consequently, numerous studies have
explored the potential utilization of this biomass as sources
of phenolic compounds. Olive leaves have received substantial
attention as valuable sources of phenolic compounds, as
evidenced by three studies in Table 1 and the 13 studies found
by Scopus from 2013 to 2023 (Supporting Information). This
heightened interest can be attributed to their notably high
TPC compared to those of other plant species (Table 1). In
contrast, stems have received comparatively less attention as a
source of phenolic compounds in scientific research,
accounting for 12 studies of total found for leaves and stalks
(Supporting Information).

Plant peels and husks constitute the outer protective,
structuring, organizational, and space-limiting layers of
vegetables and fruits, shielding them from external environ-
mental factors. Typically, these parts of plant materials are
discarded during the processing and by end consumers."" Peel
flours acquired from plant materials have been incorporated
into the formulations of bakery items, jams, and meat-based
products, extending their shelf life, improving their oxidative
stability, and enhancing their nutritional value.'” These
beneficial effects are primarily attributed to bioactive
compounds, predominantly phenolic compounds. Conse-

quently, numerous studies have developed processes using
peel and husk residues as sources of phenolic compounds.
Citrus (13), mango (11), pomegranate (7), and avocado (6)
peel and husk residues are the most studied sources of
phenolic compounds of the peel/husk group (Supporting
Information). The citrus occurrence is probably due to its
widespread global consumption and its high generation of solid
waste.

Pulp or pomace is the main edible part of plant organs and is
rich in carbohydrates, fibers, vitamins, and other minor
compounds. This part of the plant disperses the seeds,
enabling future dissemination of the species. Typically, these
pulps serve as primary food sources for consumers. However,
in the food industry, particularly within juice, olive oil, and
wine production, a partial portion of the constituents within
these materials is extracted, resulting in pulp or pomace as a
coproduct. These residues may represent a good amount of the
plant; for example, Rosa roxburghii Tratt pomace accounts for
nearly 50% of the whole flower.'* Pulp wastes most studied as
sources of phenolic compounds are grapes (21), olives (19),
and apples (4) (Supporting Information).

Seeds are the mature and already fertilized ovules of plants,
formed by tegument or bark, embryo, and endosperm,
responsible for plants’ reproduction and dispersal. Generally,
they are discarded as waste when processing plant-based
products, such as juices.'> However, these plant materials often
possess a higher concentration and variety of phenolic
compounds, particularly in flavonoids. Flavonoids, in turn,
play a significant role in plant survival through their
involvement in crucial metabolic pathways.'®™"® Grape seeds
have been the most studied seed source of gallic acid and other
phenolic compounds (Supporting Information). However, the
potential of seeds as a source of phenolic compounds has been
little explored. Few studies that evaluate seeds as sources of
phenolic compounds identify the extracted compounds. For
example, Restrepo-Serna et al. (2022)"° conducted a cost
analysis study on the recovery of bioactive compounds,
followed by ethanol production and electricity from avocado
seeds. The authors suggest an increase in the profitability of
the process, highlighting the economic potential of a
biorefinery focused on obtaining bioactive compounds from
the seeds. However, the authors did not quantify extracted
phenolic compounds nor did they identify them.

B EXTRACTION TECHNIQUES AND CONDITIONS

Among the extraction techniques, the studies demonstrated
that over the years, conventional methods such as Soxhlet,
heat-reflux, infusion, magnetic stirring, and maceration have
been replaced by those with intensified solid—liquid extraction
performances, mainly based on using other energy sources
such as ultrasound-assisted extraction (UAE), microwave-
assisted extraction (MAE), pulsed electric field extraction
(PEF), pressurized liquid extraction (PLE), and subcritical
water extraction (SWE). Hybrid extraction techniques
combining UAE and MAE or PLE and solid-phase extraction
(SPE) also appear promising for increasing extractive
processes’ efficiency and selectivity. This phenomenon can
be attributed to the limitations of conventional techniques,
which typically necessitate extended extraction times and the
utilization of non-GRAS (Generally Recognized as Safe)
organic solvents to attain satisfactory extraction yields. Tables
1, 2, 3, and 4 provide an overview of some selected studies that
employed different extraction techniques and chromatographic
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Table 2. continued

TPC/

best extraction

phenolic compounds

TEC

chromatographic analysis

extraction solvent

conditions

source

reference

chlorogenic acid and caffeine

n-d

HPLC-PDA, Kinetex C18 column (100 mm X 4.6 mm, 2.6 ym), 50

‘water

PLE

Arabic coffee husk:

Strieder et al. (2024)**

°C, 270 and 325 nm, 0.1% acetic acid in water and in ACN, 9 min

green coffee beans
60:40 (w/w)

T: 125 °C

P: 150 MPa

flow: 2 mL/min
50 mL/g

“UAE: ultrasound-assisted extraction; MAE: microwave-assisted extraction; PLE: pressurized liquid extraction; HAE: homogenate-assisted extraction; TPC: total phenolic content; TFC: total flavonoid

content; (UH)PLC: (ultrahigh) performance liquid chromatography; DAD/PDA: photodiode-array detector; ESI-M2: electrospray ionization coupled mass spectrometry; (Q)TOF: quadrupole time-of-

flight; MS: mass spectrometry, VWD; variable wavelength detector; T: temperature; RT: room temperature; t: extraction time; SM: sample mass; P: pressure; Po: Power; A: amplitude; F: frequency;

TPC: total phenolic content; TFC: total flavonoid content; GAE: gallic acid equivalent; n-d: nondetermined; ACN: acetonitrile.

methods to obtain and analyze phenolic compounds from food
leaves/stems, peel/husks, pulp/pomace, and seeds, respec-
tively. Furthermore, the total phenolic content (TPC)
determined by the Folin—Ciocalteu spectrophotometer
method was assessed.

Based on the data presented in Tables 1—4, it is evident that
there is no clear differentiation in extraction methods targeting
specific compounds from different plant groups. Instead,
optimal conditions are more closely associated with each
plant species. For example, extracting anthocyanins from
pomace/pulp using acidified water or deep eutectic solvents
(DES) enhances pigment stabilization and extraction (Table 3:
Londaric et al. (2020)*° and de Souza Mesquita et al.
(2023)*"). Additionally, it is worth noting that most studies
do not compare the developed method to other extraction
techniques or alternative technologies. Furthermore, they
typically analyze the phenolic compound profile only in the
extract with the highest TPC by using chromatographic
techniques. In this sense, the considerations below will be
generally mentioned, not focusing on the plant residue groups.

Maravi¢ et al. (2022)** showed that MAE produced the
highest extraction yield compared to conventional solid—liquid
extraction, UAE, PLE, and SWE from sugar beet leaves. MAE
operates by generating electromagnetic waves that result in
cellular disruption within the plant material. This disruption
occurs due to the heat generated, which induces dipole
rotation in organic molecules and subsequently disrupts
hydrogen bonding. Consequently, this mechanism enables
enhanced mass transfer between the raw material and the
solvent, as Akhtar et al. (2019)** described. Hybrid extraction
techniques combining UAE and MAE also appear promising
for increasing extractive processes’ efficiency. Estrada-Gil et al.
(2022)** observed the highest TPC extraction yield (176.38
mg GAE/g of dry rambutan peel) from Mexican rambutan
(Nephelium lappaceum L.) peel by combining UAE and MAE.
The MAE methodology (2450 MHz for S min until the system
reached 70 °C) or UAE (25 kHz for 20 min until the system
reached 70 °C) alone provided less than half the extraction
yield that provided the hybrid technique (UAE + MAE). In
this case, the coupling of emerging technologies probably
facilitated the extraction, adding different mechanisms to the
extractive system and increasing mass transfer.

Carpentieri et al. (2022)”° observed that PEF increased the
extraction yield of TPC (+8%) and flavonoid content (+31%)
of extracts obtained from white grape pomace, decreasing the
extraction time (by 23—103 min) and solvent consumption
(by 3—12%) concerning a solid—liquid extraction performed in
the same conditions (50 °C for 23 min). The PEF pulses
probably affected the permeability of grape pomace mem-
branes, enhancing the release of intracellular compounds,
favoring the solvent’s penetration and the extraction of
compounds in a shorter time.’® Mesquita et al. (2022)>’
studied phenolic compound extraction from acerola by SWE,
obtaining higher extraction yields in a short time of 15 min
than the classic 6 h of Soxhlet extraction using ethanol.

Maravi¢ et al. (2022)** acquired higher polyphenol yields
from sugar beet leaves employing SCW by increasing the
temperature from 100 to 150 °C. This result was associated
with changes in the water dielectric constant that decrease by
increasing the temperature at high pressure (20 MPa). The
water dielectric constant at high pressures and temperatures is
closer to that of organic solvents, such as methanol (¢ = 33).
Thus, the high-pressure water probably favored the extraction

https://doi.org/10.1021/acs jafc.5c01868
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g3 Q of less polar compounds from the sugar beet leaves. Lopez-
k= “: = Salas et al. (2021)" presented the different dielectric constants
gg = of water, ethanol, and hydroethanolic mixtures at various
S = temperatures under high pressure (40—200 °C). They
S o B0 observed lower dielectric constants for the solvents b
< 59 y
4 9 g g increasing their temperatures at high pressures. Ethanol at
Z 588 120 °C exhibited the lowest dielectric constant (¢ = 19),
a, O O E
g ©ED resulting in the highest total phenolic content (TPC) from C.
@ il % scolymus L. The highest temperature (200 °C) also produced a
g z —§ = high yield of compounds. However, at 200 °C, most phenolic
& ) g compounds can undergo some thermal alteration or
o £ g degradation. These changes cannot be verified through a
'
2 48 TPC spectrometer analysis. Therefore, in this case, it would be
g g & interesting to evaluate the extracts using more informative
g f_.i e techniques, such as the chromatographic techniques associated
E - = with UV—vis or mass detectors, to identify and quantify the
2 60
540 compounds more accurately.
g &
E Ea =8 = Siamandoura and Tzia (2023)*° observed the highest
ég 2 o K 2 o extraction yield using the conventional homogenate-assisted
= 3 i% extraction method compared to MAE, UAE, and high
Sk} S & % hydrostatic pressure extraction from olive leaves. Despite the
3£ ;‘ ﬂé‘ 2 leaves presenting fewer rigid tissues, favoring the simple solid—
'g—g =5 G liquid extraction compared to other plant parts and explaining
oS - § the better results acquired by the conventional homogenate-
-} g 53 . . N
Py £ 85 assisted extraction method, the authors employed different
Q
2 g8 & extraction conditions for each technique, making direct
TZJ 3,;“ 8 ug comparisons challenging. For instance, homogenate-assisted
® 2 jo ° 957 g extraction was evaluated at various temperatures (40 or 60 °C)
! EE R and homogenization speeds (4000 or 12,000 rpm) for 30 min.
= vy
g =d ¢ a8 Conversely, in high-pressure-assisted extraction, which yielded
é g\g § § e the lowest extraction yield, they examined different pressure
< 2% egéd levels (300 and 600 MPa) and extraction times (5 and 10 min)
) 8 5 >
w2 é g & at a constant temperature of 25 °C. As heat enhances mass
©E 8 transfer, comparing a technique performed at room temper-
< & ~ S . . . .
gg g S ature directly with a heat-assisted technique would be undue.
0 .- = R In this context, it is essential to acknowledge that apart from
By RS £ i the chosen extraction technique, the specific conditions
LE g5 employed during the extraction process also significantly
g 0,8 5§28 influence the results obtained, considering the efficiency and
S £2T BE S sustainability of the process. Among extraction conditions,
B < b ST |
g EEU ¥g é £ solvent, temperature, and time are those that most affect
o §=§;§ ¢ 55 E extractions and therefore the most studied.
1] *5 [SR=] I 1
° ° SEE
o v ¥
g2 Bl SOLVENT
o < £ 59 ..
£ § £ § ERSS Over the years, as can be seen in Tables 1—4, efficient organic
3
Sy 2 g g E g solvents for extracting phenolic compounds such as methanol,
§8 0 < E m O s E:.E = ) L
ET .~ 5 28-3<LE¢ diethyl ether, and ethyl acetate have been giving space to
£ : =~ 8 ; ~ £ E 5 —§ ‘g ethanol, water, hydroethanolic mixtures, and DES. The
QJ -
. e s exchange of solvents is generally accompanied by emergin
S8 g g Y p Y ging
= 5 E 2 technologies that intensify extraction through energies other
a2 m» g g than heat (ultrasound, pressure, microwaves, and others) to
Q = = o e M
5 23 g g b = obtain higher extraction yields. This trend comes from
a Sgs RS- sustainability requirements and green chemistry that seek to
SER £EaSs use fewer toxic solvents that could cause damage to natural
3 U 9 g ..
= <93 g\OLZ) resources due to their disposal.
o Z 25z Aiming at the extraction of target compounds, software such
e 3 § § g as COSMO-RS and employing Hansen solubility parameters
g ¢ P g 5 E E (HSP) have been used as valuable tools for the development of
g 8 Ba 2 §’° 5 new solvents as well as for understanding solvent—solute
k4 s
b g <8 ER-E- & interactions.”***" These tools assist in the selection of
N Q = .
:: 8 °2 £, s solvents and the development of new ones, seeking greener
= % = g g g 'qv; options that can be directly applied to pharmaceutical and food
H © § ! products. They have been widely used for developing DES in
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particular. A DES is a mixture of two or more compounds
forming a single-phase system with a melting point lower than
those of its individual components, exhibiting significant
negative deviations from ideal behavior. These solvents are
formed by the complexation of a hydrogen bond acceptor
(HBA) with a hydrogen bond donor (HBD), creating strong
hydrogen bond interactions and nonvolatile solvents with high
viscosity.”> Furthermore, they are usually formulated with
natural components that provide sustainability to the
extraction process due to their low toxicity, efficiency, and
possibility of ready-to-use applications.*

The most used DES combine the hydrogen bond acceptor
(HBA) choline chloride with various hydrogen bond donors
(HBDs), such as glycerol, §Iucose, citric acid, or proline
(Maimulyanti et al. (2023).”* Additionally, water is often
incorporated to reduce viscosity and enhance performance in
the extraction processes. However, the application of these
solvents is still in its early stages and requires careful
evaluation, particularly considering the final applications
where solvent components remain in the extract. This
visualization is crucial because the separation of DES from
the extract is complex and typically involves adsorption steps.

B TEMPERATURE

The temperature is one of the most critical factors in the
extraction processes; for example, increasing UAE temperature
positively impacted the extraction of phenolic compounds
from sugar beet leaves.”” Improved mass transfer is achieved
through a higher rupture of the plant cell wall, enhancing the
release and recovery of bioactive compounds from the interior
cell content at higher temperatures (from 30 to 70 °C).
Despite its importance, some studies do not report the
temperature used to carry out UAE extractions, which may
hinder their procedure reproduction. De Montijo-Prieto et al.
(2023)*° employed a fixed UAE condition to obtain phenolic
compounds from avocado leaves. However, they did not report
the temperature achieved during or after the extraction. The
acoustic cavitation produced by applying ultrasound energy in
a liquid medium generated heat, increasing the temperature
that may favor the mass transfer.” In this sense, measuring and
reporting the extraction temperature profile is necessary.

The optimal extraction temperature to obtain phenolic
compounds from plant peel and husks was observed from 26 to
130 °C, depending on the technique, employed conditions,
and target compounds.”””® Wang et al. (2023),” increasing
the UAE temperature from 20 to 26 °C increased the TPC and
TEC content of extracts acquired from brocade orange peel.
However, raising the temperature from 26 to S0 °C reduced
the TPC and TFC values. In other words, temperature
elevation promotes mass transfer by significantly affecting the
solvent solubility. However, beyond a certain threshold,
thermal degradation of the extracted compounds. Since the
analysis focused on TPC, which specific compounds may have
undergone degradation remains unclear. On the other hand,
Figueroa et al. (2021)*” acquired the highest TPC yield from
avocado peel by increasing MAE temperature from 40 to 130
°C. They explained that higher temperatures decrease solvent
viscosity, enhancing its mobility and solubility and con-
sequently improving the extraction efficiency of the target
compounds. They also noted that numerous studies have
reported the degradation of thermosensitive phenolic com-
pounds at temperatures exceeding 130 °C. However, since
they did not evaluate the temperature’s effect on compounds

within the extract, it remains uncertain whether any
compounds are thermally degraded.

Kheirkhah et al. (2019)*” employed the highest temperature
(200 °C) to obtain phenolic compounds from a kiwifruit
pomace using SWE. Under subcritical water conditions, the
dielectric constant of water decreases with rising temperature.
Consequently, thermal vibrations take place among the
molecules, causing a weakening of the hydrogen bonds. This
weakening reduces surface tension, enabling water to swiftly
infiltrate the matrix, facilitating more efficient extraction
processes.” Kheirkhah et al. (2019)*" evaluated the subcritical
water temperature (175, 200, and 225 °C) observing that 225
°C allowed higher yields of TPC and TFC. However,
increasing the temperature from 175 to 225 °C and the
extraction time from 10 to 180 min also favored the Maillard
reaction during SCW, increasing the brown color of the
extracts and accumulating melanoidins as the reaction time
increased. Despite this, the authors highlighted that
melanoidins have antioxidant potential similar to that of
phenolic compounds.

Most studies presented in Table 4 for extracting phenolic
compounds from seeds did not optimize or do not report the
extraction temperature. Okur et al. (2021)*' evaluated PLE
and UAE of phenolic compounds from spent coffee at the fixed
temperature of 25 °C. Dorneles and Norefia (2020)** did not
report the extraction temperature employed to obtain phenolic
compounds from Araucaria angustifolia bracts using MAE. On
the other hand, Guzman-Lorite et al. (2022)* studied
pomegranate seeds as a primary source of proteins rather
than phenolic compounds. Thus, the optimized temperature of
170 °C was chosen based on the protein extraction yield.
Therefore, considering possible thermal degradation, a lower
temperature would have been more suitable for extracting
phenolic compounds in this last study. In this context, future
studies should assess the impact of temperature not only on
TPC but also on the profile of extracted phenolic compounds.
These results would provide a deeper understanding of how
the temperature influences the preservation or degradation of
these compounds.

B EXTRACTION TIME

Extraction time is another critical variable and depends on the
study’s aim. Strieder Strieder et al. (2024)** used a long PLE-
SPE time with a more analytical objective, aiming to fully
extract the coffee husk’s target compounds, chlorogenic acid,
and caffeine. Then, they proposed a fractionation, removing
caffeine by SPE. On the other hand, most studies choose the
time aiming at the efficiency of the process through the
extraction kinetic curve, finishing the extraction at the end of
the falling extraction rate, and the start of the diffusional
controlled phase.*> However, in general, intensified techniques
such as MAE, UAE, PLE, and PEF, compared to conventional
ones such as Soxhlet and maceration, have reduced the
extraction time by increasing extraction efficiency. Since
extraction intensifying techniques have been employed, short
times ranging from 2 min to about 40 min have been sufficient
to obtain high extraction yields (Table 1—4).

B PHENOLIC COMPOUNDS ANALYSES

Despite the relevance of analyzing the extract by chromato-
graphic techniques, most studies presented in Tables 1—4 just
qualitatively analyzed the extract obtained in the best
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extraction condition. Researchers can associate the extract’s
bioactivity by analyzing the highest-global yield extract
compounds. However, quantifying compounds using standard
curves can add more information about the number and
quantity of compounds related to the antioxidant, antimicro-
bial, and antineurodegenerative effects often evaluated by
researchers. Furthermore, some extraction conditions may
favor the extraction of specific groups of phenolic compounds,
which are usually nonassociated with the solids yield. Heravi et
al. (2022),” for instance, observed global extraction
efficiencies from a grape pomace of 20.33%, 10.77%, and
15.49% w/w by employing ethanol, ethanol—water 50:50 v/v,
and water, respectively. However, the HPLC-UV results
showed the opposite results. The final concentrations of
phenolic compounds in ethanol, water—ethanol, and water
extracts were 650, 860, and 876 ppm, respectively. Once plant
matrices present many other soluble compounds in the
solvents, this example also demonstrated that the quantifica-
tion of extracted solids can not be used to illustrate extraction
efficiency when the objective is to obtain phenolic compounds.
Maravic et al. (2022)”” also observed that individual phenolic
profiles of sugar beet leaf extracts depended on the applied
extraction technique (solid/liquid extraction, UAE, MW, PLE,
or SWE). Still, vitexin was the most abundant phenolic
compound determined in all extracts. Therefore, identifying
and quantifying the extracted compounds obtained under
different conditions is interesting.

On the other hand, by knowing the wavelength at which the
target compound absorbs energy, monitoring the extraction
during the development of the extractive methods using
spectrophotometric techniques with UV—vis detectors can be
sustainably advantageous. In this sense, Strieder et al. (2024)%
and Souza et al. (2021)*” have proposed inline detection
analysis of extracts through an integrated PLE—UV—vis
system. This inline procedure is a more economical and
environmentally advantageous option concerning HPLC
analyses, since the methodology does not employ additional
solvents for analysis; the same solvent used in the extraction
passes through the detector, generating a signal. In this sense,
an extraction curve indicating the moment the compound is no
longer observed in the extract is achieved; i.e., the extract no
longer generates a signal at that particular wavelength. Strieder
et al. (2024),*° extracting caffeine and chlorogenic acid from a
coffee residue, observed similar kinetic profiles by inline
analysis using a UV—vis detector and offline analysis
employing a UPLC—PDA system and the standards of the
compounds. Furthermore, in the offline analysis, it was
observed that more phenolic compounds absorbed energy at
the chosen wavelengths (270 nm for caffeine and 350 nm for
chlorogenic acid), but even so, the inline curve represented the
extraction of caffeine and chlorogenic acid well. Thus, in this
case, the UV—vis detector replaced conventional UPLC-PDA
analyses that require acidified organic solvents (methanol and
acetonitrile), higher energy expenditure, and more expensive
equipment than simple UV—vis detectors. However, this type
of analysis would be used to optimize the extraction process,
thus not precluding a more complete analysis of the extract by
HPLC-mass spectrometry.

Most studies presented in Tables 1—4 employ high-
performance or ultrahigh-performance liquid chromatography
(HPLC or UPLC) associated with UV—visible detector (UV—
vis), diode array detector (DAD or PDA), and mass
spectrometry (ESI-QTOF-MS) detectors using acidified

water and acetonitrile/methanol as mobile phases. However,
further tendency suggest the replacement of methanol and
acetonitrile for ethanol, trying to provide a greener analysis
method.'”*' Most compounds were separated on Cl18
columns at approximately 30 °C and detected at 280 nm.
Analysis time varies from 2 to 90 min depending on the
column dimension, flow rate, temperature, mobile phase, and
the samples’ compounds. Radojkovic et al. (2018)"* used the
longest chromatographic run time of 90 min to analyze the
phenolic compounds from Serbian mulberry (Morus nigra)
leaves. They employed a C18 column (25 cm X 4.6 mm, §
um) at 25 °C with ethanol and water with 0.1% formic acid at
1.0 mL min~". On the other hand, the lowest chromato%raphic
run was proposed by de Souza Mesquita et al. (2023)”" using
an isocratic chromatographic method with acidified water
(0.25 mol L' citric acid) and ethanol at a proportion of
85:15% and at 1.5 mL min~" for 2 min in a C18 column (100
mm X 4.6 mm, 2.6 um) at 50 °C to analyze anthocyanins. In
this sense, the most significant differences between the two
analyses are in the characteristics of the column since the first
is much longer than the second and has a larger particle
diameter. Greater length requires longer analysis time, as it
requires a more mobile phase to pass through the column.
Moreover, smaller particle diameters, presenting higher
superficial areas, favor adsorption and separation of com-
pounds. Furthermore, the second study uses a higher
temperature, accelerating mass transfer and shortening the
analysis method. Finally, reviewing Tables 1—4, the chromato-
graphic techniques vary greatly depending on the sample,
column characteristics, and analysis method. However, future
trends point to reducing organic solvents, such as acetonitrile
and methanol, leaving a gap for new studies analyzing phenolic
compounds.

B FUTURE PERSPECTIVES

A network was built based on the studies evaluated in this
review, demonstrating that the main phenolic compounds
found in these residues are gallic acid, methyl gallate, p-
coumaric acid, chlorogenic acid, protocatechuic acid, kaemp-
ferol, taxifolin, vanillic acid, ferulic acid, epicatechin, caffeic
acid, rutin, quercetin, and catechin. Furthermore, verifying the
predominance of some metabolites in certain groups of
residues was possible. However, further extraction studies are
expected to focus on identifying the compounds extracted from
the materials for a more robust analysis.

Many studies about extracting phenolic compounds from
plant leaves and stalks, peels and husks, pulps and pomaces,
and seeds were found in the search carried out in Scopus
(Figure 1). However, the number of results was significantly
reduced when we limited the search by looking for studies that
also carried out chromatography analyses to identify the
extracted compounds. This behavior was mainly observed in
studies that evaluated phenolic compounds in the seeds. Most
of them report the results as TPC, and many also carry out in
vitro determinations of antioxidant activity. However, they do
not identify which compounds may promote the observed
activities. In this sense, future studies should focus on
chromatographic analysis to determine the extracted com-
pounds.

Regarding technology and extraction conditions, including
temperature, time, and solvent, extraction methods have no
clear differentiation targeting specific compounds from differ-
ent plant groups. PLE, SWE, UAE, and MAE are the emerging
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technologies studied for extracting phenolic compounds from
plant waste. These technologies and their variables were
discussed during the review, showing that comparison studies
assessing the efficiency of procedures are challenging but
essential to comprehending the effects of each technology on
these compounds. These studies should evaluate efficacy not
solely based on TPC yield but also target compounds by
chromatographic techniques. In this sense, it would be easier
to identify the effects of the extraction conditions on phenolic
compounds. Furthermore, using software as a tool for solvent
selection targeting specific compounds is a growing trend. This
review contributed to that by identifying the key compounds
present in each group of plant residues. The chromatographic
analyses used to identify and quantify the compounds vary
according to sample, column characteristics, and analysis
conditions. However, further sustainability tendency points to
using less acetone and methanol by replacing these solvents,
reducing the analysis time, or employing inline detections
using UV—vis detectors.
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