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Cereal processing produces a significant amount of lignocellulosic waste as by-products such as
bran, husks, and germ fractions that are commonly discarded or consumed for low value but
contains a number of bioactive compounds with antioxidant, antimicrobial and health promoting
activities. Under these circumstances, cereal wastes, due to their natural functionality and
availability, also become a promising source towards promoting sustainable innovations that are
particularly efficacious to provide economic incentives in agri-food systems as well as in food,
nutraceutical, and cosmetic industries. This review evaluates an eco-friendly extraction for the
recovery of bioactive compounds in cereal-processing by-products and critically evaluates its
performance in terms of sustainability. Various green extraction techniques were compared in terms
of yield, selectivity, extraction time and solvent volume usage, energy input and environmental
impact. These involve novel physical and biochemical methods that work under less severe
conditions compared to traditional solvent-based methods. Results indicate that some methods
allow fast and low-energy-consuming extraction of thermally labile constituents with little
degradation, while some are especially selective and good for recovery of individual substances.
Yet, the practical complexity, scalable constituting reactions and the stability of the compounds are
at trade-offs. The study demonstrates that there is no universal extraction methodology and that the
selection depends on the final product requirements and potential resources. It highlights the
technical efficiency and environmental benefits and the cereal waste can be turned in high added-
value ingredient by circular bioeconomy approach. In conclusion, it believes the green extraction is
an advantageous method to improve the efficiency resource as well as a special way to decrease
waste in the products and enhance sustainable production.
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Introduction

This work is licensed under Creative Commons Attribution 4.0 International License

Cereal’s processing generates large amounts of by-
products (e.g., bran, germ, and husk) which remain mostly
underutilized while nutraceuticals rich in Dbioactive
compounds (polyphenols, vitamins, dietary fibers,
phytosterols) (Farcas et al., 2022). The global move
towards a circular economy has raised interest in the
valorization of cereal waste to combat environmental
degradation and recover nutrients of value.

About 42% of the processing of cereals is classified as
by-products or waste, in many cases becoming animal feed
or being burned, resulting in the loss of an important
bioresource" (Danciu et al. 2023). These side-streams are
valuable sources of functional ingredients that can be used
to develop health-promoting food formulations,
particularly in the case of nutraceutical and functional food
sectors (Bekavac et al., 2025).

Traditional extraction methods often use organic
solvents, which are hazardous, combustible, and energy
demanding as well. On the other hand, the development of
green extraction focuses on its efficiency improvement
combined with minimal environmental effects. Green
extraction is described as a technological process that
utilizes novel, non-toxic solvents, reduced energy, and
waste and safe and high-quality extract (Chemat et al.,
2012).

These techniques include ultrasound assisted extraction
(UAE), microwave assisted extraction (MAE), pressurized
liquid extraction (PLE), and deep eutectic solvents (DESs)
and are justified in the context of green chemistry and
process intensification. According to Tlais et al. (2020),
and short time of extraction, less solvent application and
enhancement of bioactive properties.
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The purpose of this review is to provide a deep
comparison of green extraction technologies used for the
valorization of cereal waste in terms of recovery of
functional ingredients. It covers the chemical and
nutritional composition of cereal by-products, the
sustainable green extraction strategies for bulk production
of valuable compounds, and a comparison between green
and chemical extraction processes for some cereal by-
products.

Additionally, this review describes individual case
studies including the recovery of polyphenols from wheat
bran and phytosterols from corn germ. Indeed, the aim in
general is to embed sustainable valorization strategies in
the cereal processing industries overall, and to respond to
the current global drive for minimization of waste,
innovation of functional ingredients, as well as circular
bioeconomy activities (Nemes et al., 2022). This study
aims to provide a systematic comparison of emerging green
extraction methods for cereal by-product valorization,
emphasizing yield, environmental impact, and industrial
scalability.

Cereal Wastes as Sources of Bioactive Compounds

Cereal processing results in huge number of by-
products such as brans, husks, and germ residues, which
are usually disposed of as a waste. However, as per recent
studies, spent coffee grounds are also identified as rich
sources of bioactive compounds, and could be a potential
source of raw material for preparation of functional foods,
nutraceuticals, and cosmetic products. These substances
(phenolic acids, flavonoids, dietary fibers, phytosterols,
bioactive peptides) present antioxidant, anti-
inflammatory, antimicrobial, and cardioprotective effects,

which the authors consider to prevent the emergence of
chronic diseases and for the promotion of general health
(Figure 1) (Farcas et al., 2021). The appreciation of cereal
waste fits in with global sustainability agendas, providing
potential eco-solution for resource use by decreasing
agroindustrial waste and positively impacting on food
system circularity (Farcas et al., 2022). For instance,
wheat, rice, barley, oats, and maize processing by-
products have shown very promising potential for the
valorization of high value compounds that can be extracted
via traditional solvent-based or emerging approaches such
as ultrasound-assisted or enzyme-assisted extraction
(Farcas et al., 2022; Skendi et al., 2020).

Furthermore, incorporating such extracts in the foods
may prolong their storage, enhance their nutritional quality
and facilitate clean label product design (Socaci et al.,
2022). This reconciling of both ecological and nutritional
gains emphatically highlights the need to explore cereal by-
products not exclusively as waste, but as a potential source
of biofunctional ingredients with economic and
biotechnological interest.

Composition and Nutritional Value of Cereal By-
products

Cereal-based processing industries produce large
amounts of by-products such as bran, germ, husk, and
brewer’s spent grain (BSG) and have recently been
identified as rich in nutritional values and functional
properties. These commodities, normally considered
waste, are a source of macro and micronutrients, bioactive
phytochemicals, and dietary fibers, with potential
applications to produce value-added food and nutraceutical
ingredients.
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Figure 1. Composition and Nutritional Value of Cereal Wastes
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Wheat bran, for example, is a well-defined by-product
that contains around 15-20% protein, 45-50% dietary
fiber, and significant levels of B-complex vitamins, iron,
magnesium and phenolic acids, particularly ferulic acid
(which represents more than 80% of its total polyphenolic
content) (Signoretto, 2024). They are responsible for its
antioxidant, anti-inflammatory, and anticarcinogenic
properties, and thus can be considered as a functional
ingredient for bakery and health food formulations.

Phytosterols, tocols (vitamin E compounds), and
linoleic acid are also abundant in the corn germ and bran,
and their oil fractions have been reported to exhibit
cholesterol-lowering and antioxidant effects (Guo et al.,
2025). In a recent composition comparison study, corn
germ's composition was determined to be 13% protein,
4.8% fiber, and 6.2% oil, which positions it as a suitable
material for functional oil production and dietary
formulations.

Rice bran, which is commonly disposed of or used for
animal feeds, has rich contents of y-oryzanol, tocotrienols
and dietary fibers, and phytate-bound minerals like zinc
and iron, among other nutrients. Its high antioxidant quality
has been estimated to exceed that found in the polished rice
grain by several times, the nutritional profile that could
maintain both food longevity and chronic disease
prevention (Sharma et al., 2025).

Millet husk and bran, largely ignored in large-scale
grain millers, have been observed recently because of their
unique polyphenolic profiles, resistant starch and low
glycemic index. Kumar et al. (2024) observed >10% of the
protein and 8% dietary fiber with catechins and tannins
responsible for antidiabetic and antimicrobial activities in
finger millet bran.

Another important example is brewer’s spent grain
(BSG), which is one of the most significant waste materials
generated from brewing industry (plays an 85 % of total solid
waste produced in the brewing industry). BSG is composed of
20-30% of protein content, 30-50% of fiber, is source of
essential amino acids such as leucine, isoleucine and lysine
and are considered as appropriate addition to breads, cookies,
meat substitutes (Perez-Alva et al., 2025).

Improvements in bioprocessing and fractionation
technologies have allowed for the recovery and stabilization
of bioactives from cereal by-products. Bioaccessibility and
functional effectiveness of compounds such as B-glucans,
arabinoxylans and flavonoids can be remarkably improved by
activities like enzyme hydrolysis, extrusion and fermentation
(Sharma et al., 2025).

In conclusion, cereal by-products are now recognized
no longer as agricultural waste, but as nutritionally
valuable that instead of which can be used to develop
sustainable and functional food systems. Their valorization
is in accordance with public health and environmental
sustainability purposes and is in harmony with the circular
bioeconomy concept.

Functional Compounds in Bran, Husk and Germ

Cereal by-products (especially bran, husk and germ)
display a high profile of functional compounds with serious
nutritional and therapeutic implications. These substances
include polyphenols, dietary fibers, rphytosterols, tocols,
alkylresorcinols and bioactive peptides, which are
responsible for biofunctional properties such as

antioxidant, antiinflammatory,  hypoglycemic  and
hypocholesterolemic (Akin et al., 2025).

Bran, a major part of cereal grain, contains 21-38 g of
ferulic acid per 100 g of dry cell wall matter and up to 80%
of total phenolics in wheat bran (Wang et al., 2021). Ferulic
acid, a phenolic acid, is a strong antioxidant and UV-
filtration agent (Singh et al., 2005). Tannins and
flavonoids, especially found in sorghum and oat brans, add
to the antioxidant profile (Rehal et al., 2023).

The germ, wonderful wordplay when you consider how
seed, seedling in case you’re a gardener, is another seed or
germ and few germs are so nutritious as the germ of
offerings with germ imparting unsaturated fatty acids,
tocopherols, phytosterols proven to lower LDL levels and
generally improve your heart and circulatory health (Jukic
et al., 2025). Wheat germ has also been reported to be a
rich source of bioactive peptides generated from enzymatic
hydrolysis  that could have hypotensive and
immunomodulatory activities (Salazar-Lopez & Ovando-
Martinez, 2020).

The husks, which are usually stripped off during
milling, consist primarily of insoluble fiber and can act as
a physical component of a prebiotic. Other reports show
that rice and millet husks have also bound phenolic acids,
mainly p-coumaric and caffeic acids that display
antimicrobial and hepatoprotective actions (Otles &
Nakiscioglu-Tas, 2022).

The distribution and concentrations of these functional
compounds are cereal-specific and differ among the
tissues. For instance, ferulic acid is present mainly in
polymerized forms in wheat bran, oryzanol and
tocotrienols are abundant in rice bran, and alkylresorcinols
are rich in rye and barley bran (Guo et al., 2022). In
addition, bran’s arabinoxylan serves to ferment with the
help of the beneficial colonic that enhances the health of
gut (Dapcevi¢-Hadnadev et al., 2018).

Nowadays, new valorization approaches are the
application of green extraction technologies (subcritical
water, deep eutectic solvents) that allow the recovery of
these compounds, with their bioactivity not being
destroyed. Their incorporation in functional foods,
nutraceuticals and cosmetics is booming due to the rise in
clinical and preclinical evidence of their health-building
effects (Salazar-Lopez & Ovando-Martinez, 2020).

Industrial Relevance and Valorization Potential

Millions of tons of by-products (including bran, germ,
and husk) are generated annually from cereal processing
industries. Formerly a waste product or only used for
feeding of animals, these substrates are the focal point of
industrial valorization concepts, particularly related to
circular economy and the bioeconomy shifts (Ho et al.,
2022).

The valorization of cereal by-products has been shown
as a promising alternative to minimize the environmental
burden and to produce high-value ingredients for several
industries (food, feed, nutraceutical, cosmetics, bioplastic
and energy). For example, wheat bran is employed as
functional ingredient in bakery products to provides fiber
and antioxidants (Chis & Farcas 2024), whereas the germ
oil is obtained for pharmaceutical and cosmetic
applications as a great source of tocol and phytosterols
(Salazar-Lopez & Ovando-Martinez, 2020).
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Some of the technological advances in green processes
including supercritical CO: extraction, ultrasound-assisted
hydrolysis and fermentation, have increased the yield and
bioavailability of compounds from cereal by-products,
which could pave the way towards their large-scale
application (Arzami et al, 2022). For instance, the
hemicelluloses and arabinoxylans from corn husk and rice

bran are already incorporated into film-making
biopolymers for biodegradable packaging (Galanakis,
2022).

Potential for incorporation into functional lines
Economic modeling has been carried out to confirm that
including bran or germ extracts in functional food lines can
maximize gross profit margins, especially when the zero-
waste or valorization-through-extraction models are
applied (Tufail et al., 2022). In addition, several European
Union (EU)-funded projects (e.g., Biorefine, Circul-A)
have proved the industrial possibility of cereal processing
waste-based biorefineries combining energy valorization,
lactic acid production using fermentations of cereal
processing waste, and polyphenol extraction.

Crucially, valorization does not exclusively concern
chemical or nutritional re-use: it also intersects with
regulatory requirements, consumer choice and food safety.
With the growing demand for clean-label and vegetable
origin products, industrial players are investing in food-
grade extraction units, controlled drying systems and
solvent recovery technologies, in the effort to comply both
with the safety and sustainability targets (Farcas et al.,
2022).

Integrating by-products into industrial value chains can
play a crucial role in waste reduction, decrease,
minimization of carbon footprint and optimization of raw
materials, fostering UN SDGs and FAO food loss
mitigation actions policies. While rapidly developing
valorization technologies convert myriads of gasses,
liquid, and solid effluents from cereals, food and
beverages, including bran, husk, and germ, they have
ceased to be “residues” and are becoming ‘“functional
platforms” themselves, enabling not only an economic
opportunity but an environmental responsibility as well.

Principles of Green Extraction Technologies

Green extraction technologies are considered as
environmentally friendly techniques to obtain bioactive
compounds from natural sources with less environmental
damage. These techniques focus on benign, sustainable and
renewable solvents, i.e. water, deep eutectic solvents
(DESs), natural deep eutectic solvents (NADESs), and
other green solvents. These approaches convey the most
effective ways to increase the efficiency of classic
extraction methods and reduce their environmental impact
(Figure 2).

Featuring new extraction techniques such as
microwave-assisted extraction and new applications for
liquid natural extracts the highlights of the book include
issues with food quality due to drying and the shelf life of
products, environmentally friendly extraction technologies
including water and steam, quality and safety aspects, cost-
effective non-thermal technologies and future trends in
extraction technologies with natural products. Key
principles are to minimize the use of solvents, eliminate
hazardous chemicals, and improve selectivity and polarity
of extraction. These technologies are consistent with the
overall principles of green chemistry and sustainable
development and provide safer and more environmentally
friendly alternatives for companies in areas including food,
drug and cosmetic products.

Definition and Criteria of Green Extraction

Green extraction is an emerging and sustainable trend
to extract bioactive compounds from plant and food
materials, such as cereal by-products. Compared to
traditional extraction techniques that involve the use of
petroleum-based organic solvents and high energy input
and output, green extraction aims at reducing the
environmental impact and at maintaining the functional
and nutritional composition of the extracts (Figure 2). It is
characterized by employing energy-efficient processes,
safe and renewable solvents, minimizing waste and abiding
by the principles of green chemistry and sustainable
development (Rodrigues et al., 2025).
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Figure 2. Solvent Selection Strategies for a Greener Future (Net degil)
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In recent reports, criteria that define an extraction
process as “green” have been well defined. These involve
the use of non-toxic biodegradable solvents (often bio-
based) (water, ethanol, glycerol and deep eutectic
solvents), extraction time and energy save, utilization of
sustainable feedstocks like food waste and preservation of
compound stability and bioactivity throughout the process
(Trif et al., 2024; Zulfiqgar, 2025). For instance, solvents
such as natural deep eutectic solvents (NADES) can
provide tailor-made polarity and lower toxicity, and they
are especially interesting for the extraction of subtle
molecules such as polyphenols or carotenoids from cereal
husk or bran. Moreover, green extraction highlights solvent
recyclability and low operational emissions, typically
assessed via life cycle analysis (LCA), eco-efficiency
metrics, and E-factor estimation. The introduction of new
processes, such as ultrasound-assisted extraction,
microwave-assisted extraction, and supercritical CO-
extraction, has helped improve both the efficiency and
environmental sustainability of extraction. These
techniques enable very high extraction yields in relatively
less time, less volume of solvent and better retention of
compound activity (Bodoira et al., 2024). These benefits
render green extraction an exceptionally appealing
approach for industrial applications in the food,
nutraceutical and cosmetic industries, particularly
considering consumer preference for clean label and
sustainable products.

Green extraction is not anything abstract, it is already
an applicable technology for the recovery of valuable
compounds from by-products of cereal technology with
low environmental load. The criteria described above are
increasingly incorporated into industry standards and
regulatory guidelines with the purpose of facilitating the
safe, efficient and environmentally sound development of
new products. As the circular economy and bioresource
valorization become more and more attractive, green
extraction is more and more considered as a central point
to the sustainable development of agro-industrial practices

Environmental and Economic Benefits

Green solvents including DESs and NADESs have been
attracting increasing attention in green chemistry for their
environmental and economic benefits (Figure 2). Palos-
Hernandez et al. (2022) underlined that the employment of
NADES:s in the recovery of phenolic constituents from agri-
food waste fit into circular economy objectives, particularly if
underutilized food by-products are considered. Tripathi and
Suthar (2025) also demonstrated that such solvents reduce the
energy requirements of the process and simplify downstream
operations, as they eliminate the need for additional
purification, thereby helping to lower operational costs. Zaib
et al. (2022) conducted a detailed life cycle analysis and
demonstrated that the problematic eutectics with respect to
eutrophication, are significantly less toxic to human health or
ecosystems, in comparison to traditional solvents.

In a similar context, Bragagnolo et al. (2024) that the
implementation of NADESs in energy-saving extraction
processes and low solvent use makes these processes
economically viable on an industrial scale. Cannavacciuolo
et al. (2022) also highlighted that NADESs are compatible
with green extraction methods (e.g., microwave extraction
method), which provide higher yields and lower resource

consumption. According to Meraj et al. (2023), by which
the application of NADESs for lignin extraction from
agricultural feedstocks not only cuts down chemical
wastage but also facilitates the bio-refinery operations at
low cost. Prabhune and Dey (2023) reported that NADES-
mediated extractions work under milder operating
conditions, which are low energy, less hazardous for
environment. Such solvents also make possible the re-use
of solvents, which further adds to the economic appeal
thereof.

Solvent Selection: Green Solvents, DESs, NADES,
Water

Choosing the right green solvent is very important to
maintain the process efficiency and environmentally
friendly (Figure 2). Ling and Hadinoto (2022) also
emphasized the capability of DESs in macromolecule
extraction and reported that it is due to the distinctive
hydrogen binding nature with opportunity to get favorable
and desired kind of hydrogen bonding structure and
arrangement by selecting DESs for considered target
compounds. Vilkova et al. (2020) emphasized the role of
water as a co-solvent in DES systems and reported that the
addition of water leads to the modulation of viscosity and
polarity, resulting in improved extraction kinetics and
selectivity. Tzani et al. (2021) employed a betaine—lactic
acid—water NADES mixture in the extraction of ginger
phenolics and reported that water considerably mitigated
viscosity-associated restrictions with no detrimental
impact on extraction efficiency.  Additionally,
Cannavacciuolo et al. (2022) demonstrated that the
combination of NADESs and microwave extraction
systems enhance extraction yield and reduces energy
consumption and mobilization of solvents. Redha (2021)
reported that phenolic extractions by acid organic-based
NADESs provided higher yields compared to conventional
solvents, with the use of environmentally friendly
materials. Hashemi et al. (2022), the green extraction
methods were summarized and natural DESs can meet or
exceed the efficiency of toxic organic solvents in most
phytochemical processes once optimized. Lastly, Zaib et
al. (2022) warned that even though NADESs are widely
thought to be green, the environmental impact of each
formulation should be assessed, especially considering
toxicity of some of the hydrogen bond donors or acceptors.

Green Extraction Techniques Applied to Cereal Wastes

Green extraction technologies are a new generation of
sustainable alternatives to traditional extraction methods
and are often considered a potential alternative to classical
extraction and ultra-high purification (Figure 3). Unlike the
traditional extraction processes, via decreasing the
consumption of energy, the outcoming substances become
more protected and some toxic solvents are either partially
or completely removed. They are also important for
sustainable development, especially for the agricultural,
pharmacological, and cosmetic industries. Supercritical
fluid extraction, microwave and ultrasound-assisted
extraction, enzyme-based techniques and others, they all
have specific advantages, in the terms of effectiveness
level, selectivity and ecological safety. They form a pair
that epitomizes the concepts of green chemistry, where
technological innovation meets environmental
stewardship.
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Figure 3. Comparisons of green extraction technologies

Ultrasound-Assisted Extraction (UAE)

Ultrasound Assisted Extraction (UAE) is a non-thermal
and efficient extraction technique where high frequency
sound waves, particularly 20-100kHz, can be introduced
into liquid—solid suspension, inducing the formation of
cavitation bubbles. These bubbles are rapidly generated
and violently collapse, leading to high local shear forces
and pressures due partly to the inertia of the resulting liquid
jet, and partly to the supposed inertia of the imploding
bubble. This disruption causes a destruction of cell walls,
which provides improved solvent penetration, and for this
reason, is effective in enhancing mass transfer of bioactive
compounds (for example, polyphenols, flavonoids, and
essential oils) to the extraction solvent (Chemat et al.,
2017). The rising production of cereal by-products in the
agro-food industry has become attractive as a sustainable
source of valuable bioactive substances. Ultrasound-
Assisted Extraction (UAE) of bioactives such as phenolics,
flavonoids, dietary fibers, proteins, and other functional
components has been established green, efficient and
scalable process to obtain recovered bioactives. The yield
and bioactivity of the extracts were also improved by
integrating UAE with green approaches such as natural
deep eutectic solvents (NADES), enzymatic technologies
and fermentation. Studies between 2020 and 2021 were
dedicated to improving UAE for phenolic extraction using
environmentally friendly methods. In 2022, investigations
were extended to industrial scale-up and to more complex
bioactive profiles such as flavonoids and proteins. In 2023,
there was a trend for more diverse compounds, such as
dietary fibers, pectin, and greater use of green technology.
Recent research, since 2024, brings into focus hybrid
techniques, which merge UAE with novel physical
treatments, with an accent on circular economy concepts.
All these trends reflect a clear trajectory towards

sustainable, scalable and efficient extraction protocols for
the recovery of multifunctional bioactives from agro-
industrial wastes (Table 1).

In conclusion, UAE and associated hybrid green
techniques are promising in valorization of cereals and
legumes processing byproducts. The research that were
analyzed consistently showed that UAE is an efficient and
rapid extraction technology to recover high-value bioactive
compounds including polyphenols, flavonoids, dietary
fibers, proteins, etc., considering sustainably, circular, and
eco-friendly economy. Hybrid extraction methods allow
the simultancous recovery of multiple bioactive
compounds, increasing overall process efficiency and
reducing environmental impact. Although there is still
some issues regarding industrial scalability and process
optimization, these developments open new paths for novel
functional food ingredients, nutraceuticals, and
pharmaceutical uses. The development of process
integration, cost minimization, and bioactive stability
enhancement remains the areas of future studies to
optimize the UAE-based extraction for agro-industrial
waste valorization. Hybrid extraction methods, such as
combining UAE with DES or MAE with enzymes,
demonstrate synergistic effects, enhancing both yield and
bioactivity while reducing solvent use.

Microwave-Assisted Extraction (MAE)

Microwave-Assisted Extraction (MAE) is a green
alternative to conventional extraction using microwave
irradiation to heat the solvent and plant matrix, which aids
in the release of biologically active compounds.
Microwaves induce fast heating, disintegrate plant cell
walls and promote the penetration of the solvent, leading
to efficient extraction in a shorter time using less solvent.
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Table 1. Studies on Ultrasound-Assisted Extraction of Bioactive Compounds from Cereal-Based Waste (2020-2025)

Product / Waste Method Authors (Year) Extracted Key Outcomes
Type Compounds
Bezerra & Koblitz (2024);  Polyphenols, High yield, eco-friendly extraction,
Wheat Bran UAE + NADES Djaoudene et al. (2024) flavonoids high selectivity
Barley By- Ruiz-Rodriguez et al. Phenolic Superior to microwave extraction
y By UAE (2023, 2024); Farcas et al. compounds, p . c
Products L enhanced antioxidant activity
(2023) antioxidants
. Phenolic . . .
Sorghum And Roselli et al. (2024); Nayak High extraction efficiency,
. . UAE compounds, . . ;
Millet Residues et al. (2024) S increased antioxidant capacity
antioxidants
Malt Waste UAE Siddique et al. (2023,2024)  Proteins  \mproved protein solubility and
techno-functional properties
Brewer’s Spent . L . .
Grinty. [ VAL BRI g oz P Heemoen vl
Products p £POLy gty
Durum Wheat . . . .
and Maslin UAE + NADES Prencipe (2023, 2024) flavonmds, Selectlye extraction, sultable for
Flour isoflavones functional food formulations
Wheat And UAE Usman et al. (2023); Farcas Phenolics, Breakdown of lignocellulosic
Barley Bran et al. (2023) flavonoids matrix enhances extraction
Cereal Husks Yapias et al. (2024); Wu et . Improved solubility and techno-
and Bran UAE al. (2024) Dietary fiber functional properties
Rice Bran | UAE+NADES Bezerra & Koblitz (2025)  Polyphenols ~ 11&h phenolic recovery without
synthetic solvents
S]?)?rfgrfgd- UAE Amoriello et al. (2022); Phenolics and Low environmental impact,
£ Y Witonska et al. (2022) flavonoids scalable for industrial use
Products
Wheat Bran UAE Marentes-Culma & Coy- Alkylresorcinols Antlprol}feratlve act1V{ty with
Barrera (2025) anticancer potential
e ) Highly selective and efficient
Wheat Bran Pulsed UAE + Siddique et al. (2023); Isoflavones, extraction using natural deep
NADES Djaoudene et al. (2024) flavonoids .
eutectic solvents
Wheat Bran Pulsed Ultrasound- ~ Mukhtar et al. (2023b); Pectin, High yield extraction with minimal
Assisted Extraction Basile et al. (2024) polysaccharides polysaccharide degradation
Fermented Bound Enhanced release of bound
Cereal Fermentation + UAE Lietal. (2023) olvphenols compounds via fermentation
Substrates PoIyp followed by UAE
Corn And . Structural breakdown of plant
Sorghum Husks UAE Musa et al. (2023) Dietary fibers matrix improves fiber extraction
Wheat, Barley, Wu et al. (?022); Fa'rcag et Phenolics and In('iustrla'tl sga}ablllty, high
Rve Residucs UAE al. (2022); Solaberrieta et flavonoids bioavailability, reduced
y al. (2022) environmental footprint
Buvaneshwaran & . . -
Wheat, Barley, Radhakrishnan (2023); Polyphenols, ngher yields and anF10x1dant
. UAE , , - activity than conventional and
Malt Residues Ruiz-Rodriguez et al. antioxidants . . .
(2023) microwave-assisted extractions
Wheat, Barley,| UAE + Membrane  Leonarski et al. (2024); Proteins Efficient protein extraction with
Malt Residues filtration Khalid et al. (2025a,b) improved functional properties
Wheat Bran Pressurized Liquid  Custodio-Mendoza et al. Anthocvanins Efficient, eco-friendly extraction
Extraction + UAE (2025) y from purple corn
Cereal And | Combination (UAE Yu et al. (2025); Circular economy compatible,
. . Polyphenols, . Lo
Legume By- | + Fermentation + Arumuganainar et al. flavonoids reduction of antinutrients,
Products Enzymatic) (2025) enhanced nutritional value
Ultrasound + Cold . Phenolics and Optimized phenolic recovery
Wheat Bran Plasma + NADES Toimbayeva et al. (2025) flavonoids combining green technologies
Enzymatic + UAE + Saini et al. (2025); Siddiqui Proteins, Env1r0r.1menta11y frle.ndly,. high
Wheat Bran NADES et al. (2025) olvphenols efficiency extraction with
’ polyp improved bioavailability
. . ) Improved techno-functional
Wheat Bran Ultrasound-assisted  Yapias et al. (2024); Wu et Dietary fiber properties and high extraction

extraction al. (2024)

yields
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Table 2. Studies on Microwave-Assisted Extraction of Bioactive Compounds from Cereal-Based Waste (2020-2025)

Product / Waste Type| Method Authors (Year)  Extracted Compounds Key Outcomes
. Rachmania & y-oryzanol, protein, Higher yield and lower toxicity
Rice Bran MAE Zullaikah (2025) tocopherol compared to conventional methods
Mixed Cereal By- MAE  Shawky et al. (2025) Protein High-purity protein recovery under zero-
Products waste approach
Darvishzadeh & . Optimized temperature-time resulted in
Wheat Bran MAE Orsat (2022) Phenolic compounds maximum antioxidant activity
Maize Husk | MAE™ qiohetal (2023) Flavonoids ~ 11ybrid method enhanced efficiency and
Ultrasound reduced environmental impact
Oat Hulls MAE  Zhao & Feng (2022)  ignin-derived i\ b diced carbon footprint by 50%
antioxidants
. Ferulic acid, Economical production of ferulic acid
Corn Cob MAE Requejo et al. (2022) flavonoids achieved via MAE
Barley Husk MAE  Ferreira et al. (2020) Phenolic acids Optimal pH and temperature conditions
were determined
o S oy
Rye Bran MAE Ghosh & Vasanth Polyphenols 60% shorter extraction time with high
(2021) recovery rate
Wheat Husk MAE  Kumar et al. (2021)  Lipids, phenolics Application for b1ofue} and antioxidant
production
Oat Bran MAE  Mendez et al. (2020) Protein, dietary fiber Enhanced separation efﬁmency for fiber
and protein
Rice Milling Waste MAE  Tanaka et al. (2020) GABA, phenolics MAE s1gn1ﬁca(r:1(§1n};elgsreased GABA
. MAE vs , .
Corn Fiber Soxhlet Miiller et al. (2020) Phenolics MAE used 70% less energy than Soxhlet
Mixed Cereals MAE Alavi et al. (2021)  Flavonoids, proteins Fully comphedc\r)\;g;iireen extraction
. o . .
Wheat Bran MAE Chen et al. (2023) Antioxidants Achieved up to ffpﬁcri?;}lcal scavenging
Barley Waste MAE + Park et al. (2022) Feruloylate'd Enzyme—asmste;d MAE yielded high-
Enzyme oligosaccharides purity product
. Demirbas et al. L Fast and efficient extraction suitable for
Maize Cobs MAE (2023) Ferulic acid food additive use
Oat Hulls MAE  Santos et al. (2021) B-glucan Produced food-gr;l(lirei t[;—glucan with high
Cereal Mix MAE Lin et al. (2022) Polyphenols Kinetic modehng help cd optimize
extraction time
Barley Bran MAE  Morales et al. (2020) Phenolic compounds 4x faster extraction than Soxhlet method
Rice Husk MAE Subramanian et al. Lutein, flavonoids Extracts suitable for use as natural food
(2021) colorants

It is especially suitable for the extraction of heat-
sensitive substances because of its gentle operating
parameters, and pay get widespread utilization owing to its
speed, and economy ease, environmental friendliness
(Chemat et al. 2017). Between 2020 and 2025, Microwave-
Assisted Extraction (MAE) emerges as one of the most
promising green-relevant technique for valorizing cereal-
derived agri-food waste (Table 2). Originally geared
towards rice bran and wheat husk, the market has now
grown to oat hulls, barley husk, corn cobs, and rye bran.
The scope of targeted compounds has further broadened to
involve polyphenols, proteins, y-oryzanol, B-glucans,
lignans, and GABA.

A summary of 20 works published between 2020 and
2025 regarding the application of MAE using diverse
cereal by-products can be found in the following table,
where the compounds obtained and the main results are
described (Table 2).

The compiled relevant information from studies (2020-
2025) highlights that MAE is increasingly used recovery of
high-value bioactive compounds from cereal processing
residues. MAE has routinely shown better efficiency,
environmentally friendly and functional quality of the
extracts compared to the traditional extraction methods.

This process has yielded compounds such as
polyphenols, flavonoids, lignans, y-oryzanol, B-glucans
and antioxidants with high purity through MAE. Efforts on
the development of green extraction methods, including
hybrid systems (MAE + ultrasound, or MAE + enzymatic
pretreatment), or eco-solvents (DESs) have been
previously discussed, which contribute to the sustainability
and selectivity improvement of the extraction step. The
synergistic combination of microwave and ultrasound-
assisted extraction significantly reduced processing time
while enhancing polyphenol recovery from cereal by-
products (Table 2).
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Collectively, MAE is gaining importance as a key tool
in green biorefining, providing a fast, energy-efficient, and
environmentally friendly approach to converting cereal
waste streams into value-added functional ingredients for
potential applications in the food, pharmaceutical, and
nutraceutical sectors.

Supercritical Fluid Extraction (SFE)

Supercritical Fluid Extraction (SFE) is a green
extraction technique that utilizes supercritical fluids—most
commonly supercritical carbon dioxide (CO:)—as the
solvent to extract desired compounds from various
materials. In its supercritical state, CO- exhibits both gas-
like diffusivity and liquid-like solvating power, allowing
efficient penetration and dissolution of target compounds
without leaving harmful residues. This method is widely
applied in food, pharmaceutical, and cosmetic industries

due to its low toxicity, mild operating temperatures, and
high selectivity (Herrero et al., 2006).

During 2020-2025, the focus on green extraction
technologies for the valorization of cereal processing by-
products, including but not limited to wheat bran, oat
husks, maize germ, and quinoa shells, has tremendously
increased (Table 3). Several technologies exist for
extracting bioactive compounds and among these,
supercritical fluid extraction (SFE), especially with carbon
dioxide (CO»), is a major approach because of being non-
toxic, non-flammable and no residue. Most studies at this
time worked toward extraction of lipophilic compounds,
such as tocopherols, sterols, fatty acids, and essential oil,
from the outer layers of cereals, enriched in bioactive
compounds. Operating parameters of pressure and
temperature and the use of co-solvents such as ethanol and
limonene to increase the recovery of polar compounds,
particularly phenolics, have been optimized.

Tablo 3. Studies on Supercritical Fluid Extraction of Bioactive Compounds from Cereal-Based Waste (2020-2025)

Product / Waste Type Method Authors (Year) Extracted Compounds Key Outcomes
Supercritical . . High oil yield with antioxidant
Wheat Bran CO, Extraction Rebolleda et al. (2020) Tocopherols, fatty acids potential
Cereal Bran + Funeal Selective and sustainable
Waste £ SC-CO- Bekavac et al. (2025) B-glucans, Polyphenols extraction for health
applications
Food By-Products Incl.| SC-CO:+ Palos-Hernandez et al. Polvphenols High yield and greener solvent
Cereals Limonene (2024) yp enhancement
Pulse And Cereal By- | Supercritical Lamonaca et al. Phenolic acids, Promising as functional
Products CO2 (2025) Saponins ingredients
. Supercritical Olivera-Montenegro et Lipid-soluble High-value oil extraction and
Quinoa Husk & Bran CO: al. (2022) antioxidants economic viability
Grape Biomass + Cereal| Subcritical . Circular valorization using dual
Co-Products water + CO: Ferreira ct al. (2023) Polyphenols green methods
Agri-Food Waste Incl. | SC-CO:+  Hernandez-Corroto et Flavonoids. Phenolics Scalable green platform for
Cereals UAE al. (2024) ’ multiple wastes
Superecritical . Antioxidants, Dietary Functionalization with
Cereal By-Products CO, Skendi et al. (2020) fiber environmental benefits
Bakery & Cereal . . Recovery of co-products with
Loftovers SC-CO2 Tiwari et al. (2022)  Polyphenols, Proteins food-grade output
Cereal Processing By- - L Efficient industrial extraction
Products SC-CO: Giiclii (2025) Essential oils with high purity
Sugar Beet Waste + SC-CO, + PEF Dukié (2025) Sugars, Phenolic Non-therma.I and efficient
Cereal Co-Stream compounds extraction route
Cosmetic Cereal Waste . . High bioactivity suitable for
(Oat, Wheat) SC-CO- Burlini (2020) Sterols, fatty acids cosmetic uses
Wine/Cereal Co- Quality extract from physical
Products SC-CO2 Hayrapetyan (2023) Polyphenols, Terpenes areen processing
Mixed Cereal Residues SC-CO- Lavanya et al. (2025) Phenolic antioxidants Food-grade recovery from
diverse sources
Fruit & Cereal Food SC-CO, Mohammadi (2024) Polyphenols Bioactivity apd mrcqlar food
Wastes system integration
Soy & Cereal Protein SC-CO, + PL Fraguela-Meissimilly Isoflavones, Proteins Marlne/agrq—was'te synergy for
Waste et al. (2023) bioactives
General Cereal Food SC-CO, Bueno (2020) Various antioxidants CompresseFi fluids in integrated
Waste biorefineries
Wheat Germ and Oat | Supercritical Bhat et al. (2024) Oils, Sterols High efficiency for non-polar
Bran CO2 extractions
. . . Tunable selectivity with
Maize Germ SC-CO2 Jain et al. (2024) Phytosterols, Lipids . . .
industrial potential
Wheat Bran Extracts SC-CO- Usman et al. (2023) Sterols, Fatty acids Effective methoq but with cost
limitations
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SFE was, in some cases, combined with pre-treatments,
such as UAE or microwave heating, particularly during the
treatment of quinoa and oat by-products. Moreover, maize
germ, sugar beet waste and mixture of agri-food waste with
cereal fraction were studied as new natural sources suitable
for functional lipids, polyphenols and isoflavones
extraction by the described method.

The results from the reports confirm the suitability of
the SC-CO> for non-polar compounds from cereal waste
extraction (Table 3). Bhat et al. (2024) and Jain et al.
(2024) showed an extraction yield of up to 90% for sterols
and oil from maize germ and oat bran, which is interesting
for nutraceutical purposes. In winter type, polar bioactives
such as phenolic acids were often recovered with
modifications, though. Palos-Hernandez et al. (2024)
achieved higher yields with limonene-modified CO,,
although Ferreira et al. (2023) reached a high recovery of
polyphenolic using subcritical water along with CO.. In
general, the extracts obtained in SC-CO, are highly pure,
free from foreign solvents, and preserve the antioxidant
properties and applicability in food, cosmetics, and
pharmaceuticals.

However, there are some limitations despite the recent
improvements. Usman et al. (2023) and other studies of a
similar nature have drawn questions of concerns over
expensive equipment and energy-intensive nature of high-
pressure operations that have been detrimentally stymied
progress to further industrial scale operation.

However, the evidence from this time is clear: SFE is
now unspecialized from a laboratory technique to a
flexible, sustainable base for biorefinery of cereal by-
products. This transformation opens the doors for the
development of the integrated waste valorization solutions
in the context of circular bioeconomy. For SFE, extraction
efficiency was found to be highly dependent on both
pressure and temperature, with the addition of co-solvents
such as ethanol enhancing recovery of polar phenolics.

Enzyme-Assisted Extraction (EAE)

Enzyme-assisted extraction (EAE) is an
environmentally friendly method to degrade plant cell
walls with special hydrolytic enzymes as cellulase,
xylanase, and protease. This is well-suited for cereal
matrices in which phenolic compounds are strongly linked
with cell wall polymers. EAE promotes specific release of
these bioactive compounds under a gentle condition
(neutral pH and a lower temperature) and thus reduces the
structural damage to retain the antioxidant property (Maled
& Bhat, 2024).

During the 2020-2025 period, EAE has been becoming
one of the most studied themes in the green food
processing field, when dealing with phenolic recovery
from cereal grains or even from their byproducts (Table 4).
However, the range of enzymes used during this period in
EAE processing has diversified. Single enzymes as well as
enzyme mixtures (cellulase + xylanase or protease +
amylase) have been used to improve phenolic release and
yield of free phenolic acids like ferulic, p-coumaric, and
caffeic acid. Furthermore, EAE has been coupled to
different physical and chemical extraction techniques, such
as ultrasound-assisted extraction (UAE), microwave-
assisted extraction (MAE) and pressurized liquid
extraction (PLE) to create hybrid extraction procedures by

improving the efficiency of extraction and stability of
compounds. Integration of physical and enzymatic
pretreatments can improve the selectivity of bioactive
compound extraction from complex cereal matrices.

The cereal byproducts employed in EAE applications
at that time have varied even more from conventional
materials such as corn bran, wheat bran, barley spent grain,
to atypical food processing waste such as rice husk, oat
hulls, sorghum bran, and even bakery waste. This trend
reflects a wider shift towards zero-waste -circular
bioeconomy models in the agri-food sector. The details of
30 published peer-reviewed research (from 2020 to 2025)
were compiled and categorized into a table, consisting of
product type, EAE method, and the extraction of phenolic
compounds and author information. Enzyme-assisted
extraction combined with co-fermentation or multi-
enzyme systems enhanced recovery of both phenolics and
bioactive peptides, highlighting its industrial potential
(Table 4).

Recent research (2020-2025) shows that the Enzyme-
Assisted Extraction (EAE) markedly increases the release of
phenolic compounds from cereals and agri-food by-products.
EAE efficiently removes ester-bonded phenolic acids, such as
ferulic, p-coumaric, and caffeic acid, by the action of plant cell
wall polysaccharides. This procedure results in better yields
and retains the bioactivities of the compounds at mild
conditions, consistent with green chemistry to avoid toxic
solvents and energy consumption. EAE has shown improved
extraction yields as well when used jointly with methods such
as  ultrasound-assisted and microwave extraction.
Nevertheless, the scalability of the EAE is problematic due to
the high cost of the enzyme and the paltry requirement for a
tightly regulated process. Nevertheless, its usage on large
available byproducts, like brewer’s spent grain and rice bran,
is promising for contributing to circular bioeconomy efforts.
Moreover, enzyme combinations and co-fermentation may
further expand the recovery of bioactivity beyond phenolics.
In short, the EAE is an effective extraction technique and a
facilitator of sustainable waste valorization in the food sector.
Coupling enzyme-assisted extraction with microwave
treatment facilitated the targeted release of bound phenolic
acids, improving both yield and bioactivity (Table 4). In EAE,
the combination of cellulase and xylanase enzymes at neutral
pH significantly increased the release of bound ferulic acid,
demonstrating the importance of enzyme synergy.

Pressurized Liquid Extraction (PLE)

PLE or Accelerated Solvent Extraction works at a
moderate temperature (50—200°C) and elevated pressure
(1020 MPa) to extract bioactive compounds more
effectively with minimal solvent and with accelerated
time of extraction (Visnjevec et al., 2024). From 2020 to
2025 years, the Pressurized Liquid Extraction (PLE)
appears as a green technology for phenolic compounds and
antioxidants recovery from cereal by-products (wheat bran,
rice husks). Recent papers emphasize the application of
green solvents (e.g., aqueous ethanol, DESs), frequently
coupled with sonication or microwaves that improve both
extraction performance and process scale-up. Compared
with traditional extraction methods, PLE provides more
polyphenols and antioxidants, better reproducibility,
solvent saving, and higher extraction yields.
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Table 4. Studies on Enzyme-Assisted Extraction of Bioactive Compounds from Cereal-Based Waste (2020-2025)

Product / Waste Type Method Authors (Year) Extracted Key Outcomes
Compounds
Corn Bran Cellulase & xylanase Bhatia ct al. (2024) Ferulic acid Improved recovery from cell
EAE walls.
Gil Martin & . Higher yields than solvent-
Wheat Bran Enzyme + ultrasound Hernéndez (2021) Total phenolics based methods.
. Paz-Cedeno et al. Bound phenolic  Better release from complex
Oat Husk Mixed carbohydrases (2022) acids polysaccharides.
. Hydroxycinnamic Antioxidant activity
Rice Husk EAE Ayuso et al. (2025) .
acids preserved.
. |Xylanase & B-glucanase  Sangiorgio et al. Caffeic, ferulic Brewery byproduct
Barley Spent Grain EAE (2020) acids valorization.
Maize Pericarp Microwave + EAE ~ Maled & Bhat (2024) p-Coumaric acid Energy-efficient extraction.
Semolina Waste EAE Gil Martin et al. Phenolic acids Superior to conventional

Food Byproducts

Brewer’s Spent Grain

Sorghum Bran
Rice Bran

Oat Byproducts

Barley/Wheat Spent
Grain

Rye Bran
Cherry Skins (Model)
Rapeseed Stalk
Millet Byproducts
Bread Crust

Cereal Hulls

Cereal Byproducts
(Various)

Wheat Bran

Rice Co-Products
Barley Spent Grain
Cereal By-Products

Mixed Cereals

Cereal Flours

Brewer's Grain
(Renewed)

Nut Co-Products

Agro-Industrial
Residues

Bakery Waste

Vacuum filtration +
EAE

Multi-enzyme EAE

Protease +
carbohydrases

Cellulase-assisted EAE

Amylase/xylanase/prote

ase

Ultrasound + EAE
EAE

PLE + EAE

EAE for protein +
polyphenol

Ultrasound + EAE

Enzyme-assisted
fermentation
Solid-state fermentation
(enzymatic)

MAE + EAE + PLE

Enzyme + fermentation Chis & Farcas (2024)

EAE with ultrasound
Enzyme hydrolysis
Enzyme + MAE

Enzyme + microwave +

PEF
EAE for nanomaterials

Yeast-enzyme co-
process

EAE + MAE

Enzyme-assisted & SFE

EAE + SFE

Dominguez-Rodriguez Non-extractable

Chis & Farcas (2025)

Alonso Riafio (2022) Bound phenolics

Boonlao et al. (2022)

(2021) thermal extraction.

Flavonoids, Nutraceutical applications
Ayuso etal. (2025) phenolics enhanced.
Verardi et al. (2020) Total polyphenols Demonstrated indusrial
scale-up.

Hernandez et al.

Bound phenolics  Higher antioxidant yield.

(2021)
Martillanes et al. Ferulic acid Optimized release of ferulic
(2021) crulic ac acid.
Aiello et al. (2021) Protem—bpund Increasc?d so}ublhty and
phenolics bioactivity.
Alonso Riafio (2022) Polyphenols ngnocel.lulose disassembly
improved.
Radenkovs et al. Non-extractable Used in AgNP synthesis.

(2022) phenolics

Yield maximization using

etal. (2021) polyphenols combined techniques.
Khan et al. (2023) Polyphepols + Dual exFract'lqn and
proteins sustainability.
Gowda ct al. (2025) Phenolic inhibitors  >Uitaple for antidiabetic
formulations.

Antioxidants  Valorization in baked goods.

Outperformed a-amylase

Dongo (2024) treatment.

0.25 g GAE/100g

Hernandez-Corroto et Mixed phenolic Multiplex extraction for
al. (2024) subclasses maximal yield.
Phenolic Yeast synergy enhanced
antioxidants extraction.
Mala et al. (2022) Peptides + Biofunct.ional recovery from
polyphenols rice residues.

Green valorization strategy.
Fast quantification with high
yield.

Bioactive peptides Green industrial application
+ polyphenols with PEF and EAE.
Nanoparticle synthesis

Kirusnaruban (2025) Total phenolics

Radenkovs et al. Ferulic acid

(2022) applications.
Chis & Farcas (2025) Phenoh'cs + Fermented'prgdu.ct recovery
proteins optimization.
Block et al. (2023) Tocopherols + Applied to nut processing
polyphenols coproducts.
Gupta & Ghoshal Phenolic-rich EAE linked to SDG-based
(2025) nutraceuticals sustainability.
. Bound Industrial reuse for bakery
Jukic et al. (2025) antioxidants byproducts.
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Table 5. Studies on Pressurized Liquid Extraction of Bioactive Compounds from Cereal-Based Waste (2020-2025)

Product / Waste Type | Method  Authors (Year) Extracted Compounds Key Outcomes
Palos-Hernandez et PLE with aqueous DESs outperformed
Wheat Bran PLE al. (2024) Polyphenols UAE and EAE
Rice Husks PLE Roselli et al. (2024) Antioxidants Fast, reproducible, low solvent use
Cereal-Based Baby Soriano et al. . . . . .
Foods PLE (2024) Organic contaminants Effective cleanup in complex matrices
Wheat Bran HPLE He et al. (2025) Polyphgnols, High recovery rates compared to other
antioxidants methods
General Cereal By- PLE + . High antioxidant activity and total
Products SFE Bueno (2020) Phenolics polyphenol yield
Wheat Bran PLE + Alonso (2018) B—glucans., phenolic  Efficient fractlonanop and biorefinery
SCF acids potential
Amoriello et al. N Improved nutraceutical potential via
Corn Bran PLE (2025) Phenolic acids PLE
PLE + Albarelli et al. . .. . .
Wheat Husk SFE (2022) Phenolic acids Strong antioxidant capacity retained
PLE Papadaki et al. . .
Wheat Bran (acidic (2025) Polyphenols pH-assisted hot water improved release
pH)
Brewer's Spent Grain Gonzalez-Garcia et . . Functional proteins + antioxidant
(Bsg) PLE al. (2021) Proteins, phenolics extraction
PLE+  Venskutonis et al. . PLE more efficient in polar compound
Buckwheat Hulls UAE (2017) Phenolics recovery
Povilaitis et al. Phenolic acids, Solvent type influenced yield and
Wheat And Rye Bran PLE (2015) flavonoids antioxidant potential
Barley Grains HPLE Bucw(_i)olj;(): ctal. Phenolics Enhanced extraction vs. conventional
Cereal By-Products E{ﬁz; Bhatia et al. (2024) Polyphenols SFE, UAE, PLE synergy discussed
PLE + Pazo-Cepeda et al. Lo Pressurized ethanol improved free form
Wheat Bran ethanol (2020) Ferulic acid yield
Asparagus Peels (As Saldafia et al. Comparable antioxidant activity to
Model) PLE (2017) Polyphenols conventional ethanol methods
Mixed Cereal Waste PLE Duba et al. (2015) Polar bioactives PLE favorabl;:hf;)rfoliiocl:r solutes like
Cereal Processing Visnjevec et al. . Extraction yield and antioxidant linked
Residues PLE (2024) Phenolic compounds to temperature/pressure
PLE + Non-conventional techniques improve
Rye Bran SCFE Celano etal. (2021) Polyphenols environmental sustainability
Wheat Husk PLE  Tesli¢ et al. (2024) Polyphenols Critical review on PLE among others
. HPHT . High-pressure thermal extraction
Barley Grains Extraction Strelec et al. (2015) Phenolics boosted yield
General Agri-Food PLE + Castro-Muiloz et al. Phenolics, Integrated valorization approach using
Byproducts LLE (2022) anthocyanins PLE and LLE
Buckwheat Hulls PLE Pagano et al. (2021) Phenolics Efficient release at mild temperature
PLE + DPPH values showed high antioxidant
Cereal By-Products SCW Ekaette et al. (2017) Polyphenols potential
Northern Cereals PLE Mattila et al. (2021) Polyphenols Novel PLE n;:gilggig rr:eﬁ(;sed for cold-
General Cereal Waste PLE Kalaéczll(;a;t ;t al. Phenolics Circular bloecogir]rily focusses with
PLE + Visnjevec et al. Microwave-PLE combo gave highest
Sorghum Bran microwave (2024) Polyphenols extraction efficiency
Rice Bran PLE +. Stupar et al. (2024) Phenolics Improved select1V'1ty via hybrid
ultrasonic extraction
Quinoa Bran PLE Lalas et al. (2025) Antioxidants Pressurlzicilnlz)(;t \Z?;izzzrt?;?llsmg for
Wheat Straw ;}I;:il;l Pico et al. (2024) Bioactive acids High repeatability and solvent recovery

General Cereal Waste

HPLE Andreu et al. (2024)

Polyphenols,
antioxidants

Recommends HPLE as standard for
cereal by-product valorization
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It also enhances the liberation of free form ferulic acid
(FFA) and the selectivity for bound phenolics. In this regard,
hybrid systems as with SFE-PLE may increase yields and
limit degradation. Pressurized liquid extraction in tandem
with supercritical CO: allowed efficient fractionation of polar
and non-polar compounds from cereal residues, supporting
circular bioeconomy strategies (Table 5).

Deep Eutectic Solvent-Based Extraction (DES)

Deep Eutectic Solvents (DESs), consisting of hydrogen
bond donors and acceptors, are environmentally friendly
solvents characterized by their biodegradability, tunability
and high solvation properties. Tripathi and Suthar (2025)
described their efficiencies in improving polyphenol
extraction from cereal brans, especially with Natural DESs
(NADES) prepared from choline chloride and sugars.
Between 2020 and 2025, DES-based extraction strategies
were proposed as green organic solvent alternatives for the
recovery of antioxidants from cereal wastes (wheat bran,
rice husk and sorghum hulls), which serve as potential
complex matrix resources. Table 6 illustrates that NADES-
based extraction consistently yielded higher total phenolics
compared to conventional solvents, particularly when
combined with ultrasound or microwave assistance.

Remarkably, the performance of these extraction
techniques was enhanced significantly upon integration
with ultrasound-assisted extraction (UAE), microwave-
assisted extraction (MAE) and thermal treatments. The
target compounds were also found to change from broad-
spectrum phenolics to the specific bioactives such as
ferulic acid, anthocyanins, and flavonoids.
Biodegradability of the solvent, quality of the extracts and
integration into circular bioeconomy concepts are now on
the researchers” agenda. In general, the extraction
efficiencies of DESs were higher and the toxicity and the
selectivity of DESs were better than the (ethanol or water)
extraction systems.

The studies reviewed validate DESs, especially
NADESs based on choline chloride, sugars, or organic
acids, as effective green solvents for the valorization of
cereal waste. The yield, extraction selectivity, and
antioxidant capacity were superior to those obtained with
the conventional solvents. Combinations of DES with
ultrasound (UAE), microwave (MAE), and enzyme
pretreatments improved the extractability of the
compounds tested from complex matrices.

Several articles also highlighted DES as an efficient
green solvent to circular bioeconomy approaches and green
product design (e.g., emulsions or bioplastics). In sum,
DES based systems proved to be the most prospective,
versatile and sustainable strategy for polyphenol and
antioxidant recovery in the recent cereal waste research.
Deep eutectic solvents integrated with ultrasonic or
microwave pretreatments promoted higher selectivity and
antioxidant retention compared to conventional solvent
systems (Table 6).

Comparative Assessment of Extraction Methods

Efficiency (Yield, Purity, Time)

Microwave Assistant Extraction (MAE) and Ultrasound
Assistant Extraction (UAE) and usually described as most
efficient in terms of extraction yield and extraction time.
Usman et al. (2023)) found that UAE had approximately 30%

greater yield and was 1/20 th of time consuming than
classical techniques. Similarly, Pagliari et al. (2024)
demonstrated that MAE could achieve maximum recovery of
polyphenols in less than 10 minutes compared to conventional
methods. Conversely, SFE provided a non-significant, but
slower extraction, as also reported by Nayak et al. (2024) due
to its excellent selectivity and ability to extract thermotensile
compounds without compromising their structures. Recent
studies indicate that hybrid approaches not only boost yield
but also preserve bioactive stability better than single-method
extractions. Palos-Hernandez et al. (2024) found that use of
Deep Eutectic Solvent (DES)-based extraction with UAE
achieved high yield and intactness of the compounds. While
MAE and UAE maximize extraction efficiency and reduce
processing time, SFE preserves thermolabile compounds and
offers higher selectivity, making it ideal for sensitive
bioactives. Comparative studies indicate that the choice of
extraction technique depends on the target compound’s
polarity, thermal sensitivity, and matrix complexity,
highlighting the need for method-specific optimization.

Environmental Impact (Solvent Use, Energy)

Green extraction approaches are also variable in the
environmental aspect. According to Martins et al. (2023),
DES and EAE present with low-toxicity solvents, and work
under less severe conditions, hence they are more suitable
in green processes. Guler and Tepe (2024) carried out a life
cycle assessment (LCA) of the process to calculate energy
consumption and solvent residues and found that SFE and
PLE processes consumed more energy during operation
but less solvent residues when compared to orthodox
organic extraction. Ferraz et al. (2022) highlighted that
enzyme-aided extractions generated the lowest ecological
footprint among studied processes due to low temperature
and water-based systems. Synergistic techniques, such as
MAE-UAE or EAE-MAE, align with circular bioeconomy
principles by minimizing waste and energy consumption.
EAE provides stable extracts under mild conditions and
exhibits high potential for circular bioeconomy, though
enzyme costs and process control remain limiting factors.
Integration of green extraction technologies into circular
bioeconomy frameworks can transform cereal processing
residues into high-value functional ingredients, reducing
environmental burden.

Cost and Industrial Scalability

Celano et al. (2024) also emphasized the cost and
scalability of MAE and UAE, identifying their significant
potential for industrial applications due to easy scale-up and
moderate equipment expenses. On the other hand, SFE and
PLE, although requiring high initial investment, involves low
solvent consumption and reusability and may be economically
efficient, as stated by Jyoti and Shrivastav (2024). Despite
these limitations, EAE is still an economically viable
approach such as the use of low-cost enzyme and no solvent
recycling steps, although enzyme availability and
standardization are issues (Bhatia et al., 2024). While
laboratory-scale efficiency is well documented, pilot- and
industrial-scale applications require careful optimization of
process parameters and cost-benefit analysis. Future research
should focus on optimizing hybrid extraction strategies, cost-
effective scale-up, and regulatory compliance to enable
industrial adoption.

4298



Unal / Turkish Journal of Agriculture - Food Science and Technology, 13(12): 4286-4307, 2025

Table 6. Studies on Deep Eutectic Solvent-Based Extraction of Bioactive Compounds from Cereal-Based Waste (2020-2025)

Product / Waste Type

Key Outcomes

Foxtail millet bran

Wheat bran

Rice husk
General cereal waste
Wheat bran
Mixed cereal hulls

Sorghum hulls

Hazelnut skin (model
cereal)

Wheat husk
Rice bran
Wheat bran

Millet by-products

Brewer’s spent grain
(BSG)

Wheat husk
Barley processing
residues

Pomegranate husk
(model)

General cereal waste
Mixed agri-wastes
Cereal bran
Wheat husk
Mixed cereal brans
Sorghum bran
Oat hulls
Corn bran
Barley waste
Orange peel (model)

Wheat flour waste

Method Authors (Year) Extracted Compounds

DES + Total phenolics,

UAE Zheng et al. (2022) flavonoids

DES + Polyphenolic
UAE+  Cherifet al. (2020) yph

antioxidants
thermal
NADES + . Antioxidants, ferulic

UAE Basile et al. (2024) acid

DES +

MAE More et al. (2022) Polyphenols

Tripathi & Suthar
NADES (2025) Polyphenols
DES + Tesli¢ et al. (2024) Phenolics
ultrasound
NADES + . .
MAE Bhatia et al. (2024) Flavonoids
ChCl:Lac
NADES Mazzeo et al. (2023) Polyphenols
N‘/i%is * Prencipe et al. (2022) Phenolic antioxidants
Ferulic acid,
NADES  Stupar et al. (2024) flavonoids
NADES + . .

SCFE Sarangi et al. (2023) Phenolics
NADES  Saini et al. (2022) Antioxidants
MAE +  Loépez-Linares et al.

DES (2021) Polyphenols

Glycerol- Mouratoglou et al. Antioxidant
based (2016) olyphenols
NADES pobyPp

DES Hanafi et al. (2024) Proteins, phenolics

NADES da Silva et al. (2024) Anthocyanins
Torres-Valenzuela et .
NADES al. (2020) Phenolics
DES Gauffre et al. (2021) Polyphenols
NADES  Kuila et al. (2025) Polyphenols
Limanton et al. .
NADES (2021) Antioxidants
DES + .
UAE Cortina et al. (2024) Polyphenols
NADES + Kaladhar et al. Flavonoids. phenoli

MAE (2024) vonoids, phenolics
NADES Makris et al. (2016) Ferulic acid, catechin

DES Beltran et al. (2024) Flavonols

Ballesteros-Gémez
NADES et al. (2020) Polyphenols
NADES + L
MAE Coca et al. (2021) Phenolic acids

NADES Masiello et al. (2022) Phenolics

DES-UAE outperformed ethanol in
yield and antioxidant activity

High recovery using glycerol/citric
acid DES

Ultrasonic-assisted NADES led to
efficient cereal waste valorization
MAE enhanced diffusion and solvent
penetration
Choline chloride—sugar NADES
outperformed water-based extractions
Novel Phind database integrated; DES
favored high-yield and eco-friendly
Combined extraction yielded highest
antioxidant index
Fixed-bed kinetics favored NADES
over water
DES extraction scored high in life
cycle assessment (LCA)

Selective recovery of bound phenolics

Efficient synergy with fermentation
and bioprocessing
Highest antioxidant activity recorded
among tested solvents
Short time and high yield extraction
via MAE-DES

Ultrasound + DES led to high
phenolic recovery

Protein preserved structure and
bioactivity in DES
Optimized NADES conditions yielded
highest anthocyanin concentration
DESs compatible with wide range of
agri-food wastes
DES-based extracts showed prolonged
antioxidant preservation
Food-grade DES recommended for
nutraceutical production
Higher antioxidant potential vs.
conventional solvents
Sorbents combined with NADES
increased selectivity
Circular bioeconomy model proposed
with NADES
ChCl-based NADES gave 2—3x more
yield than water
Polymeric sorbents enhanced DES
performance
Effective extraction under low
temperature with ChCl-urea NADES
Process efficiency validated by kinetic
modeling
Extraction compatible with LCA and
bioplastics development
Improved extraction and reduced

Rice husk NADES  Lalas et al. (2025) Phenolic acids .
oxidation
Sorghum pericarp DES Gallo et al. (2023)  Bound flavonoids High select1v1t(}jle\;11;tlallored solvent
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Quality of Extracted Compounds
Bioactivity)

In terms of quality of the extracts, SFE received
appreciations for retaining the integrity of the bioactive
compounds, because of its low-temperature, oxygen-free
state (Nonglait & Gokhale, 2024). Pagliari et al. (2024)
also reported that antioxidant property of DES-based
extracts was higher compared to hydroalcoholic solvents.
MAE and UAE, efficient as they are, could yield limited
degradation of the heat-sensitive compounds if proper
optimization were not performed. EAE as reported by
Bhatia et al. (2024) retains compound stability while it
might even promote bioactivity via enzyme-catalyzed
hydrolysis. Integration of green extraction methods ensures
retention of antioxidant activity while minimizing
structural degradation of sensitive bioactives.

(Stability,

Conclusion

Green extraction technologies represent a paradigm
shift in the valorization of cereal processing by-products.
Techniques such as MAE, UAE, SFE, and DES-based
systems offer promising avenues for recovering high-value
bioactives like phenolics, phytosterols, and B-glucans.
While case studies on wheat bran, rice husk, corn germ,
and oat residues demonstrate feasibility and sustainability,
challenges remain regarding scalability, solvent recovery,
and regulatory standardization. Integrating these
technologies into circular bioeconomy frameworks is the
next frontier. With continued research, innovation, and
policy alignment, cereal waste could become a cornerstone
of sustainable bioproducts. The integration of green
extraction technologies into circular bioeconomy
frameworks offers significant potential for sustainable
valorization of cereal by-products. With continued
research and innovation, cereal waste could become a
cornerstone of high-value bioactive recovery and
sustainable bioproducts.
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