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Abstract:Natural compounds such as plant polyphenols and flavonoids have the potential to scavenge free radicals, reduce metal
ions, and inhibit oxidative chain reactions. This paper analyzes the mass-transfer mechanisms and applicability boundaries of
solvent extraction, ultrasound-assisted extraction, microwave-assisted extraction, and supercritical-fluid extraction. It discusses the
effects of solvents, temperature, and energy input on extraction yield and activity retention and compares the DPPH, ABTS, and
FRAP antioxidant assays. The findings indicate that process development should pursue multiple objectives, including compound
recovery, antioxidant activity, solvent safety, and energy efficiency, and should establish an integrated quality-control system
covering the entire process from raw materials to finished products.
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Introduction

Natural bioactive compounds are widely present in
fruits and vegetables, medicinal and edible plants, cereals,
spices, and agricultural-processing by-products. They
include polyphenols, flavonoids, anthocyanins, carotenoids,
tocopherols, polysaccharides, and volatile compounds.
Because these compounds differ substantially in chemical
structure and polarity, no single “optimal extraction method”
is suitable for every raw material and target compound.
Extraction determines not only recovery but may also induce
hydrolysis, oxidation, isomerization, or polymerization,
thereby altering antioxidant performance.

To maintain consistency, this paper focuses primarily
on plant-derived polyphenols and flavonoids while also
discussing differences in extraction processes for lipophilic
compounds such as carotenoids. In this paper, “antioxidant
properties” refers primarily to the results of in vitro chemical
assays and should not be equated with human absorption,
metabolism, or clinical efficacy.

Based on seven traceable publications, this paper
reviews the material basis of natural antioxidants, extraction
methods, critical process parameters, evaluation indicators,
and scale-up pathways, with the aim of providing a
methodological foundation for the research and industrial

development of natural antioxidant products.

1 Material Basis of Natural Antioxidant Compounds

1.1 Principal Compound Classes and
Structural Characteristics

Plant polyphenols are characterized by one or
more aromatic rings and phenolic hydroxyl groups and
include phenolic acids, flavonoids, tannins, stilbenes, and
lignans. Phenolic hydroxyl groups can donate hydrogen
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atoms or electrons and form relatively stable resonance
structures. Structural features such as ortho-dihydroxyl
groups, conjugated double bonds, and carbonyl groups
generally facilitate radical stabilization and metal-ion
complexation. The glycosylation position of flavonoid
glycosides affects their solubility and reactivity, whereas
polymers such as condensed tannins readily bind to
proteins or polysaccharides.

Carotenoids and tocopherols are lipophilic
antioxidants. Carotenoids quench singlet oxygen through
their conjugated double-bond systems but are sensitive
to light, heat, and oxygen. Tocopherols can terminate
peroxidation chain reactions in the lipid phase. The
antioxidant properties of polysaccharides may be associated
with their molecular weight, branching, substituents, and
coextracted phenolic compounds.

Dai and Mumper reported that the extraction,
purification, and quantification methods used for plant
phenolics substantially influence the interpretation of their
antioxidant properties . Total extract yield should therefore
not be used as a substitute for the content of the target
bioactive compounds.

1.2 Antioxidant Mechanisms

The principal antioxidant mechanisms of natural
compounds include hydrogen-atom transfer, single-electron
transfer, metal-ion chelation, singlet-oxygen quenching, and
termination of lipid-radical chain reactions. Polyphenols
can donate hydrogen atoms or electrons to free radicals,
converting them into relatively stable products. Certain
compounds can also chelate Fe** and Cu?*, thereby reducing
the formation of hydroxyl radicals through Fenton reactions.

In biological systems, natural compounds may
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also affect endogenous antioxidant enzymes and cellular
signaling. Such effects, however, cannot be demonstrated
directly using simple chemical assays.

Antioxidant activity is condition-dependent. The pH
determines the dissociation of phenolic hydroxyl groups,
the solvent affects contact between reactants, and metal-
ion and oxygen concentrations alter reaction pathways.
At high concentrations or under particular metal-ion or
alkaline conditions, some polyphenols may exhibit pro-
oxidant activity.

Consequently, high activity in a DPPH assay does
not necessarily indicate the same performance ranking in
emulsions, oils, or intracellular environments. Reliable
evaluation requires methods based on complementary
reaction mechanisms.

1.3 Raw-Material Characteristics and Pretreatment

The cultivar, geographical origin, maturity, harvest
season, and storage conditions determine the initial levels of
bioactive compounds. Leaves, fruit peels, seeds, roots, and
rhizomes differ in cell-wall structure, degree of lignification,
and endogenous enzyme activity and therefore require
differentiated pretreatment.

Prolonged exposure of raw materials to light, oxygen,
or high temperatures can cause polyphenol oxidation
and pigment degradation. When compound contents are
calculated directly on a fresh-weight basis, differences in
moisture may obscure actual changes. Raw-material batches
and moisture contents should therefore be recorded, and
extraction yields and antioxidant activities should preferably
be reported on a dry-weight basis.

Drying can improve stability and grinding efficiency,
but excessively high hot-air temperatures may result in the
loss of thermolabile compounds. Freeze-drying provides
better protection but increases energy consumption.
Grinding increases the surface area available for mass
transfer, whereas excessively fine particles may make
filtration difficult, increase impurity coextraction, and cause
localized heating.

Lipid-rich materials may be moderately defatted
before polyphenol extraction. Materials containing high
levels of polyphenol oxidase should be processed at low
temperatures, under oxygen-limited conditions, or through
rapid enzyme inactivation to reduce enzymatic browning.

2 Extraction Processes for Natural
Bioactive Compounds

2.1 Conventional Solvent Extraction

Maceration, stirred extraction, reflux extraction, and

Soxhlet extraction rely on solvent penetration, solubilization,
and concentration gradients to achieve mass transfer. These
methods use mature equipment, are straightforward to
operate, and are suitable for laboratory method development
and process comparison.

Polyphenols and flavonoids are commonly extracted
using water, ethanol, or aqueous ethanol. An appropriate
proportion of water promotes the swelling of cellular tissues,
while ethanol improves the solubility of certain compounds
of intermediate polarity. For food applications, water and
food-grade ethanol should be prioritized, and residual
solvents should be controlled.

The principal disadvantages of conventional methods
are long extraction times, high solvent consumption, and the
possible degradation of thermolabile compounds. Soxhlet
extraction continuously brings fresh solvent into contact
with the material but requires sustained heating and energy-
intensive concentration. Reflux extraction accelerates
diffusion but offers limited selectivity.

After comparing multiple techniques for extracting
bioactive compounds from plants, Azmir et al. concluded
that extraction efficiency depends on the plant matrix, the
chemical properties of the target compounds, and critical
process parameters. No standardized method is universally
applicable to all plant materials .

2.2 Intensified and Green Extraction Technologies

Ultrasound-assisted extraction uses microjets and shear
forces generated by the formation, growth, and collapse of
cavitation bubbles to disrupt cellular structures and shorten
the pathways for solvent penetration and solute diffusion.
The equipment can be integrated relatively easily with
aqueous ethanol systems, but power density, probe position,
and temperature rise must be controlled.

Chemat et al. reported that ultrasound can shorten
certain food-processing operations to seconds or minutes
while reducing processing time and energy consumption
Bl However, results obtained using laboratory ultrasonic
baths cannot be scaled up directly according to volume.
The distribution of the acoustic field within the reactor is a
critical engineering consideration.

Microwave-assisted extraction uses dipole rotation
and ionic conduction to produce volumetric heating,
enabling rapid temperature increases and higher
intracellular pressure. It is suitable for polar solvents and
water-containing plant tissues and requires relatively short
processing times. However, nonuniform heating may create

localized overheating.
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Pressurized-liquid or subcritical-water extraction
improves solvent penetration by increasing temperature and
pressure. At high temperatures, the dielectric constant of
water decreases, allowing it to dissolve some compounds
of intermediate polarity. These conditions may, however,
induce hydrolysis and thermal degradation.

Supercritical CO: is nontoxic, readily separated
from the product, and suitable for extracting essential oils,

carotenoids, and other lipophilic compounds. Its capacity to

dissolve highly polar polyphenols is limited, and a cosolvent
such as ethanol is often required.

Natural deep eutectic solvents have tunable polarity
and low volatility, but their high viscosity restricts mass
transfer and complicates subsequent solvent separation.
Green extraction involves more than replacing one solvent
with another. Chemat et al. proposed that green extraction
should simultaneously reduce energy consumption, employ
alternative solvents and renewable resources, and ensure
extract safety and quality /.

Table 1. Mechanisms and applicability boundaries of principal extraction processes

Principal intensification

Process . Suitable compounds Major advantages Major limitations
mechanism
. . . Simple equipment L. .
Wetting, dissolution, and ) ) Long processing time, high
Water/ethanol i . Polyphenols, flavonoids, and relatively good :
. concentration-driven . o g solvent consumption, and
extraction . . and some polysaccharides suitability for food o .
diffusion o limited selectivity
applications
. L Polyphenols, flavonoids, Relatively low  Nonuniform acoustic fields,
Ultrasound- Cavitation, microjets, and

assisted extraction cell disruption

compounds

. Dipole rotation, ionic
Microwave- ) )
) . conduction, and internal

assisted extraction .

heating

Pressurized- Enhanced dissolution and

liquid/subcritical-  penetration under high

water extraction temperature and pressure

Supercritical CO-

extraction tunable solvating power

Natural deep Hydrogen-bond networks

eutectic solvent and a tunable solvation

extraction environment

saponins, and related

Bioactive compounds in
polar or water-containing

matrices

Compounds of intermediate
to high polarity

High fluid diffusivity and Essential oils, carotenoids,

and tocopherols

Polyphenols, flavonoids,
and alkaloids

temperature and ~ probe wear, and scale-up

rapid mass transfer difficulties

Short extraction  Localized overheating and

time and high limited effectiveness in

heating efficiency nonpolar systems

Low solvent

consumption High-pressure equipment

and potential requirements and risk of

for continuous thermal degradation

processing

High capital investment
Easy solvent
o and the need for cosolvents
removal and limited )
L when extracting polar
oxidative exposure
compounds

High viscosity and
Low volatility and insufficient evidence
adjustable polarity regarding recovery,

purification, and safety

Note: The comparison is summarized from References ¥,

Specific performance depends on raw materials, solvents,
and equipment conditions; the methods cannot be ranked
independently of their experimental conditions.
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3 Factors Affecting Extraction Efficiency and

Activity Retention

3.1 Solvent Systems and Solid—Liquid Mass Transfer

The principle of “like dissolves like” provides a
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starting point for solvent selection, but plant tissues are
not ideal solutions. Water content affects both target-
compound solubility and cell-wall swelling and may also
influence the coextraction of impurities such as proteins
and polysaccharides.

An excessively high ethanol concentration may inhibit
tissue swelling, whereas an excessively low concentration
may increase the extraction of sugars and proteins. Solvent
pH can alter the ionization and stability of phenolic acids,
anthocyanins, and flavonoids. Anthocyanins are generally
more stable under acidic conditions, but strong acids and
prolonged treatment may cause glycoside hydrolysis.

Increasing the solvent-to-solid ratio helps maintain the
concentration gradient. Beyond a certain level, however, the
additional recovery becomes marginal while the burden of
solvent recovery continues to increase. Reducing particle
size and applying agitation can decrease external mass-
transfer resistance, whereas excessively fine powders may
become compacted, block filtration materials, and increase
impurity extraction.

Total phenolic content, marker-compound content, and
antioxidant activity should also be reported. A higher crude-
extract yield may merely indicate that a larger quantity of
inactive material has been extracted.

3.2 Temperature, Time, and Energy Input

Increasing temperature can reduce solvent viscosity
and increase the diffusion coefficient and solubility, but it
can also accelerate oxidation, hydrolysis, and isomerization.
During the initial stage of extraction, washing and rapid
diffusion generally predominate. During the later stage,
slow diffusion from within the cells becomes controlling.
Extending extraction indefinitely is economically inefficient
and increases the risk of compound degradation.

Ultrasonic power, microwave power, and pressure
should not simply be maximized. Comparisons should
instead be based on the actual energy density per unit of raw
material or solvent.

Process evaluations should distinguish transient high
temperatures from average temperatures. Microwaves may
generate localized hot spots, while ultrasonic cavitation
zones can experience transiently high temperatures and
pressures. Even when the overall system temperature
remains low, localized radicals and trace-metal impurities
may affect phenolic compounds.

Light-sensitive compounds such as anthocyanins and
carotenoids should be processed under light-protected, inert-
gas, or low-oxygen conditions, and their heat exposure

during concentration should be minimized.

3.3 Process Optimization and Compound Identification

Single-factor experiments are suitable for defining
reasonable parameter ranges but cannot reveal interactions
among temperature, time, solvent proportion, and the
solvent-to-solid ratio. Response-surface methodology,
orthogonal experimental designs, and other design-of-
experiments approaches can establish models using
relatively few experiments.

Optimization should not focus solely on maximum
yield. Multiobjective functions may incorporate total phenolic
content, marker-compound recovery, DPPH or ABTS activity,
solvent consumption, and energy use. Predicted values should
be validated using independent batches.

Total phenolic content is commonly determined
using the Folin—Ciocalteu reaction and expressed as gallic
acid equivalents. However, the reagent may also react
with ascorbic acid, reducing sugars, and other reducing
substances and does not provide information about
individual molecular structures.

High-performance liquid chromatography or liquid
chromatography—mass spectrometry can be used for the
qualitative and quantitative analysis of major compounds.
Nuclear magnetic resonance spectroscopy may be used
when structural confirmation is required. Dai and Mumper
emphasized that extraction, purification, and chemical
analysis should be integrated in polyphenol research .
Process optimization should therefore establish an evidence
chain linking crude-extract yield, target compounds, and
antioxidant function.

4 Evaluation of Antioxidant Properties and
Their Relationship with Extraction Processes

4.1 In Vitro Antioxidant Assays

The DPPH assay is based on the reduction and
discoloration of the purple DPPH radical by antioxidants,
with the decrease in absorbance measured near 515 nm.
The free-radical assay developed by Brand-Williams et
al. was published in 1995 . Results may be expressed
as scavenging activity or (IC_{50}). Under identical
conditions, a lower (IC_{50}) indicates that a lower
concentration is required to achieve 50% scavenging.

The DPPH assay is primarily suitable for organic
or mixed-solvent systems. Its results are affected by
hydrophobicity, reaction time, and sample color.

In the ABTS assay, the blue-green ABTS radical cation
(ABTS-") is first generated, after which the discoloration
caused by an antioxidant is measured. The improved method
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developed by Re et al. measures inhibition of absorbance
at 734 nm and can be used to evaluate various phenolic
compounds, carotenoids, and some plasma antioxidants .

The method is compatible with hydrophilic
compounds and, to some extent, hydrophobic systems.
Results are commonly expressed as Trolox equivalents, but
radical generation, reaction time, and solvent conditions
must be standardized.

The FRAP assay measures the capacity of an
antioxidant to reduce Fe**~TPTZ to the blue Fe**-TPTZ
complex under acidic conditions, with absorbance measured
at 593 nm . The method reflects reducing capacity and is
straightforward to perform, but it does not fully characterize
hydrogen-atom transfer, termination of free-radical chain
reactions, or antioxidant behavior in lipid systems.

The principal parameters of the three methods are
summarized in Table 2.

Table 2. Measurement parameters of commonly used in vitro
antioxidant assays

Parameters
Principal of the Common _
. .. Principal
Method reactionand original or result L
, ) limitations
measurement modified expressions
method
Sensitive
Approximately to the

Decrease in

515 nm; the Scavenging solvent and
absorbance o .
. reaction time percentage, reaction
5] following ) L
DPPH . requiredto  (IC_{50}), kinetics;
reduction of .
reach a steady or Trolox interference
the DPPH .
. state should be equivalents from deeply
radical
reported colored
samples
734 nm; the N
. Comparability
. modified )
Reduction is affected
method  pmol Trolox )
- and ) by radical
ABTS . . commonly equivalents/ ]
discoloration } generation
uses a 6-min g sample ]
of ABTSe* . and endpoint
reaction )
. selection
endpoint
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Parameters
Principal of the Common L
. .. Principal
Method reaction and original or result L
) . limitations
measurement modified  expressions
method
Primarily
reflects
reducing
Reduction . umol Fe**  capacity
Acidic
m OofFe¥'— . or Trolox and may
FRAP conditions; . )
TPTZ to equivalents/ underestimate
593 nm
Fe**-TPTZ gsample  compounds
with slow
reaction
kinetics

Note: Sample mass should be identified as fresh or dry
weight. The result unit, reference standard, solvent,
temperature, and reaction time must be reported in full.
Values obtained using different methods or expressed in
different units cannot be converted directly.

4.2 Relationship Between Extraction Processes and
Antioxidant Properties

The antioxidant value of an extract is jointly determined
by target-compound recovery, synergistic or antagonistic
interactions among compounds, degradation products, and
matrix interference. Aqueous ethanol may produce extracts
with high total phenolic content and free-radical-scavenging
activity, whereas supercritical CO2 is more suitable for
lipophilic antioxidants. These approaches cannot be compared
solely on the basis of crude-extract yield.

Ultrasound and microwave treatment may improve
cellular disruption. Excessive energy input, however, may
degrade anthocyanins or carotenoids, resulting in a higher
extraction yield but lower activity per unit mass of extract.

Total phenolic content is frequently positively
correlated with DPPH, ABTS, or FRAP results, but
correlation does not establish causation. Both the Folin
assay and FRAP assay are sensitive to reducing substances
and may therefore share methodological bias. Moreover, a
small quantity of a highly active individual compound may
contribute more antioxidant activity than a large quantity of
weakly active phenolics.
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Three categories of indicators should be reported
simultaneously: antioxidant capacity per gram of dry raw
material to evaluate raw-material utilization efficiency,
activity per gram of extract to evaluate product potency, and
the contents of major individual compounds to explain the
material basis of activity.

For food or medicinal development, evaluations should
additionally examine the inhibition of lipid oxidation,
cellular antioxidant activity, digestive stability, and
bioavailability. In vitro free-radical-scavenging capacity
indicates chemical potential only under the specified reaction
conditions and cannot be presented directly as evidence of
disease prevention or delayed human aging.

Cell or animal studies should include cytotoxicity
testing, positive controls, and dose—response relationships.
Researchers should also confirm that the active concentrations
can realistically be achieved after consumption.

5 Engineering Scale-Up, Quality Control, and
Future Directions

When laboratory-optimized conditions are transferred
to pilot or industrial scales, heat transfer, mass transfer,
and energy distribution change. Ultrasound systems must
account for power density, probe erosion, and acoustic
fields in flow-through reactors. Microwave systems must
address penetration depth, hot spots, and continuous feeding.
Supercritical-fluid processes require assessments of pressure-
resistant equipment, CO: circulation, and cosolvent recovery.

Economic evaluations should calculate solvent use,
energy consumption, processing time, and equipment
depreciation per unit of target compound or antioxidant
potency rather than comparing only the yield from individual
extraction batches.

Quality control should extend across raw materials,
processing, and finished products. Raw-material controls
should cover cultivar, geographical origin, harvest period,
moisture content, and contaminant limits. Process controls
should monitor solvent composition, temperature—time
profiles, energy consumption, and critical compounds.
Finished-product controls should simultaneously evaluate
chromatographic fingerprints, marker compounds, residual
solvents, microorganisms, and stability.

For emerging systems such as natural deep eutectic
solvents, it is also necessary to determine whether the
solvent remains in the product, whether it can be recovered,
and whether its toxicological and regulatory profiles are
appropriate for the intended application.

Future research should prioritize four areas. First,

high-resolution mass spectrometry and multivariate
analysis should be used to reveal extraction-induced
changes in compound profiles. Second, water, ethanol,
supercritical CO:, and recyclable emerging solvents
should be developed to reduce the use of toxic solvents.
Third, ultrasound, microwave treatment, enzymatic
hydrolysis, and membrane separation should be integrated
to achieve selective extraction and in-line purification.
Fourth, life-cycle assessment should be used to evaluate
raw-material utilization, carbon emissions, liquid waste,
and the value of by-products.

A green process should simultaneously deliver high
quality, safety, resource efficiency, and economic feasibility.
A process should not be classified as green solely because it
uses a “natural solvent.”

Conclusion

The extraction of natural bioactive compounds is
governed by the combined effects of solvent selection,
cellular-structure disruption, intensified mass transfer, and
compound stability. Conventional solvent extraction is mature
and reliable. Ultrasound, microwave, pressurized-liquid,
and supercritical-fluid technologies can shorten processing
times or improve selectivity, but each has a defined range of
applicability and specific scale-up constraints.

Antioxidant properties should be evaluated
comprehensively using complementary methods such as
DPPH, ABTS, and FRAP assays together with compositional
analysis. Dry-weight basis, reference standards, and reaction
conditions should be standardized.

Future process development should pursue multiple
objectives, including target-compound recovery, activity
retention, solvent safety, energy efficiency, and product
stability, to establish verifiable, scalable, and sustainable
systems for extracting natural products.
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