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1. Introduction

Secondary metabolites are a heterogeneous group of organic compounds that are produced by
plants and are not directly involved in vital physiological processes such as development,
reproduction, or growth (Bocso & Butnariu 2022). Unlike primary metabolites, which are vital for
the metabolic processes, secondary metabolites are generally produced as specialized products that
are important for adaptation and survival of the plants under natural conditions (Elshafie et al., 2023;
Naji et al., 2024). These compounds are derived from complex biosynthetic routes that are initiated
with primary metabolic intermediates and are sometimes taxon-, tissue-, or developmental stage-
specific (Xie et al., 2025). The presence of many metabolites in different plant materials and their
many documented bioactivities show that they could be a natural source of medicine for treating a
wide range of illnesses (Mustapha et al., 2022). The compounds are well known for their roles in
plant defence against herbivores, pathogens, and abiotic stress, and in regulating interactions with
other organisms, including pollinators and symbiotic microorganisms (Zhan et al., 2022; Devi et al.,
2023; Kabir et al., 2025). Plant secondary metabolites encompass several major classes, including
alkaloids, phenolic compounds (such as flavonoids and tannins), and terpenoids, each characterized
by distinct chemical structures and biological activities (Naji et al., 2024). These compounds
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contribute significantly to the chemical diversity observed in plants and are estimated to number in
the hundreds of thousands to over a million distinct structures across plant species (Zhan et al., 2022)
Apart from the ecological importance, secondary metabolites of plants are also significant to humans
because of the broad range of biological activities that these compounds exhibit (Elshafie et al.,
2023). They are widely used in various sectors, including the pharmaceutical, nutraceutical,
agricultural, and industrial sectors, and show a range of biological activities such as antioxidant,
antimicrobial, anti-inflammatory, and anticancer properties (Devi et al. 2023; Ouahabi et al. 2023;
Pramanik et al., 2024). Primary metabolites are those compounds which are directly involved in the
normal growth, development, and reproduction of an organism (Bocso and Butnariu 2022; Kabir et
al., 2025). They are ubiquitous in all living organisms, participating in the most important metabolic
processes, including glycolysis, the TCA cycle, and photosynthesis (Brizzolara et al., 2020; Salam et
al., 2023). Primary metabolites include carbohydrates, amino acids, nucleotides, lipids, etc., which
are the building blocks of life, providing the cell with the necessary energy, structural components,
and biosynthetic raw materials. As they are the most essential components, they are always being
synthesized in the active growth phase of the cell (Salam et al., 2023; Hammad 2025). On the other
hand, secondary metabolites are those that are not vital for fundamental survival, although they are
important for survival and adaptation to the environment. The secondary metabolites are usually
species-specific and are produced as a response to particular developmental stages or environmental
stimuli. Some examples of secondary metabolites are alkaloids, terpenoids, flavonoids, and phenolic
compounds (Salam et al., 2023; Simsek & Whitney, 2024). A major difference between these two
groups is related to their importance, as primary metabolites are vital for the cell, while secondary
metabolites play an important role in the fitness and survival of the organism under certain ecological
conditions (Salam et al., 2023; Bocso and Butnariu 2022). In addition, primary metabolites often
serve as the starting material for the biosynthesis of secondary metabolites, and this is an inherent
relationship between the two metabolic pathways (Salam et al., 2023). Current studies suggest that
there is no sharp boundary between primary and secondary metabolism, and they are interconnected
through complex networks (Simsek & Whitney, 2024).

2. Methodology

This particular study will make use of a systematic literature review to assess the extraction,
analysis, and applications of secondary metabolites found in plants. The relevant literature will be
chosen from credible sources, focusing on recent developments in the extraction and analysis
methods and their applications. The information used for this particular literature review has been
chosen based on its relevance to important domains such as plant preparation, solvents used for
extraction, extraction methods, and analysis. The traditional as well as contemporary methods used
for extraction have been taken into consideration, along with spectroscopic and chromatographic
methods used for analysis. The information collected for the literature review has been thoroughly
reviewed and presented in a logical fashion to maintain a logical flow of ideas. The information
gathered for this particular literature review has provided a comprehensive understanding of the
subject based on current trends, challenges faced, and developments taking place in the field
(Aourabi et al., 2021; Diass et al., 2021; EI Amri et al., 2025; Kadda et al., 2026).

3. Major Classes of Secondary Metabolites

Secondary metabolites are chemically varied organic compounds in plants that are not
metabolically essential but carry out crucial roles in interactions with the environment, stress, and
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defense (Elshafie et al., 2023; Ashraf et al., 2018). Secondary metabolites can be grouped based on
biosynthesis and chemical characteristics into terpenoids, phenolic compounds, and nitrogen-
containing compounds, including alkaloids, with subgroups like glycosides and sulfur-containing
compounds (Elshafie et al., 2023; Tang et al., 2024).

3.1 Terpenoids (Isoprenoids)

The largest and most diverse group of secondary metabolites is terpenoids, consisting of tens of

thousands of individual compounds. The biosynthetic route of terpenoids is initiated through the
MVA and MEP pathways, using isoprene units consisting of five carbon atoms. The structural
classification of terpenoids is as follows:
Monoterpenes(Cio), sesquiterpenes(Cis), diterpenes (Cao), triterpenes (Cso), and tetraterpenes (Cao)
(Sana et al., 2025). Functionally, terpenoids play a crucial role in the development, signalling, and
adaptation of plants to the environment. They are involved in the defence of plants through repellent
properties against herbivores and pathogens, and also mediate attractants for pollinators through
volatiles. Additionally, terpenoids have pharmacological properties, including anti-inflammatory,
antimicrobial, and anticancer properties (Tang et al., 2024; Hilal et al., 2024).

3.2 Phenolic Compounds

Phenolic compounds are an abundant and widespread group of plant secondary metabolites.
These compounds have been described as having one or more hydroxyl groups attached to an
aromatic ring and are primarily biosynthesized through the shikimate and phenylpropanoid
pathways. The phenolic compound group includes flavonoids, tannins, lignin, coumarin, and
phenolic acids (Elshafie et al., 2023; Ozyigit et al., 2023). Phenolics play a vital role in plant
defence mechanisms, such as scavenging reactive oxygen species, thereby protecting plant cells
from oxidative stress. Phenolics also play a vital role in plant cell structure, pigmentation, and
protection from ultraviolet light. Phenolic compounds possess remarkable biological activities, such
as antioxidant, anti-inflammatory, antimicrobial, and anticancer activities, thus portraying their
tremendous importance in pharmaceutical and nutraceutical industries (Ozyigit et al., 2023; Tang et
al., 2024).

3.3 Alkaloids (Nitrogen-Containing Compounds)

Alkaloids represent a heterogeneous group of nitrogenous secondary metabolites, primarily of
amino acid origin, such as tryptophan, tyrosine, and ornithine (Bhambhani et al., 2021). Alkaloids
have been widely distributed throughout the plant kingdom and have been well known for their
pronounced physiological and pharmacological activity. Some of the well-known alkaloids include
morphine, quinine, and nicotine (Bribi 2018). From a pharmacological perspective, alkaloids have
been widely utilized for analgesic, antimalarial, anticancer, and antimicrobial activity (Adamski et
al., 2020). in modern science, alkaloids have been recognized for their importance in drug discovery
and development, primarily for their pronounced activity and structural diversity (Hilal et al., 2024;
Tang et al., 2024).

3.4 Glycosides and Other Specialized Metabolites
Glycosides are a class of secondary metabolites, where a carbohydrate part called glycone is
linked to another part called an aglycone through a covalent bond. These compounds can be
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classified based on the nature of their aglycones, and they include cardiac glycosides, cyanogenic
glycosides, and saponins (Kowsalya et al., 2025). These compounds act as storage compounds for
bioactive molecules, and they can be hydrolyzed to release bioactive molecules when they are
required. Besides glycosides, plants have been reported to produce other sulfur-containing
compounds like glucosinolates, among other secondary metabolites. These compounds have been
reported to be involved in various roles, including herbivore deterrence, plant-microbe interactions,
and stress protection (Sana et al., 2025; Elshafie et al., 2023).

3.5 Importance of Secondary Metabolites
3.5.1. Medicine

A significant function of secondary metabolites in medicine pertains to their capacity as sources
of essential pharmaceuticals. Some drugs that people use now come from secondary metabolites,
either directly or indirectly. Alkaloids, terpenoids, and phenolic derivatives, like morphine, quinine,
and artemisinin, and flavonoids, are often found to have direct drug potential or are used as lead
compounds to make semi-synthetic derivatives with better pharmacokinetics and
pharmacodynamics (Atanasov et al., 2021; Elshafie et al., 2023). Secondary metabolites have many
pharmacological effects, such as being antioxidants, antimicrobials, anti-inflammatories, anticancer
agents, and antivirals (Kaushik et al., 2021; Bhatti et al., 2022). Phenolic compounds and flavonoids
are also well-known for their strong antioxidant properties, which protect the body from oxidative
stress caused by free radicals. This keeps the body from getting hurt. This has been a crucial
element in the prevention and management of chronic diseases, including cancer, cardiovascular
diseases, and neurodegenerative disorders (Bhatti et al., 2022). Another important thing about
secondary metabolites is that they are important for fighting antimicrobial resistance (AMR), which
is a big health problem that affects the whole world. Some natural secondary metabolites have
unique ways of working, like affecting microbial cell membranes, stopping enzymes from working,
and stopping nucleic acid synthesis (Thirumurugan et al., 2018). The multiple targeted action lowers
the chance of developing resistance compared to regular antibiotics. Additionally, certain secondary
metabolites exhibit a synergistic effect with existing antibiotics, enhancing their efficacy and
circumventing resistance (El-Readi et al., 2021). Consequently, natural products persist in
motivating the creation of novel pharmaceuticals, particularly in areas where synthetic substances
have achieved minimal success (Newman & Cragg, 2020; Atanasov et al., 2021).

3.5.2 Agriculture

The plant's secondary metabolites help it fight off both biotic and abiotic stresses. One of their
most important jobs is to protect plants from pests and diseases. Alkaloids, flavonoids, and
phytoalexins are secondary metabolites that work as natural pesticides and antimicrobials. They stop
fungi, bacteria, and insects that eat plants from growing and developing. This natural defence
system reduces the need for chemical pesticides and promotes environmentally friendly farming
(Elshafie et al., 2023). Secondary metabolites also play an important role in helping plants tolerate
stress and adapt to their environment. Under conditions such as drought, high salinity, and extreme
temperatures, plants increase the production of antioxidants, including flavonoids and phenolic
compounds. These substances help reduce oxidative stress within the plant, thereby enhancing stress
tolerance and supporting better crop yields under harsh environmental conditions (Kumari et al.,
2024). In addition, secondary metabolites are becoming increasingly valuable in sustainable and
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bio-based agriculture. Compounds derived from plants and microorganisms are widely used as
biostimulants, biofertilizers, and biopesticides. These applications contribute to improved soil
fertility, enhanced plant growth, and increased resistance to diseases (Marks et al., 2025).

3.5.3 Industrial and Biotechnological Applications

Secondary metabolites have wide-ranging industrial applications, including their use in natural
dyes, pigments, biofuels, renewable energy sources, biopolymers, and biodegradable products.
Advances in biotechnology, particularly in metabolic engineering and synthetic biology, have made
it possible to produce these compounds on a large scale for industrial purposes (Liko et al., 2016;
Jan et al., 2021; Xu et al., 2023).

3.5.4 Environmental Applications

Secondary metabolites also contribute significantly to environmental sustainability. They are
involved in the bioremediation of pollutants, eco-friendly pest control, and the reduction of
chemical pollution. Their use aligns closely with the principles of green chemistry and sustainable
development (Yang et al., 2020).

3.5.5 Cosmetics and Personal Care Applications

In the cosmetics industry, secondary metabolites are increasingly valued for their antioxidant, anti-
aging, anti-inflammatory, and photoprotective properties. These bioactive compounds are widely
incorporated into skincare and personal care products to enhance skin health and protection (Yang et
al., 2020; Li et al., 2024).

3.5.6 Food Preservation

Secondary metabolites play a crucial role in food preservation due to their natural
antimicrobial and antioxidant properties. Compounds such as phenolics, terpenoids, and essential
oils have been shown to inhibit the growth of foodborne pathogens and spoilage organisms (Elshafie
et al., 2023). Beyond their antimicrobial effects, these compounds also exhibit strong antioxidant
activity, which is essential in preventing oxidative spoilage. Oxidation can deteriorate food quality,
leading to rancidity, colour changes, and nutrient loss. Polyphenols and flavonoids help neutralize
free radicals, thereby maintaining the quality and shelf life of food products (Zhang et al., 2024).
Furthermore, secondary metabolites are becoming key components in functional foods,
nutraceuticals, and advanced food preservation technologies. Their presence in fruits, vegetables,
and plant extracts not only enhances food quality but also provides additional health benefits (Abu-
Reidah, 2023).

4. Plant Material and Pre- treatment
4.1. Plants Species Selection

Significantly, the selection of plant species influences the nature, type, and biosynthetic
potential of secondary metabolites. Ethnobotanical knowledge remains a key criterion for species
selection due to its strong association with therapeutic efficacy and biological activity (Elshafie et
al., 2023; Zhao et al., 2023). In addition, chemotaxonomic relationships play an important role, as
certain plant families such as Fabaceae, Rutaceae, and Lamiaceae are known to be associated with
specific classes of metabolites, including flavonoids, terpenoids, and alkaloids (Jan et al., 2021,
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Barthwal & Mahar, 2024). Environmental factors, including soil nutrients, climate, and biotic stress,
also significantly influence the biosynthesis of secondary metabolites. Both qualitative and
quantitative variations may occur due to differences in geographic origin, even within the same
species (Salam et al., 2023; Kumari et al., 2024).

4.1.1 Plant Part Selection

The tissue-specific distribution of secondary metabolites makes the selection of appropriate
plant parts such as leaves, roots, bark, and seeds essential for obtaining optimal yields and
bioactivity (Xu et al., 2023; Barthwal & Mahar, 2024). Leaves are metabolically active and
typically contain high levels of phenolics and flavonoids, which are closely associated with
antioxidant activity (Yang et al., 2023; Jan et al., 2021). Roots often contain allelochemicals,
terpenoids, and alkaloids that contribute to plant defense mechanisms (Salam et al., 2023).
Similarly, bark is rich in tannins, lignans, and other defense-related secondary metabolites, which
have long-standing importance in pharmacognosy (Akbar et al., 2024). Seeds, on the other hand,
contain high concentrations of protective compounds such as saponins and glycosides, which are
vital for plant survival and have various industrial applications (Yang et al., 2023).

4.1.2 Importance of Standardized Plant Selection

Standardization of plant species, selected parts, harvesting time, and environmental conditions
is essential for improving reproducibility and enabling meaningful comparisons across
phytochemical studies (Salam et al., 2023; Rahman et al., 2023).

4.2 Collection of Plant Materials

The collection of plant materials is a critical step in phytochemical research, as it directly affects
the quality, reproducibility, and reliability of secondary metabolite extraction and analysis.
Adhering to proper collection protocols helps preserve bioactive compounds and minimizes
variability arising from environmental and physiological factors (Barthwal & Mahar, 2024; Jan et
al., 2021).

4.2.1 Selection Criteria and Harvesting Conditions

Plant materials should be selected based on ethnobotanical relevance, pharmacological
importance, and chemotaxonomic evidence, as these factors increase the likelihood of obtaining
biologically active compounds (Elshafie et al., 2023; Zhao et al., 2023). The stage of plant growth,
seasonal variation, and environmental conditions significantly influence metabolite biosynthesis, as
production is often regulated by stress responses and developmental stages (Salam et al., 2023;
Kumari et al., 2024). Harvesting is therefore typically carried out at specific phenological stages
when metabolite concentration is at its peak. For example, leaves are often collected during the
flowering stage, whereas roots and bark are usually harvested during dormancy to maximize
bioactive compound accumulation (Xu et al., 2023; Jan et al., 2021). Furthermore, environmental
parameters such as soil composition, altitude, and climate should be carefully documented, as they
contribute to metabolite variability (Rahman et al., 2023; Yang et al., 2023).

4.2.2 Handling, Processing, and Storage
Collected plant materials should be thoroughly cleaned to remove contaminants such as soil,
dust, and microbial residues. This should be followed by appropriate drying methods such as shade
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drying, controlled oven drying, or freeze-drying to prevent enzymatic degradation and the loss of
volatile compounds (Barthwal & Mahar, 2024; Kumari et al., 2024). Drying conditions must be
carefully optimized to avoid degradation of thermolabile compounds, particularly phenolics and
flavonoids. After drying, plant materials are typically ground into fine powders to increase surface
area and enhance extraction efficiency (Jan et al., 2021). The processed samples should then be
stored in airtight containers and protected from light, moisture, and oxygen to minimize oxidation
and degradation (Salam et al., 2023).

4.3 ldentification of Plant Materials

Accurate identification of plant materials is essential to ensure the validity, reproducibility, and
scientific reliability of phytochemical studies. Misidentification can result in inconsistent findings,
reduced bioactivity, and incorrect conclusions about therapeutic potential (Zhao et al., 2023;
Elshafie et al., 2023).

4.3.1 Taxonomic ldentification

Plant identification is primarily carried out using classical taxonomic methods, including
morphological characterization and comparison with herbarium specimens. Key features such as
leaf morphology, floral structures, and reproductive organs are examined using standard botanical
keys (Barthwal & Mahar, 2024). Voucher specimens should be prepared and deposited in
recognized herbaria for future reference and verification. This practice ensures traceability and
enhances the reproducibility of research outcomes (Xu et al., 2023; Jan et al., 2021).

4.3.2 Molecular Identification (DNA Barcoding)

Modern plant identification increasingly incorporates molecular techniques, particularly DNA
barcoding, which provides precise and reliable species identification. Common genetic markers
such as rbcL, matK, and ITS regions are widely used to distinguish closely related species (Zhao et
al., 2023; Xu et al., 2023). DNA barcoding is especially useful when morphological identification is
difficult due to phenotypic variation, incomplete specimens, or processed plant materials.
Combining molecular approaches with traditional taxonomy significantly improves identification
accuracy and reduces the risk of errors (Salam et al., 2023).

4.3.3 Chemotaxonomic and Phytochemical Identification

Chemotaxonomy involves the use of characteristic secondary metabolites as markers for plant
classification and identification. Specific metabolite profiles such as alkaloids in Apocynaceae or
flavonoids in Fabaceae serve as biochemical signatures that support taxonomic classification (Akbar
et al., 2024; Jan et al., 2021). Advanced analytical techniques, including high performance liquid
chromatography (HPLC), gas chromatography mass spectrometry (GC-MS), and liquid
chromatography—mass spectrometry (LC-MS), are widely used to profile phytochemical
constituents and confirm species identity (Barthwal & Mahar, 2024; Kumari et al., 2024).

4.4 Drying Methods

Drying is a critical post-harvest processing step in phytochemical research, as it directly affects
the stability, concentration, and integrity of secondary metabolites. Fresh plant materials contain
high moisture levels, which can promote enzymatic degradation, microbial growth, and chemical
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instability if not properly controlled (Barthwal & Mahar, 2024; Jan et al., 2021). Selecting an
appropriate drying method is therefore essential to preserve bioactive compounds and ensure
reproducibility in extraction and analysis (Kumari et al., 2024; Yang et al., 2023).

4.4.1 Air Drying (Shade Drying)

Air drying, particularly shade drying, is one of the most common and traditional methods. It
involves drying plant materials at ambient temperature in a well-ventilated environment, protected
from direct sunlight to prevent photodegradation of sensitive compounds (Elshafie et al., 2023;
Salam et al., 2023). This method is especially suitable for preserving thermolabile compounds such
as flavonoids, phenolics, and essential oils (Yang et al., 2023; Kumari et al., 2024). However, it is
relatively slow and may expose samples to oxygen and contaminants, potentially causing oxidation
or microbial growth if not properly managed (Jan et al., 2021). Despite these limitations, it remains
widely used due to its simplicity and low cost (Barthwal & Mahar, 2024).

4.4.2 Oven Drying

Oven drying involves the use of controlled temperatures, typically between 40-60°C, to
accelerate moisture removal (Kumari et al., 2024; Xu et al., 2023). This method reduces drying time
and minimizes microbial growth and enzymatic activity (Salam et al., 2023). However, high
temperatures may degrade heat-sensitive compounds such as essential oils and certain phenolics.
Therefore, optimizing temperature and drying duration is essential. Moderate temperatures (40—
50°C) are generally effective in preserving antioxidant compounds while ensuring efficient drying
(Kumari et al., 2024).

4.4.3 Freeze Drying (Lyophilization)

Freeze drying, or lyophilization, is considered one of the most effective methods for
preserving the chemical integrity and bioactivity of secondary metabolites. It involves freezing the
plant material followed by sublimation of ice under vacuum conditions, thereby removing moisture
without exposing samples to high temperatures (Barthwal & Mahar, 2024; Jan et al., 2021). This
technique is particularly suitable for preserving thermolabile and volatile compounds, as it
minimizes thermal degradation and oxidation (Yang et al., 2023; Xu et al., 2023). Although highly
effective, freeze drying is expensive and requires specialized equipment, which may limit its use in
some settings (Salam et al., 2023).

4.5 Grinding and Particle Size Reduction

Grinding and particle size reduction are essential preprocessing steps that improve extraction
efficiency by increasing surface area and enhancing solvent penetration (Barthwal & Mahar, 2024;
Jan et al., 2021).

4.5.1 Grinding Techniques

Various grinding methods are used depending on the nature of the plant material and the target
compounds. These include manual grinding, mechanical milling (e.g., hammer and ball mills), and
cryogenic grinding (Kumari et al., 2024). Manual grinding is suitable for small-scale studies but
lacks uniformity, while mechanical milling provides efficient and consistent particle size reduction
for large-scale applications (Jan et al., 2021). Cryogenic grinding, which uses liquid nitrogen, is
particularly useful for preserving thermolabile and volatile compounds by minimizing heat
generation (Yang et al., 2023; Xu et al., 2023).
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4.5.2 Particle Size Reduction

Particle size reduction facilitates the breakdown of plant tissues, allowing for the release of
secondary metabolites during extraction (Xu et al., 2023; Salam et al., 2023). Smaller particle sizes
increase surface area and improve solvent—solid interactions, thereby enhancing extraction
efficiency (Jan et al., 2021). However, excessive size reduction may lead to particle agglomeration,
reduced permeability, and degradation of sensitive compounds (Barthwal & Mahar, 2024).

4.5.3 Influence of Particle Size on Extraction Efficiency

Particle size significantly affects extraction yield and phytochemical composition. Fine
particles generally improve extraction efficiency due to increased surface area and better solvent
accessibility (Jan et al., 2021; Kumari et al., 2024). However, excessively fine particles may cause
filtration challenges, reduced solvent flow (especially in Soxhlet or column extraction), and
increased co-extraction of impurities such as chlorophyll and waxes (Barthwal & Mahar, 2024; Xu
et al., 2023). In contrast, coarse particles may result in incomplete extraction due to limited solvent
penetration (Salam et al., 2023).

4.5.4 Factors Affecting Grinding Efficiency
Several factors influence the efficiency of particle size reduction, including:

e Moisture content: High moisture levels can lead to clogging and reduced grinding efficiency,
whereas excessively dry materials may become too brittle and prone to degradation (Salam
et al., 2023).

e Temperature: Heat generated during the grinding process can degrade thermolabile
compounds, making the use of cooling systems or cryogenic techniques necessary (Yang et
al., 2023).

e Equipment type and operating conditions: Factors such as grinding speed, duration, and the
type of grinding mechanism significantly affect particle size distribution and uniformity (Jan
et al., 2021).

e Plant matrix composition: The physical nature of the plant material also plays a role, as
fibrous materials require different grinding techniques compared to softer plant tissues (Xu
et al., 2023).

4.6. Storage Conditions

Proper storage of plant materials is a crucial step in phytochemical investigations, as it directly
influences the stability, integrity, and bioactivity of secondary metabolites. Poor storage conditions
can lead to oxidation, enzymatic degradation, volatilization, and microbial contamination, ultimately
compromising the quality and reproducibility of experimental results (Barthwal & Mahar, 2024; Jan
et al., 2021). Therefore, optimizing storage conditions is essential to preserve phytochemical
composition prior to extraction and analysis (Kumari et al., 2024; Yang et al., 2023).

4.6.1 Temperature Control

Temperature is one of the most critical factors affecting the stability of secondary metabolites.
Elevated temperatures accelerate chemical degradation, oxidation, and the loss of volatile
compounds, particularly in thermolabile metabolites such as flavonoids, phenolics, and essential oils
(Yang et al., 2023; Xu et al., 2023). Dried plant materials are typically stored at room temperature
(20-25°C) under controlled conditions. However, long-term storage often requires refrigeration
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(4°C) or freezing (—20°C) to minimize degradation (Salam et al., 2023; Kumari et al., 2024).
Freezing is especially recommended for samples rich in sensitive bioactive compounds, as it helps
preserve their structural integrity and biological activity (Jan et al., 2021).

4.6.2 Protection from Light

Exposure to light, particularly ultraviolet (UV) radiation, can cause photodegradation of secondary
metabolites, resulting in structural changes and reduced bioactivity (Barthwal & Mahar, 2024; Yang
et al., 2023). To prevent this, plant materials and extracts should be stored in amber-colored or
opaque containers and kept in dark environments. This minimizes photochemical reactions and
helps maintain compound stability during storage (Kumari et al., 2024; Xu et al., 2023).

4.6.3 Moisture and Humidity Control

Moisture and humidity play a significant role in promoting microbial growth and enzymatic
activity in stored plant materials. High humidity can lead to fungal contamination, hydrolysis of
compounds, and degradation of bioactive constituents (Salam et al., 2023; Rahman et al., 2023). To
reduce these risks, plant materials should be thoroughly dried before storage and kept in low-
humidity conditions using desiccators or silica gel packs. Airtight containers are recommended to
prevent moisture absorption and maintain sample integrity (Jan et al., 2021; Barthwal & Mabhar,
2024).

4.6.4 Oxygen Exposure and Oxidation

Exposure to oxygen can cause oxidative degradation of secondary metabolites, particularly
phenolics and other unsaturated compounds. This process may reduce antioxidant activity and alter
chemical composition (Yang et al., 2023; Kumari et al., 2024). To minimize oxidation, plant
materials should be stored in airtight or vacuum-sealed containers. In some cases, inert gas flushing
(e.g., nitrogen) may be used for highly sensitive samples to further reduce oxidative damage (Jan et
al., 2021; Xu et al., 2023).

4.6.5 Storage Duration and Stability

The duration of storage significantly affects the stability of secondary metabolites. Prolonged
storage may lead to gradual degradation, even under optimal conditions, resulting in reduced
extraction yield and changes in phytochemical profiles (Salam et al., 2023; Rahman et al., 2023).
Studies suggest that short-term storage under controlled conditions is preferable, and samples
should be processed as soon as possible after collection and drying. For long-term storage, periodic
quality assessment is recommended to monitor changes in metabolite composition (Kumari et al.,
2024; Jan et al., 2021).

4.6.6 Storage of Extracts

In addition to raw plant materials, proper storage of extracts is equally important. Extracts
should be kept in airtight, light-resistant containers at low temperatures, typically 4°C or —20°C,
depending on their stability (Barthwal & Mahar, 2024). The type of solvent used also influences
stability, with ethanol and methanol extracts generally showing better preservation compared to
aqueous extracts (Yang et al., 2023).
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5. Principles of Extraction
5.1 Solubility and Polarity Concepts

Solubility and polarity are fundamental principles that govern the extraction, separation, and
characterization of plant secondary metabolites. The efficiency of phytochemical extraction largely
depends on the chemical compatibility between the solvent and the target compounds, which is
determined by their polarity and intermolecular interactions (Barthwal & Mahar, 2024; Jan et al.,
2021).

5.1.1 Concept of Solubility

Solubility refers to the ability of a solute (e.g., a secondary metabolite) to dissolve in a solvent
to form a homogeneous solution. In phytochemical extraction, solubility is influenced by factors
such as molecular structure, functional groups, temperature, and the properties of the solvent
(Kumari et al., 2024; Xu et al., 2023). Secondary metabolites exhibit diverse solubility behaviors
due to differences in their chemical structures. For example, polar compounds such as phenolics,
flavonoids, and glycosides are generally soluble in polar solvents like water, methanol, and ethanol.
In contrast, non-polar compounds such as terpenoids and lipids dissolve more readily in non-polar
solvents such as hexane and chloroform (Yang et al., 2023; Jan et al., 2021). Solubility also plays a
crucial role in determining the rate and extent of extraction. Compounds that are more soluble in a
given solvent are extracted more efficiently. Therefore, careful selection of the solvent is essential to
ensure compatibility with the physicochemical properties of the target metabolites and to achieve
optimal extraction efficiency (Barthwal & Mahar, 2024).

5.1.2 Concept of Polarity
Polarity refers to the distribution of electrical charge within a molecule, which determines how

it interacts with other substances. It plays a vital role in solvent selection and extraction efficiency,
following the principle of “like dissolves like,” where polar solvents dissolve polar compounds and
non-polar solvents dissolve non-polar compounds (Jan et al., 2021; Xu et al., 2023).
Solvents can be broadly classified based on their polarity:

e Polar solvents: water, methanol, ethanol

e Moderately polar solvents: acetone, ethyl acetate

e Non-polar solvents: hexane, petroleum ether
The polarity of secondary metabolites is largely influenced by the presence of functional groups
such as hydroxyl (-OH), carbonyl (C=0), and glycosidic linkages. Compounds containing multiple
polar functional groups generally exhibit higher polarity and are more soluble in polar solvents
(Yang et al., 2023; Kumari et al., 2024).

5.1.3 Relationship Between Solubility, Polarity, and Extraction Efficiency

The relationship between solubility and polarity is crucial for maximizing extraction yield and
selectivity. Appropriate solvent selection based on polarity enhances mass transfer, diffusion, and
dissolution of target compounds, thereby improving extraction efficiency (Barthwal & Mahar, 2024;
Jan et al., 2021). Sequential extraction using solvents of increasing polarity (e.g., hexane — ethyl
acetate — methanol — water) is commonly employed to separate complex plant matrices into
distinct groups of metabolites (Salam et al., 2023; Xu et al., 2023). This approach enables selective
isolation of compounds based on their polarity, facilitating further analysis and purification.
However, the use of inappropriate solvents may result in low extraction yields, co-extraction of
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impurities, or degradation of sensitive compounds. This underscores the importance of a thorough
understanding of solubility polarity relationships in phytochemical extraction (Kumari et al., 2024;
Yang et al., 2023).

5.1.4 Factors Influencing Solubility and Polarity in Extraction
Several factors influence the interaction between solubility and polarity during extraction,
including:

e Temperature: Increasing temperature generally enhances solubility and extraction efficiency;
however, it may also lead to the degradation of thermolabile compounds (Xu et al., 2023).

e Solvent composition: The use of solvent mixtures (e.g., ethanol-water) can optimize polarity
and improve extraction efficiency by enhancing solute—solvent interactions (Jan et al.,
2021).

e pH: The solubility of ionizable compounds, such as alkaloids and phenolic acids, is highly
dependent on pH, which affects their ionization state (Kumari et al., 2024).

e Molecular size and structure: Larger or more structurally complex molecules may exhibit
limited solubility, even when polarity conditions are favorable (Yang et al., 2023).

Optimizing these parameters is essential for achieving efficient, reproducible, and high-yield
extraction outcomes.

5.1.5 Importance in Phytochemical Analysis and Standardization

A comprehensive understanding of solubility and polarity is crucial for method development,
compound isolation, and analytical characterization in phytochemical research. These principles
guide the selection of appropriate solvents for extraction, chromatography, and spectroscopic
techniques, ensuring accurate identification and quantification of secondary metabolites (Barthwal
& Mahar, 2024; Jan et al., 2021). In pharmaceutical and nutraceutical applications, polarity-based
extraction strategies are vital for quality control, standardization, and formulation development, as
they directly influence the composition, consistency, and bioactivity of plant extracts (Elshafie et
al., 2023).

5.2 Diffusion and Mass Transfer

Diffusion and mass transfer are fundamental physicochemical processes that govern the
efficiency of extracting secondary metabolites from plant matrices. These processes control the
movement of bioactive compounds from plant tissues into the extraction solvent, thereby
influencing the rate, yield, and selectivity of extraction (Barthwal & Mahar, 2024; Jan et al., 2021).

5.2.1 Concept of Diffusion

In phytochemical extraction, diffusion refers to the movement of secondary metabolites from
the intracellular regions of plant tissues into the surrounding solvent (Xu et al., 2023; Salam et al.,
2023). The rate of diffusion is influenced by several factors, including concentration gradient,
temperature, molecular size, and solvent viscosity. A higher concentration gradient between the
plant matrix and the solvent enhances the rate of compound transfer, thereby improving extraction
efficiency (Jan et al., 2021). Additionally, smaller molecules diffuse more rapidly than larger and
more complex molecules, which may experience steric hindrance within plant tissues (Yang et al.,
2023). Pre-treatment processes such as grinding and drying play a crucial role in facilitating
diffusion by disrupting plant cell walls, reducing physical barriers, and increasing the accessibility
of intracellular metabolites (Kumari et al., 2024; Barthwal & Mahar, 2024).
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5.2.2 Concept of Mass Transfer

Mass transfer refers to the overall movement of solutes from one phase to another and includes
both diffusion and convective transport mechanisms. In the context of plant extraction, it describes
the transfer of secondary metabolites from the solid plant matrix into the liquid solvent phase (Jan et
al., 2021; Xu et al., 2023).

5.2.3 Stages of Mass Transfer
Mass transfer during extraction typically occurs in three main stages:
Penetration of the solvent into plant tissues
Dissolution of secondary metabolites in the solvent
Diffusion of the dissolved compounds into the bulk solution
These stages collectively determine the efficiency of extraction methods such as maceration,
Soxhlet extraction, and advanced techniques like ultrasound-assisted extraction (Kumari et al.,
2024; Salam et al., 2023).

5.2.4 Factors Affecting Diffusion and Mass Transfer
Several factors influence the rate of diffusion and mass transfer during phytochemical
extraction:

e Particle size: Reduction in particle size increases surface area, thereby enhancing diffusion
and mass transfer. However, excessively fine particles may hinder solvent flow and reduce
overall extraction efficiency (Barthwal & Mahar, 2024; Jan et al., 2021).

e Temperature: Higher temperatures increase molecular motion and solvent diffusivity, which
accelerates mass transfer. Nevertheless, excessive heat may degrade thermolabile secondary
metabolites (Yang et al., 2023; Xu et al., 2023).

e Solvent properties: Solvent characteristics such as polarity, viscosity, and diffusivity
significantly influence mass transfer. Low-viscosity solvents generally promote faster
diffusion and better penetration into plant tissues (Jan et al., 2021; Kumari et al., 2024).

e Agitation and mixing: Agitation improves mass transfer by reducing the boundary layer
thickness surrounding plant particles, thereby enhancing solvent solute interactions (Salam
et al., 2023).

e Extraction time: Longer extraction times allow equilibrium to be reached between the solute
in the plant matrix and the solvent. However, prolonged extraction may lead to degradation
or oxidation of sensitive compounds (Barthwal & Mahar, 2024).

5.2.5 Role in Extraction Techniques

The principles of diffusion and mass transfer are fundamental to both conventional and
modern extraction techniques. In maceration, diffusion is the primary mechanism driving extraction,
whereas in Soxhlet extraction, continuous solvent cycling enhances mass transfer efficiency (Jan et
al., 2021). Advanced techniques such as ultrasound-assisted extraction (UAE) and microwave-
assisted extraction (MAE) significantly improve mass transfer by disrupting plant cell structures and
enhancing solvent penetration (Kumari et al., 2024; Xu et al., 2023).

5.2.6 Importance in Extraction Efficiency and Optimization
Efficient diffusion and mass transfer are essential for maximizing extraction yield, minimizing
solvent consumption, and improving overall process efficiency. Poor mass transfer can lead to
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incomplete extraction, low yield, and inconsistent phytochemical profiles (Barthwal & Mahar, 2024;
Jan et al., 2021). Optimizing extraction parameters based on mass transfer principles enables
scalable and reproducible processes, which are critical for pharmaceutical, nutraceutical, and
industrial applications (Elshafie et al., 2023).

5.3 Influence of Temperature, Time, Solvent Type, and pH

The efficiency of extracting plant secondary metabolites is strongly influenced by key
operational parameters, including temperature, extraction time, solvent type, and pH. These factors
directly affect mass transfer, solubility, compound stability, and selectivity, ultimately determining
both the yield and composition of phytochemical extracts (Barthwal & Mahar, 2024; Jan et al.,
2021).

5.3.1 Temperature

Temperature plays a crucial role in extraction efficiency. Increasing temperature reduces
solvent viscosity and surface tension, which enhances solvent penetration into plant tissues and
facilitates the release of secondary metabolites (Xu et al., 2023; Kumari et al., 2024). However,
excessively high temperatures may cause thermal degradation, oxidation, or volatilization of
thermolabile compounds such as flavonoids, phenolics, and essential oils (Yang et al., 2023; Jan et
al., 2021). Therefore, an optimal temperature range must be maintained to balance extraction
efficiency with compound stability. Moderate temperatures (40-60°C) are commonly recommended
to preserve bioactivity while ensuring efficient extraction (Kumari et al., 2024).

5.3.2Time

Extraction time is another critical parameter that influences the extent of solute diffusion and
the attainment of equilibrium between the plant matrix and the solvent. Generally, longer extraction
times improve yield by allowing sufficient time for mass transfer processes to occur (Salam et al.,
2023; Jan et al., 2021). However, prolonged extraction can lead to degradation of sensitive
compounds, oxidation, and the co-extraction of unwanted substances such as pigments and waxes
(Barthwal & Mahar, 2024; Yang et al., 2023). The optimal extraction time varies depending on the
method used and the nature of the plant material. Notably, modern techniques such as ultrasound-
assisted and microwave-assisted extraction significantly reduce extraction time while maintaining
high efficiency (Xu et al., 2023; Kumari et al., 2024).

5.3.3 Solvent Type

Solvent selection is one of the most important factors in the extraction of secondary
metabolites. The effectiveness of a solvent depends on its polarity, viscosity, boiling point, and
compatibility with the target compounds (Jan et al., 2021; Barthwal & Mahar, 2024). Polar solvents
such as water, methanol, and ethanol are widely used for extracting polar compounds, including
phenolics, flavonoids, and glycosides. Moderately polar solvents like acetone and ethyl acetate are
suitable for semi-polar compounds, while non-polar solvents such as hexane and petroleum ether are
used for lipophilic compounds like terpenoids and fatty acids (Yang et al., 2023; Xu et al., 2023).
Additionally, the use of solvent mixtures (e.g., ethanol-water) has been shown to improve
extraction efficiency by optimizing polarity and enhancing solute—solvent interactions (Kumari et
al., 2024).

Lawan and Mustapha, J. Mater. Environ. Sci., 2026, 17(4), pp. 655-692 668



5.3.4 pH

pH significantly influences the solubility, stability, and ionization state of secondary
metabolites, particularly alkaloids, phenolic acids, and other ionizable compounds (Kumari et al.,
2024; Xu et al., 2023). Under acidic conditions, alkaloids are typically protonated and become more
soluble in aqueous solvents, which enhances their extraction efficiency. In contrast, phenolic
compounds often exhibit greater solubility under slightly alkaline conditions due to deprotonation of
hydroxyl groups (Jan et al., 2021; Yang et al., 2023). However, extreme pH conditions can lead to
hydrolysis, degradation, or structural changes in sensitive compounds, thereby reducing their
biological activity (Salam et al., 2023).

6.Conventional Extraction Methods
6.1. Maceration

Maceration is a simple and widely used extraction technique that begins with proper preparation
of plant material. The sample is first collected, cleaned, dried, and ground to an appropriate particle
size to increase surface area and enhance solvent penetration (Salam et al., 2023; Xu et al., 2023). A
suitable solvent is then selected based on the polarity and solubility of the target compounds,
commonly including water, ethanol, methanol, or hydroalcoholic mixtures (Jan et al., 2021; Yang et
al., 2023). The powdered plant material is subsequently immersed in the solvent in a closed
container and left to stand at room temperature for a defined period, typically 24—72 hours or longer.
Occasional stirring or agitation is applied to improve mass transfer (Barthwal & Mahar, 2024;
Kumari et al., 2024). After extraction, the mixture is filtered to separate the liquid extract from plant
residues (Xu et al., 2023). The filtrate is then concentrated using evaporation techniques, such as
rotary evaporation, to obtain the crude extract containing the desired secondary metabolites (Jan et
al., 2021).
Maceration offers several advantages that contribute to its widespread use in phytochemical
research. It is simple to perform, requires minimal equipment, and is suitable for both laboratory and
field applications (Barthwal & Mahar, 2024). The method is also cost-effective due to its low
energy and infrastructure requirements, making it particularly useful in resource-limited settings
(Kumari et al., 2024). Because the process is carried out at room temperature, it helps preserve
thermolabile compounds such as flavonoids and essential oils by minimizing thermal degradation
(Yang et al., 2023; Salam et al., 2023). Additionally, maceration is versatile and can be applied to a
wide range of plant materials and solvents, allowing the extraction of diverse classes of secondary
metabolites (Jan et al., 2021). It is also easily scalable for larger extraction processes without
requiring major modifications (Xu et al., 2023). Despite these advantages, maceration has several
limitations. The process is relatively time-consuming, often requiring several hours to days to
achieve adequate extraction (Barthwal & Mahar, 2024; Jan et al., 2021). It may also yield lower
extraction efficiency compared to advanced techniques due to limited mass transfer (Kumari et al.,
2024). Furthermore, large volumes of solvent are typically required, which can increase both cost
and environmental impact (Xu et al., 2023). Prolonged soaking, particularly in aqueous media, may
encourage microbial growth if not properly controlled (Salam et al., 2023). In addition, the non-
selective nature of maceration can result in the co-extraction of unwanted compounds such as
chlorophyll, waxes, and pigments, which may interfere with downstream analysis (Yang et al.,
2023).
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6.2 Soxhlet Extraction

Soxhlet extraction is a widely used conventional method for the continuous extraction of plant
secondary metabolites. It operates on the principle of repeated solvent reflux and siphoning,
allowing efficient transfer of soluble compounds from solid plant matrices into a solvent without the
need for constant solvent replacement (Barthwal & Mahar, 2024; Jan et al., 2021). This method is
particularly suitable for the exhaustive extraction of compounds with limited solubility in a given
solvent (Kumari et al., 2024).

6.2.1 Principles of Soxhlet Extraction

The Soxhlet extraction process is based on continuous solvent recycling combined with
diffusion and mass transfer mechanisms. In this method, the solvent is heated to its boiling point,
causing it to vaporize. The vapor passes through a distillation arm into a condenser, where it cools
and condenses back into liquid form. The condensed solvent then flows into the extraction chamber
containing the plant material, where it dissolves the target secondary metabolites (Xu et al., 2023;
Salam et al., 2023). As the solvent accumulates, it reaches a certain level and is automatically
siphoned back into the boiling flask, carrying the dissolved compounds with it. This cycle of
evaporation, condensation, extraction, and siphoning is repeated multiple times, ensuring continuous
contact between fresh solvent and plant material (Jan et al., 2021; Yang et al., 2023). The repeated
cycles maintain a strong concentration gradient, thereby enhancing diffusion and improving
extraction efficiency (Barthwal & Mahar, 2024).

6.2.2 Extraction Efficiency

The high efficiency of Soxhlet extraction is mainly due to its continuous solvent recycling
mechanism, which ensures repeated interaction between fresh solvent and plant material. This
enhances both mass transfer and diffusion, allowing for near-complete recovery of secondary
metabolites (Xu et al., 2023; Salam et al., 2023). The method maintains a strong concentration
gradient throughout the process, facilitating efficient solute transfer into the solvent phase. It is
therefore particularly effective for compounds with limited solubility, as repeated cycles enable
gradual and thorough extraction (Jan et al., 2021; Kumari et al., 2024). Additionally, the elevated
temperatures used during solvent reflux improve solubility, solvent penetration, and diffusion rates,
further enhancing extraction efficiency (Yang et al., 2023). However, efficiency depends on factors
such as extraction time, number of cycles, solvent type, and particle size (Barthwal & Mahar, 2024).
Excessive heating or prolonged extraction may lead to degradation of sensitive compounds (Jan et
al., 2021).

6.2.3 Solvent Consumption

Despite its effectiveness, Soxhlet extraction is often associated with high solvent consumption.
A substantial volume of solvent is required in the boiling flask to sustain continuous reflux cycles,
which can increase operational costs and environmental impact (Xu et al., 2023; Kumari et al.,
2024). Although the solvent is recycled within the system, losses may occur due to evaporation,
handling, and transfer, especially during prolonged extraction (Salam et al., 2023). Furthermore, the
use of organic solvents such as hexane, chloroform, and methanol raises concerns related to toxicity,
safety, and environmental sustainability (YYang et al., 2023). To address these issues, strategies such
as optimizing solvent selection, reducing extraction time, and implementing solvent recovery
systems have been developed (Jan et al., 2021). The use of greener solvents, such as ethanol and
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water, is also encouraged to minimize environmental impact while maintaining efficiency (Barthwal
& Mahar, 2024).

6.3 Decoction and Infusion in Secondary Metabolite Extraction

Decoction and infusion are traditional extraction techniques widely used for isolating plant
secondary metabolites, particularly in herbal medicine and pharmacognosy. Both methods primarily
use water as the extraction solvent, making them environmentally friendly, cost-effective, and safe
for human use (Elshafie et al., 2023; Jan et al., 2021). These techniques are especially suitable for
extracting polar and water-soluble compounds, including phenolics, flavonoids, tannins, and
glycosides (Kumari et al., 2024; Yang et al., 2023).

6.3.1. Decoction
6.3.1.1 Principle

Decoction is an extraction method that relies on the application of heat to enhance the
solubility, diffusion, and mass transfer of bioactive compounds from plant materials into water.
Boiling disrupts plant cell walls, thereby facilitating the release of intracellular secondary
metabolites (Xu et al., 2023; Salam et al., 2023). In this method, dried and powdered plant material
is immersed in water and heated to boiling for a specific duration, typically between 15 and 60
minutes, depending on the nature of the plant material and the target compounds. After heating, the
mixture is allowed to cool and is subsequently filtered to obtain the extract (Jan et al., 2021; Husaini
et al., 2023). Decoction is particularly effective for extracting compounds from hard plant parts such
as roots, bark, and seeds, where heat assists in breaking down rigid structural components and
improving the release of bioactive constituents (Kumari et al., 2024).

6.3.2 Infusion
6.3.2.1 Principle

Infusion is based on the principles of diffusion and solubility, where bioactive compounds
dissolve into water without prolonged exposure to high temperatures. This approach helps preserve
sensitive compounds by minimizing thermal degradation (Jan et al., 2021; Yang et al., 2023). In
infusion, plant materials typically leaves or flowers are soaked in hot or cold water and allowed to
stand for a short period, usually 5-30 minutes. The mixture is then filtered to obtain the extract.
Cold infusion may be employed for highly thermolabile compounds that are prone to degradation at
elevated temperatures (Kumari et al., 2024; Xu et al., 2023; Husaini et al., 2023). Infusion is a
gentle extraction method that effectively preserves thermolabile and volatile compounds due to the
absence of prolonged heating (Elshafie et al., 2023). It is simple, rapid, and requires minimal
equipment, making it suitable for both laboratory applications and traditional practices (Jan et al.,
2021). However, infusion generally yields lower extraction efficiency compared to decoction and
other conventional methods due to its mild extraction conditions (Yang et al., 2023). It is also less
effective for extracting compounds from hard plant tissues and is mainly limited to readily soluble
constituents (Salam et al., 2023).

6.3.3 Comparative Perspective

Decoction and infusion differ primarily in terms of temperature, extraction time, and
suitability for different plant materials. Decoction involves higher temperatures and longer
extraction times, making it more suitable for hard and woody plant parts such as roots and bark. In
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contrast, infusion uses milder conditions and is ideal for soft tissues such as leaves and flowers
(Kumari et al., 2024). Although both methods are valued for their simplicity, safety, and alignment
with traditional practices, their limitations in selectivity and efficiency have led to the increasing
adoption of advanced extraction techniques in modern phytochemical research (Jan et al., 2021; Xu
et al., 2023).

6.4 Application of Traditional Extraction Methods in Herbal Medicine

Traditional extraction methods, including maceration, decoction, and infusion, play a crucial
role in herbal medicine by enabling the recovery of bioactive secondary metabolites responsible for
therapeutic effects. These methods are deeply rooted in ethnomedicinal practices and continue to
serve as primary approaches for preparing herbal remedies worldwide (Elshafie et al., 2023; Jan et
al., 2021). Their continued relevance is largely due to their simplicity, safety, and compatibility with
natural products, making them indispensable in both traditional and modern phytotherapy (Kumari
et al., 2024).

6.5 Role in Extraction of Bioactive Compounds

Traditional extraction methods are essential for isolating pharmacologically active secondary
metabolites, including alkaloids, flavonoids, tannins, terpenoids, and glycosides. These compounds
exhibit a wide range of biological activities, such as antioxidant, antimicrobial, anti-inflammatory,
and anticancer effects, which underpin the therapeutic efficacy of herbal medicines (Yang et al.,
2023; Salam et al., 2023). Decoction and infusion are particularly effective for extracting water-
soluble compounds, whereas maceration allows for the extraction of both polar and moderately
polar constituents, depending on the solvent used (Jan et al., 2021; Xu et al., 2023).

6.6. Use in Preparation of Herbal Formulations

Traditional extraction techniques are widely used in the preparation of various herbal
formulations, including teas, decoctions, tinctures, and syrups. Decoction is commonly applied for
preparing remedies from hard plant parts such as roots and bark, whereas infusion is preferred for
softer tissues like leaves and flowers (Kumari et al., 2024). Maceration is frequently employed in
the preparation of tinctures and liquid extracts, where plant materials are soaked in alcohol or
hydroalcoholic solutions to facilitate the extraction of a broader range of phytochemicals (Elshafie
et al., 2023).

6.7 Therapeutic Significance

The use of traditional extraction methods in herbal medicine is closely linked to their ability to
preserve the bioactivity and synergistic interactions of phytochemicals. Unlike highly purified
compounds, crude extracts obtained through these methods often contain multiple constituents that
work together synergistically to enhance therapeutic efficacy (Jan et al., 2021; Yang et al., 2023).
Furthermore, the relatively mild extraction conditions especially in infusion and maceration help
preserve thermolabile and volatile compounds, which are essential for maintaining the
pharmacological properties of herbal preparations (Salam et al., 2023).

6.8 Safety and Accessibility
Traditional extraction methods are generally regarded as safe due to the use of non-toxic
solvents such as water and ethanol, both of which are suitable for human consumption (Elshafie et
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al., 2023). Their low cost and minimal equipment requirements make them highly accessible,
particularly in resource-limited and rural settings, where they often serve as a primary source of
healthcare (Kumari et al., 2024). Additionally, these methods align with the principles of
sustainability and green chemistry, as they rely on renewable plant resources and environmentally
friendly solvents (Jan et al., 2021).

6.9 Challenges and Limitations

Despite their widespread application, traditional extraction methods present several challenges
in herbal medicine. These include a lack of standardization, variability in extraction efficiency, and
inconsistency in phytochemical composition, all of which can affect the quality and reproducibility
of herbal products (Xu et al., 2023; Yang et al., 2023). Moreover, prolonged heating during
decoction may lead to degradation of sensitive compounds, while the relatively mild conditions in
infusion may result in incomplete extraction and reduced therapeutic efficacy (Salam et al., 2023).

6.10 Relevance in Modern Phytotherapy

In contemporary research, traditional extraction methods continue to serve as baseline
techniques for evaluating and comparing advanced extraction technologies. They also play a key
role in validating ethnomedicinal knowledge and supporting the development of novel
phytopharmaceuticals (Jan et al., 2021; Kumari et al., 2024). The integration of traditional methods
with modern scientific approaches enhances standardization, quality control, and therapeutic
reliability, ensuring their continued relevance in global healthcare systems (Elshafie et al., 2023).

7. Modern/Advanced Extraction Techniques
7.1 Ultrasound-Assisted Extraction (UAE)

Ultrasound-assisted extraction (UAE) is an advanced technique widely used for the efficient
recovery of plant secondary metabolites. It utilizes ultrasonic waves, typically in the range of 20—
100 kHz, to enhance mass transfer and disrupt plant cell structures, thereby facilitating the release of
bioactive compounds into the extraction solvent (Jan et al., 2021; Kumari et al., 2024). UAE has
gained considerable attention due to its high efficiency, shorter extraction time, and reduced solvent
consumption compared to conventional extraction methods (Xu et al., 2023).

7.1.1 Principle of UAE

The principle of UAE is based on acoustic cavitation, which involves the formation, growth,
and collapse of microscopic bubbles in a liqguid medium under ultrasonic irradiation. The collapse of
these bubbles generates localized high temperatures and pressures, along with microjets and
shockwaves that disrupt plant cell walls (Yang et al., 2023; Salam et al., 2023). This mechanical
disruption enhances solvent penetration, increases surface area, and accelerates diffusion and mass
transfer, ultimately leading to improved extraction efficiency (Jan et al., 2021; Xu et al., 2023).

7.1.2 Advantages of Ultrasound-Assisted Extraction (UAE)

Ultrasound-assisted extraction (UAE) offers several advantages over conventional extraction
techniques, making it a preferred method in modern phytochemical research. One of its primary
benefits is the significant reduction in extraction time, which is achieved through enhanced mass
transfer and improved solvent penetration into plant tissues. Additionally, UAE requires lower
volumes of solvent, thereby improving cost-effectiveness and supporting environmentally
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sustainable practices. The technique is also associated with higher extraction efficiency and
improved yields of target secondary metabolites. Due to the shorter exposure to heat, UAE is
particularly suitable for the extraction of thermolabile compounds, as it minimizes thermal
degradation. Furthermore, UAE is considered energy-efficient and environmentally friendly,
aligning with the principles of green extraction technologies (Jan et al., 2021; Kumari et al., 2024).

7.1.3 Limitations of Ultrasound-Assisted Extraction (UAE)

Despite its numerous advantages, UAE has certain limitations that may affect its applicability.
The localized high temperatures and pressures generated during acoustic cavitation can lead to the
degradation of sensitive bioactive compounds. In addition, the technique may face challenges in
large-scale industrial applications due to limitations in scalability. The cost of ultrasonic equipment
and its maintenance requirements can also be a constraint, particularly in resource-limited settings.
Moreover, the formation of free radicals during cavitation may negatively impact the stability of
certain phytochemicals, potentially altering their chemical structure and bioactivity (Xu et al., 2023;
Yang et al., 2023).

7.1.4 Applications in Phytochemical Research

Ultrasound-assisted extraction (UAE) has been extensively applied in the extraction of various
classes of plant secondary metabolites, including phenolics, flavonoids, alkaloids, and essential oils.
It is particularly effective for recovering antioxidant and bioactive compounds used in
pharmaceutical, nutraceutical, and food industries (Salam et al., 2023; Jan et al., 2021). In addition,
UAE is widely employed in analytical sample preparation, where rapid and efficient extraction is
essential for subsequent chromatographic and spectroscopic analyses (Kumari et al., 2024).

7.1.5 Comparison with Conventional Methods

Compared to traditional extraction techniques such as maceration and Soxhlet extraction, UAE
offers significantly shorter extraction times, higher yields, and reduced solvent consumption. While
conventional methods rely primarily on passive diffusion, UAE enhances extraction efficiency
through mechanical disruption of plant cell structures and intensified mass transfer. As a result,
UAE is considered a more efficient and modern alternative for phytochemical extraction (Xu et al.,
2023; Jan et al., 2021).

7.2 Microwave-Assisted Extraction (MAE)

Microwave-assisted extraction (MAE) is an advanced technique that utilizes microwave energy
(300 MHz-300 GHz) to enhance the recovery of plant secondary metabolites. This method has
gained considerable attention due to its rapid extraction process, reduced solvent consumption, and
high efficiency compared to conventional extraction techniques (Jan et al., 2021; Kumari et al.,
2024). MAE is widely applied in phytochemical research for extracting compounds such as
phenolics, flavonoids, alkaloids, and essential oils (Xu et al., 2023).

7.2.1 Principle of MAE

The principle of MAE is based on the interaction between microwave radiation and polar molecules
or ionic species present in the solvent and plant matrix. This interaction leads to rapid heating
through mechanisms such as dipole rotation and ionic conduction, resulting in efficient energy
transfer (Yang et al., 2023; Xu et al., 2023). Microwave energy causes polar molecules, such as
water and ethanol, to align with the oscillating electromagnetic field, generating heat through
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molecular friction. This rapid internal heating increases pressure within plant cells, leading to cell
wall rupture and facilitating the release of intracellular secondary metabolites. Consequently, mass
transfer is enhanced, resulting in improved extraction efficiency (Jan et al., 2021; Kumari et al.,
2024).

7.2.2 Advantages of MAE

Microwave-assisted extraction offers several advantages over conventional methods. It
significantly reduces extraction time while requiring lower solvent volumes, thereby improving
cost-effectiveness and environmental sustainability. The technique also provides high extraction
efficiency and improved yields of target compounds. Moreover, the shorter exposure time helps
preserve thermolabile compounds by minimizing thermal degradation. MAE is also energy-
efficient, making it a suitable approach for green and sustainable extraction processes (Jan et al.,
2021; Kumari et al., 2024).

7.2.3 Limitations of MAE

Despite its advantages, MAE has certain limitations that must be considered. There is a risk of
thermal degradation if temperature and operating conditions are not properly controlled. In addition,
MAE is less suitable for non-polar solvents, as they exhibit poor absorption of microwave energy.
The high initial cost of equipment and challenges associated with scaling up the process for
industrial applications may also limit its widespread use. These factors highlight the need for careful
optimization of operating parameters when applying MAE in phytochemical extraction (Xu et al.,
2023; Yang et al., 2023).

7.2.4. Applications in Phytochemical Research

Microwave-assisted extraction (MAE) is widely applied in the extraction of various classes of
secondary metabolites, including phenolics, flavonoids, alkaloids, and essential oils, due to its high
efficiency and rapid processing time (Salam et al., 2023). It is particularly valuable in analytical
sample preparation, where fast and efficient extraction is required for chromatographic and
spectroscopic analyses (Jan et al.,, 2021). In addition, MAE is increasingly utilized in
pharmaceutical, nutraceutical, and food industries for the development of high-quality plant-based
products (Kumari et al., 2024).

7.2.5 Comparison with Other Extraction Methods

Compared to conventional techniques such as maceration and Soxhlet extraction, MAE
provides significantly faster extraction, higher yields, and reduced solvent consumption. Unlike
ultrasound-assisted extraction (UAE), which relies on acoustic cavitation, MAE operates through
microwave-induced heating and internal cell rupture. This makes it particularly effective for
extracting polar compounds, as microwave energy is efficiently absorbed by polar solvents and
molecules (Xu et al., 2023; Jan et al., 2021).

7.3 Supercritical Fluid Extraction (SFE)

Supercritical fluid extraction (SFE) is an advanced and environmentally friendly technique that
utilizes fluids at temperatures and pressures above their critical points to extract bioactive
compounds from plant materials. Carbon dioxide (CO:) is the most commonly used supercritical
fluid due to its non-toxicity, non-flammability, and tunable solvating properties (Jan et al., 2021,
Kumari et al., 2024). SFE has gained widespread attention in pharmaceutical, nutraceutical, and
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food industries because of its high selectivity, rapid extraction rate, and ability to preserve
thermolabile compounds due to relatively moderate operating temperatures (Xu et al., 2023; Salam
et al., 2023).

7.3.1 Principle of SFE

SFE operates on the principle that a supercritical fluid exhibits properties intermediate
between those of gases and liquids, including high diffusivity, low viscosity, and enhanced solvation
capacity (Yang et al., 2023). When CO: is subjected to conditions above its critical temperature and
pressure, it enters a supercritical state. In this state, it can penetrate plant matrices like a gas while
dissolving solutes like a liquid. The solvating power of the supercritical fluid can be precisely
controlled by adjusting parameters such as pressure, temperature, and the addition of co-solvents.
This tunability allows for selective extraction of specific secondary metabolites (Jan et al., 2021,
Kumari et al., 2024).

7.3.2 Advantages of SFE

Supercritical fluid extraction offers several advantages over both conventional and other
advanced extraction methods. It provides high selectivity for target compounds through the
adjustment of pressure and temperature. The technique uses minimal solvent and is environmentally
friendly, producing non-toxic and residue-free extracts suitable for pharmaceutical and food
applications. Additionally, SFE operates under moderate temperatures, which helps preserve
thermolabile compounds. It also enables rapid extraction with high yield and purity, making it
highly efficient for high-value phytochemicals (Jan et al., 2021; Xu et al., 2023).

7.3.3 Limitations of SFE

Despite its advantages, SFE has certain limitations. The technique requires high initial
investment due to expensive equipment and operational costs. Process optimization can be complex,
as extraction conditions must be carefully adjusted for different plant materials and target
compounds. Furthermore, SFE is less effective for highly polar compounds unless co-solvents are
used to enhance solubility. There are also challenges associated with scaling up the process for
large-scale industrial applications (Yang et al., 2023; Salam et al., 2023).

7.3.4 Applications in Phytochemical Research

SFE is widely used for the extraction of essential oils, carotenoids, polyphenols, alkaloids, and
flavonoids. Its ability to produce high-purity, solvent-free extracts make it particularly suitable for
applications in pharmaceuticals, nutraceuticals, cosmetics, and functional foods (Kumari et al.,
2024; Jan et al., 2021). Moreover, SFE is increasingly applied in analytical and quality control
laboratories, where selective extraction of bioactive compounds is essential for accurate
chromatographic and spectroscopic analyses (Xu et al., 2023).

7.4 Pressurized Liquid Extraction (PLE)

Pressurized liquid extraction (PLE), also known as accelerated solvent extraction (ASE), is an
advanced technique that employs elevated temperature and pressure to enhance the recovery of
plant secondary metabolites. By maintaining solvents in the liquid state above their normal boiling
points, PLE improves solubility, desorption, and mass transfer processes, leading to rapid and
efficient extraction (Jan et al., 2021; Xu et al., 2023). This technique has gained significant
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importance in phytochemical and analytical chemistry due to its high efficiency, reduced extraction
time, and lower solvent consumption. As a result, PLE is considered a sustainable alternative to
conventional methods such as Soxhlet extraction and maceration (Kumari et al., 2024).

7.4.1 Principle of PLE

The principle of PLE is based on the combined effects of high temperature (typically 50—
200°C) and high pressure (10-15 MPa), which enhance the extraction capability of solvents.
Elevated temperature increases the solubility of analytes, improves diffusion rates, and reduces
solvent viscosity and surface tension, thereby facilitating penetration into plant matrices (Yang et
al., 2023). At the same time, high pressure ensures that the solvent remains in the liquid state even
above its boiling point, maintaining continuous interaction between the solvent and the plant
material. This combination of conditions results in improved extraction efficiency and faster
recovery of secondary metabolites (Jan et al., 2021).

7.4.2 Advantages of PLE
Pressurized liquid extraction (PLE) offers several notable advantages:

e Rapid extraction kinetics, significantly reducing processing time

e Lower solvent consumption, contributing to sustainability

e High extraction efficiency and reproducibility

e Automation with reduced human intervention

e Compatibility with a wide range of compounds and solvents (Jan et al., 2021)
In addition, PLE aligns with green extraction principles by minimizing both solvent use and energy
consumption while maintaining high yields, making it an environmentally friendly approach to
phytochemical extraction (Usman et al., 2023).

7.4.3 Limitations of PLE
Despite its advantages, PLE presents some limitations:
e Thermal degradation of heat-sensitive compounds at elevated temperatures
e High initial equipment and operational costs
e Optimization challenges for different plant matrices and analytes
e Potential co-extraction of interfering substances under harsh conditions (Yang et al., 2023)

7.4.4 Applications in Phytochemical Research

PLE is widely applied for the extraction of phenolics, flavonoids, alkaloids, terpenoids, and
glycosides from plant materials. Its high efficiency, reproducibility, and compatibility with diverse
solvents make it particularly suitable for analytical applications, including chromatographic and
spectroscopic analyses (Xu et al., 2023; Jan et al., 2021). Furthermore, PLE is increasingly adopted
in pharmaceutical, nutraceutical, and food industries, where rapid, efficient, and reproducible
extraction processes are essential for producing high-quality plant-based products (Kumari et al.,
2024).

7.4.5 Comparison with Other Extraction Methods

Compared to conventional methods such as maceration and Soxhlet extraction, PLE provides
shorter extraction times, improved efficiency, and reduced solvent usage. Unlike supercritical fluid
extraction, which relies on supercritical fluids, PLE uses liquid solvents under pressure, making it
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more versatile for the extraction of both polar and moderately non-polar compounds (Jan et al.,
2021).

8. Solvent Selection in Extraction

Solvent selection is a critical determinant of extraction efficiency, selectivity, and overall quality
when recovering plant secondary metabolites. The choice of solvent directly influences the types
and yields of compounds extracted, as well as the effectiveness of the process (Jan et al., 2021). An
appropriate solvent should be selected based on the physicochemical properties of target
compounds, including polarity, solubility, stability, and molecular structure. Proper solvent
selection ensures maximum recovery of bioactive compounds while maintaining their chemical
integrity and biological activity (Xu et al., 2023).

8.1 Role of Solvent Polarity

The principle of “like dissolves like” governs solvent selection in phytochemical extraction.
Polar solvents, such as water, methanol, and ethanol, are effective for extracting polar compounds,
including phenolics, flavonoids, glycosides, and tannins. Non-polar solvents, such as hexane and
petroleum ether, are suitable for extracting lipophilic compounds like terpenoids, steroids, and
essential oils (Yang et al., 2023; Kumari et al., 2024). Solvents of intermediate polarity, including
ethyl acetate and acetone, are often employed to extract moderately polar compounds, enabling
selective fractionation of complex plant matrices (Jan et al., 2021; Xu et al., 2023).

8.2 Physicochemical Properties of Solvents
In addition to polarity, several physicochemical properties must be considered when selecting an
extraction solvent:
e Solubility: The solvent must effectively dissolve the target compounds (Coltescu et al.,
2020).
e Viscosity and Surface Tension: Lower viscosity enhances solvent penetration into plant
tissues, improving mass transfer (Cannavacciuolo et al., 2022).
e Boiling Point: Solvents with lower boiling points are easier to remove after extraction,
reducing energy consumption and preventing thermal degradation (Xu et al., 2023).
e Chemical Stability: The solvent should not react with the target compounds or degrade
during extraction (Yang et al., 2023).

8.3 Green Solvents and Sustainability

Recent advances in extraction technologies emphasize the use of green solvents, such as water,
ethanol, and natural deep eutectic solvents (NADES), to reduce environmental and health risks
(Cannavacciuolo et al.,, 2022). These solvents are biodegradable, non-toxic, and sustainable,
aligning with the principles of green chemistry. The adoption of green solvents not only minimizes
environmental impact but also improves the safety and quality of extracts, particularly in
pharmaceutical and food applications (Jan et al., 2021).

8.4 Solvent Mixtures and Optimization

In many cases, a single solvent may not be sufficient to extract all target compounds. Therefore,
binary or ternary solvent mixtures (e.g., ethanol-water, methanol-water) are often used to enhance
extraction efficiency by adjusting polarity (Xu et al., 2023; Yang et al., 2023). Optimization of
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solvent composition, along with extraction parameters such as temperature and time, is essential to
achieve maximum yield and selectivity (Cannavacciuolo et al., 2023).

8.5 Challenge in Solvent Selection

The wide range of polarity, molecular size, and structural complexity of compounds such as
phenolics, alkaloids, and terpenoids makes it difficult for a single solvent to achieve optimal
extraction efficiency and selectivity (Jan et al., 2021; Xu et al., 2023). A major limitation is the
trade-off between selectivity and yield, where highly selective solvents may result in low recovery,
while less selective solvents often co-extract unwanted components such as chlorophyll, lipids, and
waxes (Yang et al., 2023). This necessitates careful optimization or the use of solvent mixtures to
balance extraction performance (Kumari et al., 2024). Toxicity and safety concerns further
complicate solvent selection, as commonly used organic solvents (e.g., methanol, chloroform,
hexane) may pose health risks and leave harmful residues in extracts intended for pharmaceutical or
food applications (Xu et al., 2023; Jan et al., 2021). In parallel, increasing environmental concerns
regarding solvent volatility, non-biodegradability, and pollution have driven the shift toward green
solvents, although these may sometimes exhibit lower extraction efficiency (Cannavacciuolo et al.,
2022). Additionally, solvent—matrix interactions and plant structural characteristics can limit solvent
penetration and compound solubilization, reducing extraction efficiency (Kumari et al., 2024; Yang
et al., 2023). Economic factors, including solvent cost, availability, and recovery requirements, also
influence solvent choice, particularly in large-scale applications (Jan et al., 2021). Finally, solvent
selection must be compatible with the chosen extraction technique, as factors such as microwave
absorption, cavitation efficiency, and supercritical behaviour vary depending on solvent properties
(Xu et al., 2023). Regulatory constraints further restrict solvent use, especially in food and
pharmaceutical industries, where strict limits on residual solvents must be met (Jan et al., 2021).

8.6. Factors Affecting Extraction Efficiency

The efficiency of extracting plant secondary metabolites is governed by a complex interplay of
solvent properties, extraction conditions, and plant matrix characteristics. Optimization of these
parameters is essential to achieve maximum yield, selectivity, and reproducibility in phytochemical
extraction processes (Jan et al., 2021; Xu et al., 2023).

8.6.1 Solvent Properties

Solvent characteristics such as polarity, viscosity, dielectric constant, and solubility
significantly influence extraction efficiency. The principle of “like dissolves like” dictates that polar
solvents (e.g., water, methanol, ethanol) are suitable for extracting phenolics, flavonoids, and
glycosides, whereas non-polar solvents (e.g., hexane) are effective for lipophilic compounds (Yang
et al., 2023; Kumari et al., 2024). Additionally, lower viscosity and surface tension improve solvent
penetration and mass transfer, enhancing extraction yield (Cannavacciuolo et al., 2022).

8.6.2 Temperature

Temperature plays a crucial role in enhancing solute solubility, diffusion rate, and mass
transfer Kinetics. Elevated temperatures reduce solvent viscosity and improve extraction efficiency;
however, excessive heat may lead to thermal degradation of sensitive compounds, such as
flavonoids and essential oils (Xu et al., 2023; Jan et al., 2021). Therefore, maintaining an optimal
temperature is essential to balance extraction efficiency with compound stability (Cannavacciuolo et
al., 2022).
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8.6.3 Extraction Time

Extraction time affects the extent of solute diffusion from plant matrices into the solvent.
Increasing extraction time generally enhances yield until equilibrium is reached, beyond which no
significant improvement occurs (Ameer et al., 2017; Ramesh et al., 2024). Prolonged extraction
may also result in compound degradation and co-extraction of impurities, negatively impacting
extract quality (Jan et al., 2021).

8.6.4 Particle Size and Surface Area

Reduction of particle size increases the surface area available for solvent interaction, thereby
improving extraction efficiency (Kumari et al., 2024). Smaller particles enhance solvent penetration
and diffusion rates; however, excessively fine particles may cause agglomeration, clogging, or
reduced solvent flow, limiting extraction performance (Xu et al., 2023).

8.6.5 Solvent-to-Sample Ratio

The solvent-to-sample ratio significantly influences solute concentration gradients and mass
transfer efficiency. Higher solvent volumes improve extraction yield but may increase solvent
consumption and processing costs (Jan et al., 2021). Optimization is therefore necessary to achieve
maximum efficiency with minimal resource use.

8.6.6 pH of the Extraction Medium

The pH of the extraction medium affects the ionization, solubility, and stability of certain
secondary metabolites, particularly alkaloids and phenolic compounds (Yang et al., 2023).
Appropriate pH adjustment can enhance extraction efficiency; however, extreme pH conditions may
cause chemical degradation or structural modification of target compounds (Xu et al., 2023).

8.6.7 Extraction Technique

The extraction method significantly influences efficiency. Advanced techniques, such as
ultrasound-assisted extraction (UAE), microwave-assisted extraction (MAE), supercritical fluid
extraction (SFE), and pressurized liquid extraction (PLE), improve extraction through enhanced cell
disruption, solvent penetration, and mass transfer (Jan et al., 2021). Compared to conventional
methods, these techniques provide higher vyields, shorter extraction times, and improved
reproducibility (Kumari et al., 2024).

8.6.8 Plant Matrix Characteristics

The structural and chemical properties of the plant matrix including cell wall composition,
moisture content, and metabolite binding interactions significantly affect extraction efficiency (Xu
et al., 2023; Yang et al., 2023). Strong interactions between metabolites and plant components may
hinder extraction, necessitating pretreatment methods or optimized extraction conditions
(Krakowska-Sieprawska et al., 2022).

9. Fractionation and Purification

Following extraction, crude plant extracts often contain complex mixtures of compounds,
including both target secondary metabolites and non-bioactive constituents. To obtain pure,
structurally defined, and biologically active compounds, subsequent fractionation and purification
are essential. These processes are critical for structural characterization, bioactivity assessment, and
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quality standardization in pharmacognosy, phytochemistry, and drug discovery (Yang et al., 2020;
Wang et al., 2022).

9.1 Liquid-Liquid Extraction (LLE)

Liquid—liquid extraction (LLE), also known as solvent partitioning, is a fundamental separation

technique widely used in phytochemical research for fractionating crude plant extracts. It relies on
the differential distribution of compounds between two immiscible liquid phases, typically an
aqueous phase and an organic solvent, allowing selective enrichment of secondary metabolites
based on polarity and solubility (Tuhanioglu & Ubeyitogullari, 2025; Yang et al., 2020).
The principle of LLE is governed by the partition coefficient (K), which describes the equilibrium
distribution of a solute between two immiscible solvents. Compounds preferentially dissolve in the
solvent in which they are more soluble, following the “like dissolves like” principle (Zhang et al.,
2022; Yang et al., 2023). Typically, polar compounds remain in the aqueous phase, while non-polar
or moderately polar compounds partition into the organic phase (Xu et al., 2023; Jan et al., 2021).
LLE remains a critical step in natural product isolation due to its simplicity, scalability, and
effectiveness in reducing matrix complexity prior to chromatographic purification (Liko et al., 2016;
Wang et al., 2022).

9.2. Column Chromatography in the Purification

Column chromatography is one of the most widely used techniques for the separation and
purification of plant secondary metabolites. It operates on the principle of differential adsorption
and partitioning of compounds between a stationary phase and a mobile phase, enabling the
isolation of individual constituents from complex mixtures (Yang et al., 2020; Wang et al., 2022).
Separation in column chromatography is determined by differences in the affinity of compounds for
the stationary phase (adsorbent) and their solubility in the mobile phase (eluent). Compounds with
stronger interactions with the stationary phase move more slowly, whereas those with weaker
interactions elute faster (Zhang et al., 2022; Yang et al., 2023). The process is governed by
adsorption, partitioning, and polarity differences, allowing effective separation of compounds with
varying chemical properties (Xu et al., 2023; Jan et al., 2021). Due to its versatility, simplicity, and
scalability, column chromatography remains a cornerstone method in phytochemical research and
natural product isolation (Li et al., 2023; Kumari et al., 2024).

9.3 Thin-Layer Chromatography (TLC) in Analysis

Thin-layer chromatography (TLC) is a rapid, simple, and cost-effective analytical technique
widely employed for the qualitative analysis, monitoring, and preliminary separation of plant
secondary metabolites. TLC relies on the differential migration of compounds on a stationary phase
under the influence of a mobile phase, allowing separation according to polarity and adsorption
characteristics (Yang et al., 2020; Li et al., 2023). The principle of TLC involves adsorption of
compounds onto a stationary phase typically silica gel or alumina coated on a plate and their
movement with a solvent (mobile phase) by capillary action. Separation occurs due to differences in
affinity for the stationary phase and solubility in the mobile phase (Yang et al., 2023; Xu et al.,
2023). The degree of separation is expressed as the retardation factor (Rf value), defined as the ratio
of the distance travelled by the compound to that of the solvent front (Zhang et al., 2022). TLC
plays a crucial role in phytochemical research, particularly for screening extracts, monitoring
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fractionation processes, and assessing purity prior to advanced chromatographic techniques (Wang
et al., 2022; Kumari et al., 2024).

9.4 High-Performance Liquid Chromatography (HPLC)

High-performance liquid chromatography (HPLC) is a highly efficient analytical and
preparative technique widely used for the separation, identification, and quantification of plant
secondary metabolites. HPLC operates under high pressure to pass liquid solvents through a column
packed with a stationary phase, enabling high-resolution separation of complex mixtures (Yang et
al., 2020; Li et al., 2023). The principle of HPLC is based on the differential partitioning of
compounds between a stationary phase and a mobile phase under high pressure. Separation occurs
due to variations in polarity, molecular size, and interactions with the stationary phase (Zhang et al.,
2022; Yang et al., 2023). Compounds with stronger interactions with the stationary phase exhibit
longer retention times, while those with weaker interactions elute faster. Separation efficiency is
influenced by parameters such as flow rate, column composition, and solvent system (Xu et al.,
2023; Jan et al., 2021). HPLC is considered a gold-standard technique in phytochemistry due to its
sensitivity, precision, and reproducibility, making it indispensable in natural product research,
quality control, and drug development (Liko et al., 2016; Kumari et al., 2024).

10. Qualitative and Quantitative Analysis

The analysis of plant secondary metabolites involves both qualitative and quantitative
approaches to identify, characterize, and determine the concentration of bioactive compounds.
These analytical strategies are essential for phytochemical profiling, quality control,
pharmacological evaluation, and standardization of herbal products (Yang et al., 2020; Jan et al.,
2021).

10.1 Phytochemical Screening

Phytochemical screening is a fundamental step in natural product research, involving the
qualitative identification of bioactive secondary metabolites present in plant extracts. It provides
preliminary information on the chemical composition of plant materials and serves as a basis for
further isolation, characterization, and pharmacological evaluation (Yang et al., 2020; Jan et al.,
2021; Kumari et al., 2024). The presence of phytochemicals such as alkaloids, flavonoids, tannins,
saponins, terpenoids, glycosides, and phenolics contributes to the biological activities of plants,
including antioxidant, antimicrobial, and anti-inflammatory properties (Yang et al., 2023; Xu et al.,
2023). Phytochemical screening relies on specific chemical reactions between plant constituents and
reagents, resulting in observable changes such as colour formation, precipitation, or frothing,
indicative of particular classes of compounds. Although qualitative in nature, these tests are
essential for rapid screening and classification of plant extracts, especially during preliminary
investigations (Kumari et al., 2024; Yang et al., 2020).

10.1.1 Common Phytochemical Tests
Alkaloids — Detected using:
e Dragendorff’s test: orange or reddish-brown precipitate
e Mayer’s test: cream or white precipitate
e Wagner’s test: reddish-brown precipitate. These reactions involve the formation of insoluble
complexes with alkaloid salts (YYang et al., 2023; Lawan et al., 2026).
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Flavonoids — Detected using:
e Shinoda test: pink or red coloration
e Alkaline reagent test: yellow coloration that disappears upon acidification. These reactions
indicate flavonoid structures capable of reduction and complex formation (Kumari et al.,
2024).

Tannins — Detected using:
e Ferric chloride test: blue-black or green coloration
e Lead acetate test: formation of precipitate. These reactions result from complex formation
between tannins and metal ions (Yang et al., 2023; Mustapha et al. 2025).

Saponins — Detected using:
e Frothing test: formation of stable foam upon shaking. This reflects the surfactant properties
of saponins, reducing surface tension (Kumari et al., 2024).

Terpenoids and Steroids — Detected using:
e Salkowski test: reddish-brown coloration
e Liebermann-Burchard test: green or blue coloration. These reactions indicate unsaturated
ring structures via interaction with concentrated acids (Yang et al., 2023; Kabir & Lawan
2026).

Glycosides — Detected using:
o Keller—Killiani test: brown ring formation
e Borntrager’s test: pink or red coloration for anthraquinone glycosides. These tests indicate
sugar-bound secondary metabolites (Mustapha et al., 2025; Kabir & Lawan 2026).

Phenolic Compounds — Detected using:
e Ferric chloride test: blue, green, or violet coloration. This reaction is based on complex
formation between phenolic hydroxyl groups and iron ions (Yang et al., 2023).

10.1.2 Recent Advances in Phytochemical Screening

Modern techniques have enhanced traditional screening methods through:

e High-performance thin-layer chromatography (HPTLC) for higher resolution

e Hyphenated techniques (LC-MS, GC-MS) for simultaneous identification

e Metabolomics-based profiling for comprehensive analysis

e Digital image analysis for colorimetric assays.
These advancements improve accuracy, reproducibility, and efficiency in phytochemical
investigations (Liko et al., 2016; Wolfender et al., 2018).

10.2 Total Phenolic Content (TPC) Determination

Total phenolic content (TPC) is a widely used parameter for evaluating the overall
concentration of phenolic compounds in plant extracts, which contribute to antioxidant,
antimicrobial, and anti-inflammatory activities. Phenolic compounds, including phenolic acids,
flavonoids, tannins, and lignans, significantly influence the biological properties of plants (Kumari
et al.,, 2024; Yang et al., 2023). TPC determination is commonly performed using the Folin—
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Ciocalteu (F-C) colorimetric assay, a standard method valued for its simplicity, sensitivity, and
reproducibility (Yang et al., 2020).

10.3 Total Flavonoid Content (TFC)

Flavonoids are polyphenolic secondary metabolites widely distributed in plants and studied for
antioxidant, anti-inflammatory, antimicrobial, antiviral, and cardioprotective activities (Li et al.,
2024; Yang et al., 2023; Kumari et al., 2024). These compounds play vital roles in plant physiology,
including UV protection, pigmentation, and defence against biotic and abiotic stress, making them
critical targets in phytochemical and pharmacological research (Yang et al., 2020; Jan et al., 2021;
Xu et al., 2023). TFC determination provides a rapid, cost-effective preliminary tool for estimating
flavonoid levels in plant extracts, preceding advanced profiling techniques such as HPLC, UHPLC,
and LC-MS/MS (Li et al., 2023; Liko et al., 2016; Yang et al., 2020; Nicolescu et al., 2025). While
simple and affordable, TFC assays are ideally complemented by more selective techniques for
accurate quantification (Nicolescu et al., 2025).

10.4 Spectroscopic Methods

Spectroscopic  methods are fundamental analytical tools wused for identification,
characterization, and quantification of plant secondary metabolites, including flavonoids, alkaloids,
phenolics, and terpenoids. These techniques rely on interactions between electromagnetic radiation
and matter, providing detailed information on molecular structure, functional groups, and compound
concentration (Dunnivant & Ginsbach, 2024; Li et al., 2023; Liko et al., 2016). Due to their high
sensitivity, rapid analysis, minimal sample preparation, and non-destructive nature, spectroscopic
methods are extensively applied in phytochemistry, pharmacognosy, and natural product research
(Yang et al., 2020; Xu et al., 2023).

10.4.1. Ultraviolet-Visible (UV-Vis) Spectroscopy
UV-Vis Spectroscopy is one of the most commonly used techniques for the quantitative

determination of phytochemicals, particularly phenolics and flavonoids, based on their ability to
absorb light in the 200800 nm range (Dunnivant & Ginsbach, 2024; Yang et al., 2023; Li et al.,
2024). The method relies on electronic transitions (t—n* and n—n*) within chromophoric groups
in bioactive compounds. It is widely applied in assays such as:

e Total phenolic content (Folin—Ciocalteu method)

e Total flavonoid content (AICls method)

e DPPH and other antioxidant assays
UV-Vis Spectroscopy is favored for its simplicity, rapidity, and cost-effectiveness, although it lacks
specificity and cannot distinguish individual compounds (Kumari et al., 2024; Yang et al., 2020).

10.4.2 Fourier Transform Infrared (FTIR) Spectroscopy
FTIR spectroscopy identifies functional groups in phytochemicals by measuring absorption

of infrared radiation, which induces vibrational transitions in molecular bonds (Li et al., 2023).
Characteristic absorption bands allow identification of functional groups such as:

e O-H (phenols and alcohols)

e C=0 (carbonyl compounds)

e C—H (alkanes and aromatics)

e C-O (ethers and esters)
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FTIR is widely applied for qualitative analysis and chemical fingerprinting of plant extracts,
enabling rapid screening of chemical composition (Xu et al., 2023; Liko et al., 2016).

10.4.3Nuclear Magnetic Resonance (NMR) Spectroscopy
NMR spectroscopy provides detailed structural information and chemical environment

analysis of atoms within phytochemicals, typically using *H and *C nuclei (Claridge, 2016; Li et
al., 2024). NMR reveals:

e Molecular structure and connectivity

e Functional groups and stereochemistry

e Purity and composition of compounds
It is regarded as a highly reliable method for structure elucidation of natural products, particularly
when combined with chromatographic techniques (Yang et al., 2020; Liko et al., 2016).

10.4.4 Mass Spectrometry (MS)

Mass spectrometry identifies and determines the molecular weight of phytochemicals by
measuring the mass-to-charge ratio (m/z) of ionized compounds (Gross, 2017; Liko et al., 2016).
When coupled with separation techniques such as GC-MS or LC-MS, it provides:

e High sensitivity and selectivity

e Structural fragmentation patterns

e Accurate identification of complex mixtures
MS-based approaches are widely used in metabolomics and phytochemical profiling due to their
precision and ability to analyse diverse compounds (Li et al., 2023; Xu et al., 2023; Jan et al.,
2021).

10.4.5 Fluorescence Spectroscopy
Fluorescence spectroscopy measures emission of light from excited molecules and is highly

sensitive for naturally fluorescent compounds, such as certain flavonoids and alkaloids (Yang et al.,
2023).
Advantages include:

e High sensitivity and low detection limits

e Selectivity for fluorescent compounds

e Rapid analysis with minimal sample preparation
Its application is limited to compounds with intrinsic fluorescence or those derivatized to become
fluorescent (Kumari et al., 2024; Li et al., 2024).

11. Future Perspectives in the Extraction and Application of Secondary Metabolites
The study and application of plant secondary metabolites continue to expand due to their diverse
biological activities and industrial relevance. Future research is expected to focus on:
e Innovative extraction technologies
e Advanced analytical tools for rapid and precise characterization
e Sustainable production systems and green solvent adoption
e Integration of interdisciplinary approaches to overcome current limitations. These efforts
aim to enhance efficiency, selectivity, and scalability in phytochemical extraction and
application, ultimately facilitating natural product research, pharmaceutical development,
and functional food production (Liko et al., 2016; Jan et al., 2021; Li et al., 2024).
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11.1. Development of Green and Sustainable Extraction Technologies

Future directions in the extraction and application of plant secondary metabolites are
increasingly guided by the principles of green chemistry, emphasizing reduced solvent
consumption, energy efficiency, and environmental sustainability (Li et al., 2024). Emerging
extraction approaches focus on improving efficiency, selectivity, and safety while minimizing
environmental impact. Key strategies include:

e Green solvents: Utilization of environmentally friendly solvents such as deep eutectic
solvents (DES) and natural deep eutectic solvents (NADES) for enhanced solubility and
sustainability.

e Supercritical fluid extraction (SFE): Use of CO. as a solvent-free and eco-friendly
alternative, yielding high-quality extracts without harmful residues.

e Assisted extraction techniques: Ultrasound- and microwave-assisted extraction methods
reduce processing time, energy consumption, and improve mass transfer efficiency. These
innovations collectively aim to advance sustainable, efficient, and selective extraction of
bioactive compounds (Jan et al., 2021; Yang et al., 2020).

11.2 Integration of Advanced Analytical Techniques

The future of phytochemical research also emphasizes the integration of high-resolution
analytical tools with computational methods to achieve comprehensive profiling and accurate
quantification. Emerging trends include:
High-resolution separation and detection: Techniques such as LC-MS/MS, UHPLC-HRMS, and
hyphenated methods (LC-NMR, GC-MS) enable detailed structural elucidation and simultaneous
analysis of complex metabolite mixtures.
NMR-based metabolomics: Provides holistic insights into metabolite composition and dynamics in
plant extracts.
Data analytics and computational approaches: Application of chemometrics and artificial
intelligence (Al) enhances data interpretation, pattern recognition, predictive modeling, and
informed decision-making in phytochemical investigations. These integrated approaches are
expected to improve the efficiency, accuracy, and reproducibility of phytochemical analysis,
facilitating natural product research, drug discovery, and functional food development (Liko et al.,
2016; Liet al., 2023; Xu et al., 2023; Jan et al., 2021).

11.3. Biotechnological and Synthetic Biology Approaches
Advances in biotechnology and synthetic biology are opening new avenues for controlled and
scalable production of secondary metabolites, reducing reliance on natural plant sources and
addressing low-yield limitations. Strategies include:
e Metabolic engineering of microorganisms and plants to enhance biosynthesis of target
compounds.
e Invitro plant cell and tissue culture for sustainable metabolite production.
e Microbial biosynthesis for high-value secondary metabolites. These approaches allow
precise control over production conditions and contribute to sustainable natural product
development (Liko et al., 2016; Jan et al., 2021; Xu et al., 2023).
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11.4 Expansion in Functional Foods and Nutraceuticals

Future research is anticipated to expand the application of secondary metabolites in functional

foods and nutraceuticals, driven by increasing consumer demand for natural, health-promoting
products (Li et al., 2024; Yang et al., 2023). Key developments in this area include:

Fortification of foods with bioactive compounds to enhance nutritional and therapeutic
value.

Development of plant-based dietary supplements to provide convenient and standardized
sources of phytochemicals.

Use in active packaging and food preservation systems to extend shelf life while providing
additional health benefits. These applications are expected to contribute significantly to
disease prevention and health promotion, particularly in managing chronic conditions such
as cardiovascular diseases and oxidative stress-related disorders (Yang et al., 2020; Jan et
al., 2021).

11.5 Precision Agriculture and Sustainable Crop Protection

Secondary metabolites are poised to play a major role in precision agriculture and sustainable

crop protection through:

Development of eco-friendly biopesticides and bioherbicides, reducing environmental impact
compared to conventional agrochemicals.

Integration into smart farming systems for optimized resource use and crop management.
Enhancement of plant stress tolerance, improving resilience to biotic and abiotic stressors. These
strategies are expected to decrease reliance on synthetic chemicals and promote environmentally
sustainable agricultural practices (Kumari et al., 2024; Jan et al., 2021; Xu et al., 2023).

11.6 Standardization and Regulatory Harmonization
Future efforts will emphasize:

Establishing standardized extraction and analytical protocols to ensure reproducibility across
laboratories.

Developing validated methods for quantification and quality control of bioactive
compounds.

Harmonizing regulatory frameworks to facilitate global acceptance of plant-derived
products. Such initiatives will improve the safety, reliability, and commercialization
potential of phytochemicals, ensuring consistent quality for research, therapeutic, and
commercial applications (Yang et al., 2020; Liko et al., 2016; Li et al., 2024).

11.7 Digitalization and Artificial Intelligence

The integration of digital tools and artificial intelligence (Al) is expected to transform

phytochemical research by enabling:

High-throughput data analysis, allowing rapid processing of large datasets from
metabolomic and phytochemical studies.

Prediction of bioactive compounds and their biological activities, improving the efficiency of
natural product discovery and targeted applications. The adoption of Al and digital
technologies will enhance data-driven decision-making, optimize extraction and analysis
processes, and accelerate innovation in natural product research (Jan et al., 2021).
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11.8 Optimization of extraction processes

Machine learning models hold significant potential to enhance the efficiency, accuracy, and
innovation in natural product discovery, enabling predictive modeling, optimization of extraction
processes, and identification of novel bioactive compounds (Jan et al., 2021; Xu et al., 2023).

12. Conclusion

Plant secondary metabolites are a diverse and valuable class of bioactive compounds with
extensive applications in pharmaceutical, agricultural, and industrial sectors. Their effective
utilization relies on the careful selection of extraction methods, appropriate solvent systems, and the
application of reliable analytical techniques for accurate identification and quantification. Despite
substantial advancements in extraction efficiency and analytical precision, challenges remain,
including variability in plant composition, low metabolite yields, compound instability, and
difficulties in scaling up production. Future research focusing on sustainable extraction
technologies, biotechnological production strategies, advanced analytical methods, and
computational approaches including machine learning is expected to overcome these limitations,
thereby expanding the practical applications of secondary metabolites. Continued methodological
innovation is essential to fully realize the therapeutic, nutritional, and industrial potential of these
plant-derived compounds.
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