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4.1  BIOACTIVE PHYTOCHEMICALS 
EXTRACTION

Extraction is treating plant material with selective solvents to dissolve the bio-
active phytochemicals in plant tissues using standard procedures (1). Different 
kinds of solvents are used to extract bioactive compounds from plants. Among 
these solvents are ethanol, methanol, petroleum ether, acetone, chloroform, 
hexane, N,N-​dimethylformamide (DMF), water, and ethyl acetate (2; 3). It is 
expedient to use multiple solvents of differing polarities during the extraction 
of phytochemicals to achieve a high degree of accuracy. This way, scientists 
could establish which solvent extracted the highest amount of specific bioactive 
compounds (4; 5). Also, the form of the plant part to be extracted and the polarity 

4
 

 

 

 

 

http://dx.doi.org/10.1201/9781003340201-4


48   Fawole, Onipede, Odukoya, and Onuh

of the solvent chosen is critical in the extraction process. For example, a dried 
form of plant part is better to prevent water interference. At the same time, the 
solvent must not have similar polarity to the solute of interest to avoid the dissol-
ution of the solute (6). Successful extraction begins with a thorough review of the 
appropriate literature for suitable protocols that suit a particular plant species or 
class of compounds. The review is necessary because a high extract yield does not 
necessarily translate to a high yield of bioactive components in the extract. Thus, 
plant samples must be carefully selected and prepared, especially those containing 
free fatty acids and tocopherols that are very sensitive to oxygen and heat (7).

4.1.1 � Methods of Extraction

The methods of extraction of bioactive phytochemicals can either be the trad-
itional extraction techniques or exceptional new technologies. The factors that 
differentiate the extraction methods are the extraction duration, sample particle 
size, temperature, solvents’ pH, and expected compound volatility, among others. 
The traditional methods include maceration, Soxhlet extraction (SE), decoction, 
distillation, digestion, tincture, infusion, percolation, conventional reflux extrac-
tion (CRE), serial exhaustive extraction (SEE), and aqueous-​alcoholic extraction 
by fermentation (AAE) (8; 9). These conventional methods are easy to operate 
but take longer to complete. The process is conducted under low or relatively 
high ambient temperature, with solvents of different polarities. To avoid the 
destruction of thermosensitive compounds, pure but costly solvents that evap-
orate quickly are utilized.

The downside of these methods demanded the development of innovative 
techniques. The exceptional new technologies developed include microwave-​
assisted extraction (MAE), pulsed-​electric field extraction (PEF), ultrasound-​
assisted extraction (UAE), enzyme-​assisted extraction (EAE), pressurized liquid 
extraction (PLE), high hydrostatic pressure-​assisted extraction (HHP), super-
critical fluid extraction (SFE), turbo-​distillation extraction (TDE), subcritical 
water extraction (SWE), countercurrent extraction (CCE), high-​voltage electric 
discharge (HVED), and solid-​phase extraction (SPE) (8; 7). Many novel sam-
pling strategies involve combining different techniques to extract phytochemicals 
from plant samples as much as possible. Combining two or more conventional 
methods, conventional and new technology, or two or more new technologies 
could provide more representative information of bioactive components in plant 
material than any single method. It could also provide an effective concept for 
resolving the issue of information loss during phytochemical sampling tasks.

4.1.2 � The Traditional Extraction Techniques

4.1.2.1  Maceration, Digestion, and Infusion
These three methods are closely related. Maceration is a cold extraction  
method conducted at ambient temperature. The procedure works by softening  
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and breaking the plant’s cell wall to release the soluble phytochemicals.  
Maceration uses the principle of molecular diffusion, ensures the dispersal of  
the concentrated solution around the sample surface, and adds a new solvent to  
the menstruum to increase the extraction yield (10). The dried plant part may  
be ground into powder to increase its surface area before soaking a weighed  
amount in the appropriate solvent (1). The process is achieved in a closed  
stoppered vessel where the mixture is left for about 7 days with stirring after  
each 24 h. Then, the extract is clarified by filtration or using a sealed extractor  
to prevent solvent evaporation (11). It is a straightforward procedure and is  
thus used widely (Figure 4.1). However, it is time-​consuming and can take  
weeks for some plant materials to extract. It is thereby recommended for heat-​ 
labile phytochemicals.

The digestion method is just a modification made to the maceration tech-
nique by applying moderate heat of about 35°C during extraction to increase the 
efficiency of the solvent(s) used (12). Infusion is maceration done in a short time 
using either cold or hot water since the bioactive compounds in the plant sample 
are volatile and extract readily. Then, the plant material is filtered to remove the 
plant material from the extract. It is the method adopted for preparing tea from 
plants (13).

4.1.2.2  Soxhlet Extraction
The Soxhlet extractor was invented for lipid extraction from milk solids in 1879  
by Franz Ritter von Soxhlet. It is now used for many products whenever total  

FIGURE 4.1  Plant extraction by maceration (berkem.com).
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extractions are needed, including the extraction of phytochemicals (8). The prin-
ciple here is of a ‘greedy’ cup (thimble chamber) that empties the liquid inside to  
the bottom flask once filled past a certain point (siphon arm). The process starts  
when presoaked ground plant material is placed in a porous bag (cellulose or  
filter paper) and set in the thimble chamber of the Soxhlet apparatus (Figure 4.2).  
Then, the vapor of boiling solvent in the bottom flask rises, condenses in the  
condenser, and drips into the porous cup (thimble), dissolving and extracting the  
metabolites from the plant sample. A siphoning motion occurs when the smaller  
side arm of the thimble chamber fills to overflowing, causing the solvent to empty  
into the bottom flask.

The cycle runs again and continues for a predetermined period (12). This 
technique is simple to operate and cost-​effective and requires a smaller quantity 
of solvent than maceration as a batch of solvent is recycled. However, the oper-
ational risk is exposure to flammable or hazardous organic solvents (14).

4.1.2.3  Decoction
Unlike the maceration technique, decoction requires boiling the plant 
material in a known volume of water or selected solvent for a specified time 
to extract the bioactive compounds. Then, it is cooled and filtered. The pro-
cess combines convection and conduction heat transfer to achieve extraction. 

FIGURE 4.2  Experimental Soxhlet extraction apparatus (10).
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The technique is recommended for more complex plant parts like seeds, 
roots, and barks (15).

4.1.2.4  Distillation
This extraction procedure is one of the oldest techniques still in use. It mainly 
extracts many plants’ volatile bioactive compounds with essential oils (EOs). It 
operates the principle that plant pores open when subjected to heat, releasing 
compounds of interest. It also leverages the principle of separating immiscible 
liquids at the end. There are two processes: hydrodistillation and steam distilla-
tion. The plant materials are boiled in enough water or appropriate solvent at a 
raised temperature in hydro distillation (16).

In contrast, direct steam is passed through the plant in steam distillation (17). 
The vapor from either of the procedures is a mixture of oil, bioactive chemicals, 
and water and condenses by indirect cooling procedure (9). The separator from 
the condenser automatically separates water from the oil that contains the bio-
active compounds (Figure 4.3). This method is easy to set up and useful for 
heat-​sensitive bioactive compounds. Furthermore, it can be done before the dehy-
dration of the plant material. Also, since no organic solvents are required, the 
procedure is safe 16).

4.1.2.5  Tincture
The technique involves the use of alcohol to extract phytochemicals from plant 
samples. A fresh plant sample is soaked in ethanol at a ratio of 1:5 w/​v. The 
extract is shelf stable because of the solvent used (7).

4.1.2.6  Percolation
The technique uses a cone-​shaped percolator apparatus that is opened at both 
ends with a drain valve at the outlet. The plant material is placed in the perco-
lator when the valve is closed, covered with enough solvent(s) (menstruum), and 
left to soak for 24 h.

The valve is opened to drain a few drops of the extract per minute into a con-
tainer (Figure 4.4). It (the valve) is then closed so that a fresh menstruum is added 
to repeat the cycle three times or more. Thus, a full extract is recovered from 
the plant material. The percolation method is very efficient for the extraction of 
thermolabile compounds, but it is not time efficient and uses a lot of solvents (17).

4.1.2.7  Conventional Reflux Extraction
A conventional reflux extraction system can be adopted for dried and finely  
ground plant parts using a small-​ or large-​scale reactor. The ratio of plant material  
to solvent can be 1:5, 1:7, or 1:10 w/​v depending on the nature of the experiment  
at different temperatures between 60°C and 80°C (19). The solvent is usually  
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aqueous ethanol, and less quantity is needed than in some traditional methods.  
The extract can be clarified by filtration. This technique is time efficient as extrac-
tion can be achieved within 1 to 3 h (8).

4.1.2.8  Serial Exhaustive Extraction
SEE is a fractionation technique that extracts nonpolar biochemicals with solvents 
of increasing polarity without introducing chemical changes. Three extraction 
series could be adopted, starting with a nonpolar solvent, then an intermediate 
polarity solvent, and ending with a polar solvent. This technique extracts essen-
tial biological compounds such as major antioxidants in plants such as C. woodii. 
It is appropriate for thermally labile compounds (20).

4.1.2.9  Aqueous-​alcoholic Extraction by Fermentation
This technique uses fermentation to extract active phytochemicals from plants,  
such as the Ayurveda plants used in alternative medicine. The technique is  
performed traditionally by submerging the crude plant in water that was initially  
boiled and cooled in an earthen vessel. The fermentation process takes a length  
of time, and alcohol is produced. During fermentation, bioactive components of  
the plant are extracted, and the alcohol produced serves as a preservative. Huge  

FIGURE 4.3  Schematic diagram of a distillation apparatus (18).
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wooden vats, large metal vessels, or porcelain jars are used for large-​scale produc-
tion (21).

4.1.3 � Exceptional New Technologies

4.1.3.1  Microwave-​Assisted Extraction
MAE is an excellent technique to reduce the loss of bioactive constituents of 
plant materials without necessarily increasing the amount of solvent and extrac-
tion period. It uses microwave energy based on a direct impact on the molecules 
of polar materials through ionic conduction and dipole rotation (10). The prin-
ciple of heating targets the moisture of fresh or the traces of moisture in dried 
plant materials. There is evaporation when the moisture heats up, causing the cell 
wall to be pressured and ruptured. Hence, the exudation of bioactive constituents 
from the ruptured cells gives superior recovery results (1). It is mainly used to 
extract phytochemicals, especially the organic and organometallic compounds of 
various plant sources such as myrtle leaves, tomatoes, grapes, and berries (22). 
Nguyen et al. (23) successfully performed MAE on Phyllanthus amarus at 600 W 
and 10 s per one-​minute irradiation time for 10 min with a total irradiation time 
of 100 s. MAE improves crude extract purity and marker compound stability. 

FIGURE 4.4  Schematic diagram of a Percolator. (Adapted from community.freetrade.io.)
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It also reduces processing costs by reducing the energy and solvent needed for 
extraction (9).

4.1.3.2  Pulsed Electric Field Extraction
This novel technique is based on cell membrane disruption to increase extrac-
tion. An electric current is passed through the membrane of the plant cell. On 
the dipole nature of membrane molecules, electric potential separates bio-
active compounds according to their charges in the cell membrane (24). In the 
PEF treatment of plants, a simple circuit with exponential decay pulses with a 
treatment chamber and two electrodes is employed. Plant materials are placed 
inside the treatment chamber, designed to operate either in a continuous or 
batch mode (25). It considerably increases the optimum recovery of extracts 
in a short time. Factors such as pulse number, field strength, specific energy 
input, nature of the plant material being treated, and treatment temperature 
can influence the efficacy of PEF extraction (9). It is a very effective technique 
for extracting thermolabile phytochemicals since it minimizes degradation 
(26). This method requires low treatment temperature and no solvent; hence 
it is very economical and gives a good quality product.

4.1.3.3  Ultrasound-​Assisted Extraction
It is one of the most accessible extraction techniques. It uses standard laboratory 
equipment such as ultrasonic bath, ultrasonic probe system, and shaking water 
bath. The extraction procedure involves smashing the plant material and mixing 
it with a suitable solvent. Then the mixture is placed into the ultrasonic bath while 
temperature and extraction time are controlled (6). Ultrasound in the frequency 
of 20 kHz and above would effectively leach out any plant matrix’s organic and 
inorganic bioactive components. However, factors such as the plant moisture 
content, particle size, appropriate solvent, frequency, temperature, pressure, and 
time of sonication must be well figured out. UAE has several advantages over 
classical methods but could be integrated into conventional systems to improve 
efficiency (27). The technique is fast as several process steps could be skipped. It 
is both economical and eco-​friendly.

4.1.3.4  Enzyme-​Assisted Extraction
EAE is an extraction method that can access phytochemicals locked in the 
polysaccharide-​lignin network by hydrophobic or hydrogen bonds. A solvent does 
not readily leach out such compounds in a regular extraction procedure. Hence 
EAE has been used by many scientists as a technique or a pretreatment to recover 
bonded phytochemicals by adding specific hydrolyzing enzymes. Therefore, its 
efficiency is based on the hydrolytic action of enzymes, first on the components 
of the cell wall and cell membrane, then on the macromolecules within the cell 
that enable the release of the compounds (10). The enzymes mainly used in EAE 
include cellulase, amylase, and pectinase.
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There are two EAE methodologies: enzyme-​assisted cold pressing (EACP) 
and enzyme-​assisted aqueous extraction (EAAE). In the latter, the enzym-
atic action degrades the seed cell wall, thereby rupturing the polysaccharide-​
protein colloid that could trigger emulsion formation and cause a low yield. 
Nevertheless, the EACP technique is a nonaqueous system in which the 
enzymes only hydrolyze the seed cell wall and facilitate maximum product 
yield (28). As a result, EAE increases oil extractability and gives a higher yield 
of free fatty acids and phosphorus contents when compared to traditional oil 
extraction methods (29).

4.1.3.5  Supercritical Fluid Extraction
The physical characteristics of a gas, such as carbon dioxide or propane, change 
when it is compressed and heated and becomes a supercritical fluid. Supercritical 
fluid thus possesses gas-​like properties (diffusion, viscosity, and surface tension) 
and liquid-​like features (density and solvation power). An SFE system consists 
of a tank of mobile phase (supercritical fluid), a pump to pressurize the gas with 
a controller to maintain the high pressure inside the system, a cosolvent vessel 
and pump, an oven that contains the extraction vessel, and a trapping vessel. In 
addition, different types of meters could be attached to the system, such as a flow 
meter and a dry or wet gas meter (9).

The SFE procedure involves compressing a gas (usually CO2, others include 
methane, ethylene, xenon, fluorocarbons, and nitrogen) into a dense liquid (super-
critical fluid). Then the liquid is pumped through a cylinder containing the plant 
material to be extracted. The extract is separated from the gas when extract-​
laden liquid is pumped into a separation chamber. Since it is operated at room 
temperature, it is an ideal technique for thermolabile phytochemicals. It gives a 
complete extraction within a reduced time and uses a small amount of solvent. In 
addition, a supercritical fluid is recyclable, thus reducing waste generation. The 
extraction process and mechanism can be manipulated and adjusted for optimal 
yield by increasing the temperature and pressure (30). However, it is a very costly 
technique compared to conventional liquid extraction. Also, the commonly used 
solvent, nonpolar carbon dioxide, has limited dissolving power, specifically for 
polar solutes (31).

4.1.3.6  Pressurized Liquid Extraction
It is an automated technique introduced by Dionex Corporation in 1995 to extract 
solid samples with a liquid solvent(s), either aqueous or organic. The technique 
requires small solvents and can be concluded within a short time. This advan-
tage is because high pressure and temperatures are combined to provide faster 
extraction (32). PLE is known by other names, such as pressurized solvent extrac-
tion (PSE), enhanced solvent extraction (ESE), high-​pressure solvent extraction 
(HSPE), pressurized fluid extraction (PFE), and accelerated fluid extraction (ASE) 
(33). It is considered more effective than MAE, hot-​solvent extraction, and UAE 
and a potential alternative method to SFE (34).
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4.1.3.7  High Hydrostatic Pressure-​Assisted Extraction
High hydrostatic pressure-​assisted extraction (HHPE) is an emerging 
nonthermal and eco-​friendly method used to obtain phytochemicals more effi-
ciently from fruits, vegetables, and other plant tissues. Efficient extraction 
in terms of the highest yield could be achieved by mixing freeze-​dried plant 
tissue with an appropriate solvent. For example, it could be green solvents like 
soybean or sunflower oil, with a solid:solvent ratio of 2:10 (g ml−1) (35). The 
pre-​HHPE treatment could be set between temperatures of 20°C and 40°C, 
pressure of 300 and 500 MPa, and for 2 to 8 min. First, pressurized extracts 
should be mixed in a vortex for about 1 min and placed in a food-​grade bag, 
vacuumed-​sealed and stored at 4°C or used immediately. Next is pressuriza-
tion in a high hydrostatic pressure (HHP) unit with pressure and temperature 
not exceeding 900 MPa and 95°C, respectively. Finally, extract-​enriched oil 
should be separated by centrifugation and stored at a temperature of about 
−20°C until further analysis.

The temperature must be monitored during HHPE and not be kept rigor-
ously constant during pressurization due to adiabatic heat that hikes when 
pressure increases (36). Conversely, HHPE can operate at refrigerated or room 
temperatures, thereby preventing the denaturation of bioactive compounds, espe-
cially volatile oils. Thus, it enables the extraction of heat-​sensitive compounds 
since it does not require heating, except for minor temperature rises from the 
compression phase.

This methodology is more effective and faster than conventional 
extractions and enzyme-​assisted extraction. However, Cascaes Teles et al. 
(37) reported that the combination of both EAE and HHPE technologies 
gave the best results. They suggested that the combination of the methods is 
sustainable and able to recover high-​value compounds from plant materials. 
Furthermore, HHPE increases the mass transfer rate, efficiently increases the 
permeability of the cells, enhances the diffusion of solvent(s), and improves 
the extraction of compounds. Therefore, HHPE could be a helpful technique 
to extract and modify compounds’ bioaccessibility that help improve health-​
related conditions (38).

HHPE acts on noncovalent bonds only and not covalent bonds. Thus, it 
only causes alterations in large molecules of the plant tissues by altering their 
membranes and secondary, tertiary, and quaternary structures. The larger 
molecules include lipids and proteins. HHPE operation, therefore, leaves small 
molecules like bioactive compounds, flavor, pigmentation compounds, vitamins, 
and peptides intact. The drawback of this technology is that it is costly and so not 
affordable to some food industries (39).

4.1.3.8  Turbo-​distillation Extraction
Turbo-​distillation (THD) reactor was developed for the extraction of essential 
oils from the plant parts like seeds, bark, and wood that are hard. The reactor 
first grinds the agglomerates and most giant chunks of this hard part to allow 
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effective contact for water to seep into the solid phase. Then, a steady tur-
bulent flow is kept inside the reactor to maximize the evaporation area. The 
technique differs from conventional hydrodistillation (HD), only possessing a 
mechanical stirrer that breaks down piles and chunks of hard plant matrices. 
The stirrer also homogenizes the medium simultaneously to prevent the 
powdered matrix from lying at the bottom of the reactor, where it can be 
burnt and essential oil degraded (40). It saves energy and reduces extraction 
time. However, it is not a suitable technology for extracting essential oils from 
soft matrices (41).

4.1.3.9  Subcritical Water Extraction
SWE is a powerful technology in which water is used under high temperatures 
between 100°C and 374°C and pressure from 10 to 60 bar. The latter is the 
critical water temperature, and the pressure range is below supercritical 
conditions but high enough to maintain the liquid state during the extrac-
tion process. This type of extraction mechanism follows the ‘like dissolves 
like’ rule. A distinctive feature of subcritical water is that its polarity can 
be considerably decreased by increasing temperature, making it behave simi-
larly to methanol and ethanol (42). SWE should be carried out at the highest 
permitted temperature that is obtained experimentally for different plant 
materials. This is because essential oil components can be degraded if the 
extraction temperature is raised above a specific value. For instance, the best 
temperature condition for extracting essential oils was found to be between 
125°C and 175°C (43).

SWE apparatus can be constructed of stainless steel in the laboratory, 
and extraction can be performed in a batch or continuous system. The main 
components of this apparatus include three tanks, an extraction vessel, two 
pumps (one for water and extract and the other for flushing the tubings), an oven 
that heats the extraction vessel, a heat exchanger that cools extract, a pressure 
restrictor, and sample collection system (44). Subcritical water is a green extrac-
tion fluid used for various nonpolar plant materials. SWE is faster, cleaner, and 
cheaper than traditional extraction methods. It replaces the use of organic solvents 
and gives high yields.

4.1.3.10  Countercurrent Extraction
In CCE, a fine slurry is produced from a pulverized wet plant material using a 
Bonotto extractor. The slurry is moved within the extractor in one direction to 
come in contact with an extracting solvent. The extract gets more concentrated 
as the starting plant material moves further. Finally, the extract comes out at the 
end of the extractor. A significant extract yield is achievable only if there is an 
optimization of the amount of solvent versus the plant material with their flow 
rates. This technique is fast, and there is no risk due to high temperature as it is 
usually performed at ambient temperature. Thus, it is suitable for thermolabile 
phytochemicals (21).
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4.1.3.11  Solid-​phase extraction
SPE is a simple liquid-​solid phase extraction technology that involves the sorption 
of solutes from a liquid state sample onto a solid particle or adsorbent like beads 
or resins. The mechanism is like the one commonly found when molecules are 
retained on stationary chromatographic phases. The suspended solutes are 
separated based on their physical and chemical properties. Solid phases extrac-
tion media commonly used are reversed-​phase material, silica gel, hydrophilic 
interaction liquid chromatography stationary phases in prepacked glass or plastic 
columns, normal phase, and ion exchange media or mixed-​mode material (45). 
An SPE procedure involves the analyte of interest is typically adsorbed on a sta-
tionary phase, washed, and then evaluated with a different mobile phase. In 
another procedure, concentrated analytes are eluted from the column. Its benefits 
include reducing ion suppression, simplifying the complex sample matrix, 
functionalization of sample matrix to analyze compounds by class, purification 
of bioactive compounds, enhancement of MS applications, and concentration of 
very low-​level compounds (10).

4.1.3.12  High Voltage Electrical Discharges
This green extraction process is a liquid-​phase discharge technology. It is a 
nonthermal technique suitable for the mass transfer of bioactive compounds 
from different plant materials. The HVED principle is based on the electrical 
disruption of cell tissues in water and enhancing the release of valuable intra-
cellular components (46). Three HVED systems with the exact primary mech-
anism have been developed: batch, continuous, and circulating extraction 
systems. Factors such as solvent selection, electric field intensity, solvent-​solid 
ratio, flow rate, and treatment time are critical to this technique. The method 
gave a higher extraction yield than that obtained with pulsed electric fields and 
ultrasounds-​assisted extraction. In addition, it is performed under less pro-
cessing time and lower power consumption and achieves fewer extract impur-
ities (47).

4.1.3.13  Purge-​and-​Trap Extraction
The technique can be employed using an automated purge-​and-​trap system for 
solid and liquid plant samples. The system comprises a flow meter, splitter, and 
adsorbent. The flow meter controls a nitrogen source, and the splitter unit divides 
the flow into several channels when extracting from more than one sample. The 
plant material must be pretreated by incubating its ground form at optimized pur-
ging temperature such as 60°C for about 10 min (48). Small samples between 5 
g and 25 g can be extracted using inorganic solvents. Thus, it is a good technique 
for research or routine work purpose. Extraction takes a short period with low 
detection limits (49).
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4.2  STANDARD PROCEDURES FOR SCREENING 
BIOACTIVE PHYTOCHEMICALS

Phytochemicals are naturally occurring secondary metabolites of plants. Plants syn-
thesize a large variety of these chemical substances, including steroids, terpenoids, 
alkaloids, flavonoids, saponins, tannins, and phenolic compounds. Therefore, it 
is imperative to screen plants for the presence of these phytochemicals because 
they are the basic constituents of many therapeutic drugs (50). Phytochemical 
screening is done to qualitatively evaluate the chemical compositions of different 
plant extracts usually employing precipitation and coloration reactions to iden-
tify the major secondary metabolites (51). Many researchers have described these 
screening methods based on the standard procedures earlier described by (52) 
with several modifications.

4.2.1 � Screening for Tannins

i.	 Add drops of 1% lead acetate solution to a defined quantity of extract. 
The formation of a yellow or red precipitate indicates the presence of 
tannin (51).

ii.	 Add 1% FeCl3 solution drops to a defined quantity of plant extract. 
The formation of blue-​black coloration indicates the presence of 
tannin (53).

4.2.2 � Screening for Saponins

i.	 Add 5 ml of distilled water to 5 ml of extract, shake vigorously in a test 
tube, and apply a little heat. The formation of a stable foam indicates the 
presence of saponins (50).

ii.	 Add drops of sodium bicarbonate to 5 ml of extract. Shake the mix-
ture vigorously and leave to stand for 3 minutes. The formation of 
honeycomb-​like froth indicates the presence of saponin (51).

iii.	 In a boiling water bath, boil 0.5 g of plant sample with 15 ml of double 
distilled water. The formation of intensive froth indicates the presence of 
saponin (53).

4.2.3 � Screening for Phenols

i.	 Dissolve 500 mg of plant sample in 5 ml of distilled water. Then, add 
drops of neutral 5% ferric chloride. The formation of dark green color-
ation indicates the presence of phenols (50).
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ii.	 Add 3 ml of distilled water to 1 ml of extract, then add a few drops of 
ferric chloride solution. The presence of phenols is indicated by the for-
mation of blue or green color (51).

iii.	 Add 4–​5 drops of 2% FeCl3 solution to 10 ml of the plant ethanolic 
extract. The presence of phenols is indicated by a change in color (53).

4.2.4 � Screening for Terpenoids

i.	 Dissolve 2 ml of plant extract in 2 ml of CHCl3, then evaporate to 
dryness. Add 2 ml of concentrated H2SO4 and heat for about 2 
minutes. The formation of grey coloration indicates the presence of 
terpenoids (50).

ii.	 Add 2 ml chloroform (CHCl3) to 0.5 g of plant extract or 5 ml of plant 
methanolic extract. Carefully add 3 ml of concentrated H2SO4 to form a 
layer. The formation of reddish-​brown coloration indicates the presence 
of terpenoids (51; 53).

4.2.5 � Screening for Flavonoids

i.	 Add 1 ml of 10% lead acetate solution to 1 ml of extract. A yellow 
precipitate’s formation indicates flavonoids’ presence (50).

ii.	 Add 5–​10 drops of dilute HCl and a small piece of ZnCl or Mg to 0.5 
ml of extract in a test tube. Boil the solution for a few minutes. The for-
mation of reddish-​pink or dirty brown coloration indicates the presence 
of flavonoids (51).

iii.	 Heat 2 g of a crude extract with 10 ml of ethyl acetate over a water 
bath for 5 min. Filter the solution through Whatman paper No 1. Mix 
1.4 ml of the filtrate with 10% dilute ammonia solution and shake vig-
orously. The formation of yellow coloration indicates the presence of 
flavonoids (53).

4.2.6 � Screening for Alkaloids

i.	 Add 3 ml of 1% HCl to 3 ml of extract in a test tube. Stir the mixture in a 
steam bath. Introduce 1 ml of each of the mixture into two test tubes. To 
one of the test tubes, add drops of Dragendorff’s reagent. The formation 
of an orange-​red precipitate indicates the presence of alkaloids. To the 
second test tube, add Mayer’s reagent. The appearance of a buff-​colored 
precipitate indicates the presence of alkaloids (50).

ii.	 Dissolve 1.36 g of mercuric chloride in 60 ml of distilled water. Also, 
dissolve 5 g of potassium iodide in 10 ml distilled water. Mix the two 
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solutions and make the volume up to 100 ml to form Meyer’s solution 
(potassium mercuric iodide). Add drops of the reagent to 1 ml of extract. 
The formation of a white or pale precipitate indicates the presence of 
alkaloids (51).

iii.	 Add 2 ml of 2N HCl to 2 ml of methanolic extract in a test tube. Shake 
vigorously to mix and allow to stand for 5 minutes. Decant the aqueous 
phase formed. Add drops of Mayer’s reagent (HgCl2 +​ KI in water) and 
shake. The formation of a creamy-​colored precipitate indicates the for-
mation of alkaloids (53).

4.2.7 � Screening for Glycosides

i.	 Add drops of dilute HCl to 2 ml of extract. Add 2 ml of sodium 
nitroprusside in pyridine and sodium hydroxide solution. The forma-
tion of pink to blood-​red coloration indicates the presence of cardiac 
glycosides (50).

ii.	 Add 5 ml of 5% FeCl3 to 5 ml of extract. Heat for 5 minutes in a boiling 
water bath. Allow it to cool. Add drops of benzene or any other organic 
solvent, then shake well. Decant the organic layer and add an equal 
volume of dilute ammonia. The pinkish-​red formation in the ammonia 
layer indicates the presence of glycosides (51).

iii.	 Add 2 ml of glacial acetic acid containing 2% FeCl3 to 5 ml of the plant 
methanolic extract. Add 1 ml of concentrated H2SO4 slowly along the 
wall of the test tube. The formation of a brown ring at the interphase of 
the two liquids indicates the presence of glycosides (53).

4.2.8 � Screening for Steroids

i.	 Salkowski’s test: Add 1 ml of concentrated sulfuric acid carefully along 
the side of a test tube containing a mixture of 2 ml of extract and 2 
ml of chloroform. Production of red coloration in the chloroform layer 
indicates the presence of steroids (50; 51).

ii.	 Liebermann Burchard test: Dissolve 2 ml of organic plant extract in 2 
ml chloroform. Treat the mixture with concentrated sulfuric acid and 
acetic acid. The formation of greenish coloration indicates the presence 
of steroids (50).

iii.	 Treat 5 ml of methanolic plant extract in a test tube with 0.5 ml of 
anhydrous acetic acid. Cool on an ice bath for 15 minutes. Add 0.5 ml 
of chloroform to the solution. Carefully add 1 ml of concentrated sul-
furic acid (H2SO4) along the wall of the test tube. The formation of a 
reddish-​brown coloration at the interphase of the two liquids indicates 
the presence of steroids (53).
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4.3  TECHNIQUES FOR PURIFICATION OF 
BIOACTIVE PHYTOCHEMICALS

The modern techniques used to purify bioactive compounds from plants offer 
the benefits of developing many bioassays and providing clear-​cut techniques for 
isolating and separating these bioactive compounds from various sources. Several 
bioactive molecules have been isolated and purified using the thin-​layer chroma-
tographic and column chromatographic methods. These methods offer conveni-
ence and are economical. The stationary phases are also readily available (6).

4.3.1 � Thin Layer Chromatography

Thin layer chromatography is a technique used to separate nonvolatile mixtures 
such as bioactive molecules extracted from plants, animals, and microorganisms. 
It is performed on a sheet of an inert substrate such as plastics, glass, or aluminum 
foil coated with a thin layer of adsorbent materials. These adsorbent materials, 
referred to as the stationary phase, usually include silica gel, alumina (aluminum 
oxide), or cellulose. The sample to be analyzed is applied to the adsorbent plate, 
and a solvent or mixture of solvents (called the mobile phase) is drawn up the 
plate through capillary action. The different components of the sample ascend the 
TLC plate at different rates; thus, separation is achieved (54).

Depending on the adsorbent used in the TLC, the adsorption of the bioactive 
compounds is based on the principle of adsorption chromatography, or partition 
chromatography, or both. The components with more affinity for the stationary 
phase migrate slower than the other components with lesser affinity. Once the 
components separate, individual spots can then be visualized, and identification 
made using a wide range of spectroscopic techniques, including UV-​visible, mass 
spectroscopy (MS), infrared (IR), and nuclear magnetic resonance (NMR) (6).

The TLC system consists of the TLC plates, the TLC chamber, the mobile 
phase, and a filter paper. The TLC plates are usually ready-​made with a thin layer 
of the stationary phase (made of uniform thickness and fine particles) applied on 
the surface layer with the plates. The TLC chamber helps to provide a uniform 
environment for the development of spots, keeps away dust, and prevents evap-
oration of the solvent(s). The mobile phase comprises a solvent or a mixture of 
solvents. The last component of the TLC system is the filter paper placed in the 
chamber and moistened in the mobile phase. The filter paper helps to develop an 
even rise in the mobile phase over the stretch of the stationary phase (54).

The performance of a compound on a TLC is usually described in terms of 
its Rf value (i.e., its relative mobility). The Rf value, also described as the reten-
tion factor, is a unique value constant from one experiment to another for each 
compound under constant chromatographic conditions. The chromatographic 
conditions include the solvent(s) system, amount of sample spotted, temperature, 
the adsorbent, and thickness of the absorbent. However, these factors are often 
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difficult to keep constant from one experiment to the next. In order to overcome 
this pitfall, relative Rf is usually considered. Relative Rf describes the Rf value of 
a compound to a standard (54).

Researchers have used thin layer chromatography to purify bioactive 
compounds from various plant materials. Altemimi et al. (55) combined densi-
tometry with TLC to isolate and purify flavonoids and polyphenols from peach 
and pumpkin extracts. The combination of densitometry and image analysis has 
earlier been reported to show the ability to measure components of medicinal 
plants (56). Three solvents mixtures were tested to determine the best separation 
solvents: ethyl acetate and acetone (5:4 –​ v/​v); hexane and chloroform (10:10 –​ v/​
v); and ethyl acetate, formic acid, and water (10:2:3 –​ v/​v). The best separation 
solvent mixture was found to be the combination of ethyl acetate, formic acid, 
and water (10:2:3 –​ v/​v), corresponding to the earlier reports of Dmitrienko et al. 
(57). In the TLC analysis of an extract from the bark of Jatropha podagrica, 
silica gel 60 was used as the solid phase, while the mobile phase was a mixture 
of hexane and ethyl acetate in the ratio 8:2 (v/​v). The purity of the fractions 
confirmed with GC-​MS was 97.67% (58).

The advantages of TLC as a method for the purification of bioactive 
compounds include rapid isolation and higher selectivity of compounds with 
minute differences in chemistry. Also, the standard of purity of the sample can 
be easily assessed (54). Despite these advantages, TLC has the shortfall of not 
being able to differentiate between enantiomers and some isomers. In order to 
overcome this, the Rf values for the compound of interest must be known earlier. 
In addition, the length of separation for TLC is usually shorter than that of other 
chromatographic techniques because of the short stationary phase (54).

Aside from the ability of TLC to separate phytochemicals with ease and 
rapidly, it has also been used to detect the biological activity of the separated 
constituents, a method described as TLC bioassay (59) or TLC bioautography 
(60). This method is widely used to measure the antimicrobial activity of the 
separated constituents against fungi and bacteria. The TLC bioautography 
combines separation using chromatography with the determination of the anti-
microbial activity of a target bioactive component of an extract by growth inhib-
ition of microorganisms (60), and this has been considered the most efficient 
assay for detecting antimicrobials (61).

There are three ways through which TLC bioautography can be done:

i.	 Direct bioautography (TLC-​DB) in which the microorganism is grown 
directly on the TLC plate (60; 62).

ii.	 Contact bioautography in which the antimicrobial compounds are trans-
ferred from the TLC plate to an inoculated agar plate through direct 
contact (60; 63).

iii.	 Agar overlay bioautography, in which a seeded agar medium is applied 
directly onto the TLC plate (60; 63), is considered a hybrid of direct and 
contact bioautography (64).

The TLC bioautography techniques are great tools for probing and studying the 
antimicrobial properties of extracted phytochemicals (65). In TLC-​DB, analytical 
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methods earlier described by researchers such as Choma (66) and Morlock and 
Schwack (67) are combined with antimicrobial assays (62). All the procedures 
involved in the analysis, including TLC separation, antimicrobial activity detec-
tion, and visualization, are done directly on the TLC plate (62).

Despite the high sensitivity of TLC bioautography, its application is limited 
to microorganisms that can grow on the TLC plates (60). There is also the con-
cern about the need for the removal of residual low-​volatile solvents, such as 
ammonia, trifluoroacetic acid, and n-​BuOH, coupled with the transfer of the 
active biomolecules from the stationary phase by diffusion into the agar layer 
(68). It is also essential to understand that bioautography is not a quantitative 
measure of the antimicrobial activity of phytochemicals. However, only an indi-
cation of the number of compounds separated that have antimicrobial activity 
(69). The absence of bioactivity in some constituents of the extract is not an 
indication that they are inactivity as many may have additive or synergistic inter-
action with other constituents of the plant extract (70).

4.3.2 � Column Chromatography

Column chromatography is a method in which the substances to be separated are 
introduced into a column packed with an adsorbent material. The constituents of 
the substance pass through the column at different rates based on their affinity for 
the adsorbent and the solvent or solvent mixture, allowing them to be separated 
into fractions. The constituents are collected in solution as they pass from the 
column at different intervals. The mobile phase in column chromatography can 
be liquid or gas (54). In column chromatography, the stationary phase can either 
be coated on a matrix and packed into the column or applied as a thin film to the 
inside wall of the column. The substance to be separated (usually referred to as   
analyte) is then introduced into the column, and the mobile phase (referred to as 
eluent) is passed through the column by use of a pumping system or is applied   
as gas pressure (58).

Two methods are employed in the preparation of columns in column chro-
matography: the dry and the wet column preparation. In the dry column prepar-
ation, dry stationary phase powder is introduced into the column before adding 
the mobile phase. The mobile phase is allowed to run through the dry stationary 
phase until it becomes completely wet and remains so throughout the process (71; 
72). Dry column preparation or dry packing often results in air bubble forma-
tion, which can be challenging to remove. When this occurs, the column has to 
be removed and repacked (72). In the wet column preparation, the mobile phase 
(eluent) is used to make a slurry of the stationary phase powder before introdu-
cing it into the column. Wet column preparation (wet packing) can be muddling, 
but it works well and is preferred for silica gel columns, while dry packing works 
better for alumina (72). After the column has been packed, the mobile phase is 
passed through the column to elute the various components of the sample to be 
analyzed. The components are retained by the stationary phase and separated 
from each other while running at different rates through the column with the 
mobile phase (71).
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The adsorbent or stationary phase in column chromatography is usually 
solid. Previously, cellulose powder was commonly used. This has been replaced 
with silica gel and alumina. The stationary phases are usually finely ground 
powders of gels which are microporous for increased surface area. A significant 
ratio exists between the stationary phase’s weight and the analyte mixture’s dry 
weight that can be loaded into the column. For columns with silica gel, the ratio 
is between 20:1 and 100:1, depending on how close the analyte components to be 
eluted are to one another (71). The mobile phase is a solvent or solvent mixture 
that moves the compounds to be separated through the column. The retention 
factor informs the choice of the mobile phase of the compound of interest, which 
usually is around 0.2–​0.3. This helps to minimize the time and amount of eluent 
needed to run the chromatography. A thin layer chromatography pretest is used 
to optimize the eluent (71).

The analyte (sample to be analyzed) is usually a mixture of components. This 
is dissolved in a small amount of the mobile phase before being introduced into 
the column. Then, the analyte gets adsorbed on the upper part of the column 
from where the individual components are eluted with the gradual introduc-
tion of the mobile phase (73). Elution of the components of the analyte can be 
achieved through two methods: the isocratic elution method or the gradient 
elution method. In the isocratic elution method, a solvent with the same polarity 
is used all through the process of separation, while in the gradient elution method, 
solvents with gradually increasing polarity or increasing elution strength are used 
for the separation (73).

Monitoring the progress of separation can be visually monitored if the 
components to be separated are colored; however, if the components are col-
orless, a small portion of the eluent should be collected sequentially in tubes 
and the composition of each collection analyzed by TLC chromatography (73). 
Devika and Koilpillai (74) obtained a colorless compound from the column chro-
matographic analysis of Tagetes erecta Linn using silica gel 60 F254 precoated 
aluminum plate of 0.2 mm thickness and ethyl acetate:methanol (1:1) as the 
developing solvent. The colorless eluent was visualized by dipping the plate in 
1% vanillin sulfuric acid and heating it at 105°C to obtain distinct spots (74).

4.4  IDENTIFICATION TECHNIQUES

The extracts from a plant contain a cross-​section of bioactive compounds with 
changing polarity. Thus, segmenting them has proven to be a significant struggle 
in identifying and classifying a bioactive element. Therefore, a diverse technique 
which includes paper chromatography, column chromatography, gas chroma-
tography, TLC, OPLC, HPLC, and HPTLC, ought to be used to identify pure 
substances. The regular activity and the organization of the unadulterated elem-
ents are then decided (1; 75). After being separated and purified, phytochemicals 
are often identified by checking several classes of compounds and then comparing 
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these data with those in the literature. Parameters such as homogeneity are 
checked, which is determined if it travels in a single spot in thin layer chromatog-
raphy or paper chromatography. Other parameters are optical rotation, boiling 
points, melting points, and Rf value which is the distance a compound moves in 
chromatography relative to the solvent font (60).

Also, identification can be achieved by measuring the spectral characteristics 
of the plant substance used, such as UV, IR, NMR, and MS. Different identifica-
tion techniques have been adopted to classify the various phytochemicals in plant 
extracts, which are explained in detail below. These detection techniques are a 
vital mechanism in a bioactive phytochemical study (60; 75).

4.4.1 � Chromatography Technique

In a qualitative and quantitative study, chromatography has been proven to be a 
significant biophysical technique for separating, purifying, and identifying mix-
ture components. Chromatography works on the attitude of molecules that are 
contained in a mix that is being applied to a surface and the unchanging phase 
of the fluid splitting from one another while moving with the aid of a mobile 
state. Some molecular attributes connected to partition (liquid-​solid), adsorption 
(liquid-​solid), affinity, or differences among their molecular masses affect this sep-
aration procedure. Chromatography separates molecules based on size, shape, 
and charge (76).

In the chromatography process, analytes are first dissolved in solvents, after 
which they are taken through a solid phase which serves as a sieving medium. 
The molecule is subjected to separation as it moves through the molecular sieve. 
When identifying and isolating on an industrial scale, column chromatography 
is usually advised. The column chromatography is used with automatic fraction 
collecting, as this gives a more purified component in better amounts. The major 
chromatic procedures that offer qualitative information while permitting quanti-
tative data to be obtained are paper chromatography, thin layer chromatography, 
and gas chromatography. This may be done by using one or combining two or the 
three chromatographic techniques (77).

4.4.1.1  Paper Chromatography
In paper chromatography, the chemical substances are separated by taking advan-
tage of their various migration rates across sheets of filter paper. One significant 
benefit of paper chromatography is that separation is done on sheets of filter 
paper, which serves as both a support and a medium of separation (78). Another 
benefit is the repetition ability of the retention factor (Rf) values calculated on 
a paper. The inactive phase in this type of chromatography is the paper sheet. 
A sample is inserted very close to the filter paper’s bottom. The filter paper is 
then put in a chromatographic chamber that contains solvent. The solvent moves 
ahead through a passage, bringing soluble molecules with it. A paper with a low 
porosity level has a sluggish rate of solvent transport, but thick sheets offer a larger 
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sample capacity (79). Compounds are often seen as colored or UV-​fluorescent 
spots, after it has reacted with the chromogenic reagents. The reaction can be 
done in two ways which are either by dipping or spraying. Dipping is usually 
done for large sheets because it is easier; hence the solvent is modified to allow 
easy drying; after it is dried the paper may then be heated to develop the colors.

4.4.1.2  Thin Layer Chromatography
According to Stahl (80), thin layer chromatography (TLC) separates a mixture of 
chemicals into their constituents by using a glass plate covered with a very thin 
layer of adsorbent, such as silica gel or alumina. The chrome plate is the type of 
plate used in this operation. First, a little area of the mixture to be separated is 
put 2 cm above one end of the plate with the solution. After which, the plate is 
put in a sealed jar containing an eluant, which raises the plate, taking various 
components of the mixture to various heights. TLC has more benefits than paper 
chromatography, including adaptability, speed, and sensitivity. TLC has a benefit 
of adaptability because different absorbents aside from cellulose can be spread 
on a glass plate or any other support for chromatography. Hahn-​Deinstrop (81) 
described TLC as an adsorption chromatography technique in which the separ-
ation of materials occurs due to the interaction between tiny layers of adsorbent 
on a plate. The usual method of identification of phytochemicals using TLC is 
normally done by spraying the plate with concentrated H2SO4 as a simpler pro-
cedure, usually for the detection of steroids and lipids (82). Hence compounds 
that absorb at 254 nm are identified by adding a fluorescent dye to the slurry 
during the preparation of the plate or by spraying the plate with a similar dye.

4.4.1.3  Gas Chromatography
GC is another type of separation technique used to separate unstable substances. 
The components in this process are distributed between a gas and a liquid phase. 
The liquid phase is in the state of inertia, while the gas phase is active. Therefore, 
the component of the chemical rate of migration is determined by its dispersion 
in the gas phase. Since the gas phase is in the active state, a component that 
distributes itself entirely into the gas phase will flow at the same pace as the 
flowing gas. In contrast, a component that distributes itself in the liquid state will 
remain stationary (75).

In GC, a sample is vaporized and injected into the chromatographic column’s 
head. A movement of the inactive gaseous mobile phase moves the sample through 
the column. A liquid stationary phase is contained in the column itself, which is 
adsorbed onto the surface of an inert solid. The major parameters of GC are the 
nature of the stationary phase and the temperature of the operation, and these 
are dependent on the polarity and volatility of the compounds being identified. 
Most recently, GC apparatus are now set up to subject the compounds to further 
analysis, such as automatically linking the GC apparatus to mass spectrometry, 
thereby combining the GC-​MS apparatus, which has emerged in recent years for 
phytochemical analysis (83).
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4.4.1.4  Adsorption Chromatography
In this chromatography procedure, various chemicals are adsorbed on the 
adsorbent to changing degrees, which depends on the component’s absorptivity 
in the adsorption chromatography procedure. The mobile phase, in this case, is 
moved across the stationary (waiting) phase, bringing the component with more 
excellent absorptivity to a closer distance than those with lower absorptivity. 
Adsorption chromatography, similarly known as liquid/​solid chromatography or 
displacement chromatography, is centered solely on the interaction between the 
solute and the inactive phase fixed active sites (10). Noncovalent bonds, nonpolar 
contacts, van der Waals forces, and hydrophobic interactions communicate with 
the useful groups of molecules to be separated at the active spots of the inert 
phase. The mobile phase starts by dissolving the loosely bound compound, which 
then allows for the separation of various groups of the compound.

4.4.1.5  High-​Performance Liquid Chromatography
High-​performance liquid chromatography is another type of separation technique 
that determines and separates organic and inorganic solutes in various plant 
samples (84). Generally, the identification and separation of phytochemicals can 
be accomplished using a nonchanging mobile phase. HPLC separates substances 
based on their relationship with solid particles in a densely packed column and 
the solvent in the active phase. In modern HPLC, a nonpolar solid phase, a polar 
liquid phase, usually C18 as an example of the nonpolar solid phase, and a combin-
ation of water and another solvent as the polar liquid phase are used. The analyte 
should be dissolved down a column at high pressure of up to 400 bar before 
passing through a diode array detector (DAD). Identification of compounds by 
HPLC is a crucial part of any HPLC assay. To identify any compound by HPLC, 
a detector must first be chosen; the detector chosen is then set to an optimal 
detection setting. In identifying analytes, a diode array detector is used to inspect 
the absorption spectra of the analytes (60). One benefit of HPLC is its ability to 
identify substances that cannot be vaporized or broken down when exposed to 
high temperatures. Another advantage is that it can replace gas chromatography 
in usage.

4.4.1.6  Partition Chromatography
Partitioning the components into two phases is a process to isolate the 
components from the sample mixture. The two phases are in the liquid state. 
In this process, the mobile phase is the immiscible solid surface covered in 
the liquid surface on the stationary phase. The stationary phase takes out the 
liquid surface, resulting in the formation of a stationary phase. In the process 
of the mobile phase moving away from the stationary phase, separation occurs 
between the components. The partition coefficient determines the separation. 
Liquid/​liquid chromatography: In this procedure, the molecules to be separated 
communicate between two immiscible liquid phases based on their solubility in 
partition chromatography.
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4.4.1.7  Ion-​Exchange Chromatography
Ion-​exchange chromatography, along with other ion chromatography like ion-​
partition/​interaction and ion-​exclusion chromatography, is an essential analyt-
ical technique for separating and identifying ionic substances. Like other types 
of column-​based liquid chromatography techniques, ion exchange is made up 
of mobile and stationary phases, which are needed to separate differently ioniz-
able molecules (85–​87). The mobile phase is made of an aqueous buffer system, 
where the sample mixture to be determined is placed. Furthermore, the stationary 
phase is usually a chemically derived inactive organic matrix containing ionizable 
functional groups loaded with displaceable oppositely charged ions (87). Ion-​
exchange chromatography is a system for separating ions and polar compounds 
centered on their electrical characteristics (88).

4.4.1.8  Affinity Chromatography
In affinity chromatography, separations are centered on distinct relationships 
between pairs of interacting substances, including macromolecules and their 
substrates, cofactors, allosteric effectors, and inhibitors. The affinity chroma-
tography technique is based on a particular binding relationship between an 
immobilized ligand and its binding mate. Examples include enzyme-​substrate, 
enzyme-​inhibitor, and antibody-​antigen communications. The degree of the puri-
fication can be equitably high depending on the specificity of the interaction, 
which usually results in it being the first, if not the only, stage in the purifica-
tion approach. During this chromatography, an assortment of chemicals will be 
placed in the columns. In order to allow the desired chemical to attach to the 
ligand, the buffer is used to wash away substances that have no affinity for the 
ligand. Thus, a buffer with different pH or greater ionic strength is used to elute 
the analyte (89).

4.4.1.9  Size Exclusion Chromatography
Size exclusion chromatography, also known as molecular sieve chromatography, 
is a technology-​based chromatography that does molecule separation in a solu-
tion based on its size and, in some cases, mass (90). This technique commonly 
uses macromolecular complexes, such as industrial polymers. Some other terms 
for it include gel filtration and gel permeation chromatography. This chromatog-
raphy has zero contact or chemical attraction between the stationary phase and 
the solutes.

4.4.1.10  Column Chromatography
Column chromatography is another procedure for separating the components 
of a mixture. However, it uses a column of suitable adsorbents packed in a 
glass tube. The combination is placed over the column, and a suitable eluent 
is allowed to travel down the column gently. The separation of the mixture’s 
components occurs based on the degree of adsorption of the components on the 
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wall adsorbent column. The component with the highest absorptivity is placed 
on top, while the other components flow down to changing heights. Molecular 
sieves, ion exchange, and adsorption phenomena are used in column chromatog-
raphy (19).

4.4.1.11  High-​performance Thin-​layer Chromatography
HPTLC is an improved version of thin-​layer chromatography. Here, the 
components of a mixture are separated with the aid of a high-​performance layer 
and data is collected. The high-​performance layer is created with precoated 
plates with a sorbent particle size of 5–​7 microns and a layer thickness of 150–​
200 microns. The separation type and the plate effectiveness improve when 
the layer’s thickness and particle size are reduced. In HPTLC, the separated 
materials after chromatography can only be seen with the naked eye using 
HPTLC (75).

4.4.1.12  Optimum Performance Laminar Chromatography
OPLC acts as a bridge connecting TLC and HPTLC and their benefits. This type 
of chromatography is a dynamic, analytical, and preparative mechanism that may 
be utilized in research and control labs. OPLC combines HPLC’s user-​friendly 
interface and flash chromatography’s capacity with the multidimensionality of 
TLC for separation. Like another chromatographic process, OPLC works on the 
same principle: a pump forces a liquid active phase through a phase of inert, such 
as a bonded phase medium or silica (91).

4.4.2 � Nonchromatographic Techniques

There are other nonchromatographic techniques that can also be employed for 
the identification of bioactive compounds. These techniques are immunoassay, 
phytochemical screening assay, and FTIR (Fourier-​transform infrared spectros-
copy) (60).

4.4.2.1  Immunoassay
Immunoassays are used in bioactive compound analyses. Immunoassays involving 
monoclonal antibodies (MAbs) with low-​molecular-​weight natural bioactive 
compounds are often used. Immunoassays are often used for receptor binding, 
enzyme assays, and qualitative and quantitative analysis because they possess 
high specificity and sensitivity. Therefore, in most cases, immunoassays may 
be adopted to identify phytochemicals because they are more sensitive than the 
HPLC methods (60).
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4.4.2.2  Phytochemical Screening Assay
Phytochemical screening assay is another method that can be used to identify 
phytochemicals for several reasons, some of which are because it is simple, quick, 
and not expensive and gives a quick answer to the various types of phytochemicals 
in a mixture. The assay includes tests such as Dragendorff’s test, Wagner test, 
Borntrager’s test, Keller–​Kiliani test, Shinoda test, NaOH test, phenol test, Fehling 
test, Salkowski test, Braemer’s test, Liebermann–​Burchardt test, and frothing test 
or foam test (92–​95).

4.4.2.3  Fourier-​Transform Infrared Spectroscopy
This is a proven tool for the characterization and identification of compounds 
or functional groups in an unknown plant extract mixture. In FTIR, the spec-
trum of the unknown compound is usually identified by comparing it to the 
data of the known compounds. The samples used for FTIR are prepared by 
placing one drop of a sample between two plates of sodium chloride, forming a 
thin film between the plates. This method is done for liquid samples. However, 
solid samples are prepared by milling the sample with potassium bromide 
(KBr) and then reduced into a thin particle which is then used for the analysis 
(60; 96).

4.5  CONCLUSION

Extraction, purification, and identification of bioactive phytochemicals are 
very complicated processes due to their enclosure in vacuoles of plant cells 
or lipoprotein bilayers. Extraction involves the use of several techniques 
involving conventional, nonconventional, or a combination of both techniques 
to recover the bioactive phytochemicals in plant matrices. Extraction depends 
on the choice of technique(s), cost of extraction, organic solvent consumption, 
extraction times and efficiency, and temperature. Following extraction, the 
bioactive phytochemicals are subjected to purification to clean up and separate 
fractions of plant constituents. Analytical methods adopted for the purifica-
tion often require optimization and validation before being employed to effect-
ively remove undesired components and recover bioactive phytochemicals with 
intact biological features. Purified bioactive food phytochemicals are subse-
quently identified to determine the class of compounds. These identification 
procedures measure certain parameters and compare them with data in the 
literature.
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