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Abstract

There is a growing demand for vegetal food having health benefits such as improving the immune system. This is due in
particular to the presence of polyphenols present in small amounts in many fruits, vegetables and functional foods. Extract-
ing polyphenols is challenging because extraction techniques should not alter food quality. Here, we review technologies for
extracting polyphenolic compounds from foods. Conventional techniques include percolation, decoction, heat reflux extrac-
tion, Soxhlet extraction and maceration, whereas advanced techniques are ultrasound-assisted extraction, microwave-assisted
extraction, supercritical fluid extraction, high-voltage electric discharge, pulse electric field extraction and enzyme-assisted
extraction. Advanced techniques are 32-36% more efficient with approximately 15 times less energy consumption and pro-
ducing higher-quality extracts. Membrane separation and encapsulation appear promising to improve the sustainability of
separating polyphenolic compounds. We present kinetic models and their influence on process parameters such as solvent
type, solid and solvent ratio, temperature and particle size.
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Abbreviations CAPEX  Capital expenditure cost

UAE Ultrasound-assisted extraction OPEX Operating cost

GAE Gallic acid equivalent SPT Simple payback time

HVED High-voltage electric discharge SSE Sum of squared errors

PEF Pulse electric field extraction

EAE Enzyme-assisted extraction

MAE Microwave-assisted extraction Introduction

SFE Supercritical fluid extraction

MR Moisture ratio The continuous demand for nutrient-rich diet in contempo-
RMSD  Root-mean-square deviation rary health conscious society has led to an increasing con-
NRMSD Normal root-mean-square deviation sumption of polyphenol-rich foods (Iriondo-Dehond et al.

2018). Polyphenol compounds form an important part of
the bioactive group. These compounds are a diverse fam-
ily having more than one hydroxyl groups with a structure
ranging from a simple molecule to a complex polymer. The
compounds are naturally present in small amounts in various
foods, shrubs and medicinal plants like tea, grapes, vegeta-
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Fig. 1 Role of polyphenols in the food industry. The dietary characteristics
ing several health benefits

The production and development of such novel foods is
a challenge, as it has to fulfill the consumer expectations
for the final product to be healthy, nutritious and palata-
ble. The polyphenolic family has played an integral role in
pharmaceutical sector, food as well as nutraceutical indus-
try. They have a potential in tackling health-related dis-
eases and pandemics like COVID-19 (Paraiso et al. 2020).
At a molecular level, they show a promising potential to
inhibit viral proteases involved in replication with low risk
of toxicity. However, the research on natural approaches
against viral diseases is still in its infant stages. Studies on
secondary metabolites with health benefits have identified
the widespread use of polyphenol giving positive dietary
effect on humans (Theodorou et al. 2006; Piccolella et al.
2019). Apart from contributing to the color and sensory
characteristics of foods, they have also shown applications
in food preservation and giving protection against bacteria
and other pathogens (Kuai et al. 2020; Ribeiro et al. 2020;
Sridhar et al. 2020). In the recent years, special sensors have
been fabricated for the detection of biomolecules from foods
(Govindarajalu et al. 2019; Verma and Rani 2020). However,
the performance of such sensors still remains a huge con-
cern (Saravanan et al. 2020). For this reason, great efforts
have been made to understand the evaluation, characteristics
and quantification of polyphenols. The concept of circular
economy has led to the introduction of “zero waste strategy”
for the recovery of such special compounds (Fu et al. 2015;
Romani et al. 2020). It not only acts as a solution to tackle
problems immediately in case of crisis but also provides a
long-term sustenance in the food sector. However, feasible,
cost-effective, energy-efficient, environmentally friendly
methods as well as suitable parameter optimizations still
need to be explored for a controlled intake.
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Applications of polyphenols in food industry

of polyphenols improve the physicochemical properties of foods, giv-

Apart from widely used extraction techniques of Soxhlet
and maceration, ultrasound-assisted extraction (UAE) (Zhou
et al. 2019), microwave-assisted extraction (Rodsamran and
Sothornvit 2019) and supercritical fluid extraction (Sdnchez-
Camargo et al. 2020) have been analyzed extensively in food
and bioprocessing sector for its merits and economic values
(Osorio-Tobén 2020). Investigation is still being carried out
to find an isolation method, which has the least experimental
set-up, low cost with environmental and user-friendly char-
acteristics (Kothari et al. 2012). One of the methods gaining
interest in recent years is encapsulation technologies (Wang
et al. 2020). The enhanced extraction of polyphenols was
also carried out using low-transition temperature mixtures
(e.g., glycerol and sodium acetate) at a specified proportion
(Karageorgou et al. 2017).

However, investigation on emerging developments and
kinetics for the optimization of parameters still remains a
concern. Kinetic studies are one of the ways that help in
understanding the extraction rate, factors, energy consump-
tion and scaleup (Natolino and Da Porto 2020). The need
for mathematical modeling is essential to optimize the
extraction parameters and control the process to get the best
output.

Rapid exploration has been carried out on different types,
characteristics and health effects of polyphenolic compounds
(Tresserra-Rimbau et al. 2018; Sanches Silva et al. 2020).
In a period of 116 years (1900-2016), 85% of the total
published works on polyphenols was in the form of peer-
reviewed research articles, while the remaining included
book chapters, conference proceedings and review articles.
The USA published the highest number of research articles
(6713) followed by China (4959) and Spain (3677). Accord-
ing to Web of Science, the total number of articles published
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in the area of polyphenols increased by more than two and
half times in the last 10 years from 2006 to 2016 with major-
ity of studies done on grape seeds (Adebooye et al. 2018).
The global polyphenol market was valued at USD 873.7 mil-
lion in 2018 and is expected to achieve a growth rate of 6.1%
owing to increasing demands and market size (Ameer et al.
2017). However, an exhaustive understanding of the devel-
opments of polyphenols from different foods still needs to be
achieved. Thus, this article brings focus on the technologies
developed for the isolation of polyphenolic compounds from
different foods. Techniques mainly percolation, decoction,
heat reflux extraction, Soxhlet extraction, maceration, ultra-
sound-assisted extraction, microwave-assisted extraction,
supercritical fluid extraction, high-voltage electric discharge,
pulse electric field and enzyme-assisted extraction have been
given adequate importance. Additionally, future advance-
ments in extraction technology, mainly membrane separation
and encapsulation techniques with their usage in concentrat-
ing polyphenolic compounds, have been given enough focus.
Key parameters like nature of solvent, solid—solvent ratio,
temperature, particle size and their influence on food have
been thoroughly discussed. Lastly, mathematical models for
optimizing the overall extraction have been highlighted for
controlling the process. This article could provide a prom-
ising platform for understanding the scope of polyphenols

in the food industry addressing major issues like quality,
adaptability and cost.

Extraction methods of polyphenols

Extraction plays an important role for isolation and purifi-
cation of many bioactive components from food material.
In order to obtain the extract from the food sample, steps
like size reduction, extraction, filtration, concentration and
drying should be noted (Azmir.J et al. 2013; Zivkovié et al.
2018). Figure 2 illustrates the general flow diagram for the
isolation method of polyphenols from foods. Various extrac-
tion techniques have been analyzed to estimate the polyphe-
nol recovery from foods ranging from traditional methods
to modern methods. The most extensively used techniques
for extraction include Soxhlet extraction, maceration, ultra-
sound-assisted extraction, microwave-assisted extraction,
supercritical fluid extraction, high-voltage electric discharge,
pulse electric field extraction and enzyme-assisted extraction
(Pasrija and Anandharamakrishnan 2015; Luo et al. 2018).
Apart from these technologies, membrane separation and
encapsulation methods have also shown their potential for
better extraction of polyphenols (de Santana Magalhies et al.
2019; El-Messery et al. 2019).
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Fig. 2 Isolation of polyphenols from food materials. Different extrac-
tion technologies have been investigated for the separation of bioac-
tive compounds from foods, ranging from conventional to non-con-

ventional methods. Extraction efficiency is dependent on factors such
as the nature of solvent, solvent—solid ratio, temperature and particle
size
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Conventional technologies

As polyphenolic compounds are usually obtained inside
different foods, beverages and plant matrices in small
quantities, extraction methods become necessary. Pretreat-
ment techniques like drying, crushing and grinding may be
required depending on the samples. After extraction, iso-
lation and purification are done to obtain the active com-
pounds (Chuo et al. 2020). Conventional extraction methods
mainly include percolation, decoction, heat reflux extraction,
Soxhlet extraction and maceration. These are varied depend-
ing on the composition and characteristics of food samples.
Although conventional methods are easy to use, they pose
negative effects like high extraction time, huge energy con-
sumption and solvent wastage (Zwingelstein et al. 2020).

Percolation

Percolation is a traditional procedure used for separation of
active compounds from fluid extract. It consists of a nar-
row percolator (generally cone-shaped). The food sample
is mixed thoroughly with water, and the solution is added
from the top through the column into a closed container.
The mixture seeps down with time (24—48 h depending on
the sample), thus obtaining the pure extract. The enriched
wet extract is concentrated in evaporators to get the desired
concentration. The technique has been used for isolating a
variety of polyphenolics from food matrices (Hansen and
Mgller 1975; Rathore et al. 2012).

Decoction

Decoction involves boiling the crude aqueous extract to
a certain volume for a specific time to get the heat-stable
materials. The liquid settles down and is cooled, strained
or filtered. The technique can be used for extracting water-
soluble constituents. However, it should be noted that this
procedure holds inefficient for heat and light-sensitive com-
pounds. Additionally, mass transfer and kinetic effects are
needed to be considered. Keeping negatives aside, this tech-
nique has found applications in various aromatic (Fuleky
and Czinkota 1993) and medicinal plants (Rijo et al. 2014;
Hashemi et al. 2019).

Heat reflux extraction

Heat reflux extraction is a much preferred technique as com-
pared to percolation and decoction as it requires less extrac-
tion time and solvent (Zhang et al. 2018b). The technology
involves heating the matrix for a particular time, leading
to a complex chemical reaction. As the process uses reflux
extractor as the main reactor, better mass transfer and contact
efficiency are achieved between solvent and treated matrix
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(Tian et al. 2016). The vapor trickles down to the flask, thus
controlling the temperature of the reaction. The technology
has been preferred due to its simplicity and easy operation
(Zhang et al. 2018a). The technology has found application
in extracting many natural, phytochemical compounds and
essential oils (Gao and Liu 2005; Aliboudhar and Tigrine-
Kordjani 2014).

Soxhlet extraction

Soxhlet extraction has always been the most extensively used
process for extraction purposes involving concentration of
analyte leading to separation of bioactive constituents from
natural products. Sample preparation is the most critical and
can be done using variety of techniques (Luque de Castro
and Priego-Capote 2010). Leaching is considered as one of
the traditionally and practically used methods for solid pre-
treatment. When it comes to environmentally friendly meth-
ods, Soxhlet extraction is one of the relevant techniques. In
conventional Soxhlet, sample is added inside a thimble and
fresh solvent is added in the round-bottomed flask. The fresh
solvent is passed through the thimble during the extraction
process and then used as recovery. When the liquid reaches
the top, the siphon drops the solvent back into the round-
bottomed flask through the thimble holder. This operation is
repeated until the process reaches saturation. The extraction
of polyphenols is carried out for about 24—50 h, and more
than half of the solvent is used for extraction studies (Sen
et al. 2017).

Due to its increased simplicity, the Soxhlet extraction
method is still considered. However, there are some draw-
backs to this technique. It uses large amounts of samples
(10-30 g), long extraction times (18-24 h depending on the
sample), large amounts of solvent usage (300-500 mL per
sample) and excessive loss of heat energy (Hawthorne et al.
2000).

On the other hand, maceration is considered a more suita-
ble extraction technique as it uses lower temperatures, lesser
time duration and gave higher yield of polyphenolic content.
For instance, a study was done for determining the phenolic
and flavonoid content of Syzygium cumini. L seed kernel.
Soxhlet extraction gave a total phenolic content (TPC) of
30.05 mg GAE/g at 100 °C in 6 h, while batch extraction
gave a phenolic content of 79.87 mg GAE/g at 50 °C in
105 min (Mahindrakar and Rathod 2020). Another investiga-
tion on extraction of curcumin was analyzed using process
intensification methods. It was concluded that batch extrac-
tion gave higher yield (7.89 mg/g) at lower temperatures
(30 °C) as compared to Soxhlet, which took almost the same
yield at increased temperatures (Shirsath et al. 2017). Thus,
it can be concluded that maceration is a more promising and
affordable technique.
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Maceration

Maceration is one of the go-to methods for determination of
polyphenolic compounds (Cuji¢ et al. 2016). This is due to
its simplicity, least experimental set-up, low cost and envi-
ronmentally friendly characteristics.

The speed of agitation and time are the two most impor-
tant factors to be considered in this technique. The speed of
the magnetic stirrer may lead to a vortex formation, which
leads to a turbulence when the speed of the stirrer is varied.
Due to these parameters, an increase in mass transfer rate
may also be possible. Thus, the speed of the stirrer should
be maintained between 180 and 240 rpm. If the speed is
increased, there is high variations in equilibrium concen-
tration and hence the diffusion coefficient (Shewale and
Rathod 2018). Thus, the full study is undergone until all the
compounds are extracted and process reaches equilibrium
(Amita Pandey and Tripathi 2014).

Apart from the advantages and simplicity in design,
maceration technique poses few disadvantages. There may
be batch-to-batch variations leading to error. Additionally,
with the upcoming technology and fast-growing world, time
could play a key role in this extraction. A huge amount of
time is required for reaching equilibrium. Table 1 shows the
comparison between Soxhlet extraction and maceration tech-
nique (Ozel and Kaymaz 2004; Azwanida 2015; Shukla et al.
2016) as they have extensively used for extraction studies.

Non-conventional technologies
Various studies have shown the potential of conventional

extraction methods like Soxhlet extraction and maceration
technique with promising results. However, such methods

Table 1 Comparison between Soxhlet extraction and maceration technique

require huge usage of solvent, time and energy. The com-
mercially used techniques for the extraction include ultra-
sound-assisted extraction, microwave-assisted extraction
and supercritical fluid extraction (Luo et al. 2018). These
techniques have shown a promising potential for improve-
ments in polyphenolic content by 32-36% with about 17.6-
fold lower energy consumption as compared to thermal
treatments (Maza et al. 2019). Table 2 shows the unique
characteristics of the above technologies (Azwanida 2015;
Llompart et al. 2019; Fayaz et al. 2020; Wen et al. 2020).
Emerging techniques like high-voltage electric discharge,
pulse electric field extraction and enzyme-assisted extrac-
tion have also gained interest and have been investigated
with different food and plant matrices. These techniques
show high quality of extract with the least consumption
of raw material and energy. Figure 3 shows the emerging
technologies required for the isolation of polyphenols. Fig-
ure 3a shows ultrasound-assisted extraction systems (probe
and bath sonicator) illustrating the cavitation phenomenon
due to application of frequency on food matrix. Figure 3b
gives a schematic of the heat exchange occurring between
the food material and environment on application of micro-
wave energy. Figure 3c depicts the mechanism of supercriti-
cal fluid extraction with CO, as critical solvent.

Ultrasound-assisted extraction

Ultrasound-assisted extraction (UAE) deals with the applica-
tion of high-intensity ultrasonic waves into the treated food
sample. The technology is known for its simplicity and is
comparatively cheaper as compared to other conventional
extraction techniques (Dai and Mumper 2010). The intro-
duction of high-frequency waves leads to a disturbance in

Criteria Soxhlet extraction Maceration
Terminology Finely ground sample is placed in a thimble Soaking of coarse food materials into a container with a
Solvent in the flask is heated, it vaporizes into the thimble solvent
containing sample and condenses back into the flask. Frequent agitation and mixing take place due to which cell
When the liquid reaches the top, the contents get emp- walls break releasing bioactive compounds
tied and the extraction continues The solvent is recovered, and the extract is obtained using
filtration process
Sample type Dry and finely divided solids Coarse or powdered form

Extraction time span ~ Low
Solvent generally used Petroleum ether, hexane

Selectivity of solvent

Solvent should be carefully selected. Exposure to hazard-
ous or flammable organic solvents can have negative

High
Ethanol/methanol-water mixtures

Depends on the compounds extracted from the food or
plant sample

effects on the overall extraction depending on the food

sample chosen

Cost High cost as solvents chosen need to be highly pure for

taking part in the extraction
Purity and efficiency

Energy consumption ~ High

Lower yield of polyphenolic content and flavonoids

The choice of solvent enhances the extraction process.
Solvents used in the soaking process play a critical role

High yield with maximum phytochemicals

Low

@ Springer
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Fig.3 a Ultrasound-assisted extraction (UAE) assembly with probe
and bath extraction illustrating mechanism of bubble cavitation.
Application of ultrasound energy leads to rupturing of cell wall of
food material resulting in increased yields. b Schematic of a micro-
wave-assisted extraction (MAE). The mechanism involves applica-

solute—solvent mixture, resulting in breakage of cell walls
and solvent diffusion (Cares et al. 2010). Criteria such as
swelling rate, disruption and particle size post-treatment
need to be considered for obtaining a higher efficiency (Xu
et al. 2007). An increase in intensity during the process leads
to intramolecular forces breaking the particle—particle bond.
This leads to bond breakage and excessive penetration of
solvent into the compounds resulting in cavitation.

The reason why ultrasound extraction holds an edge
with respect to technology is due to shorter residence time
between particles to solvent, the usage of small amounts
of material, the least amount of solvents needed for use
(100 ml minimum) and increased yields in overall polyphe-
nolic extraction (Chmelova et al. 2020; Oroian et al. 2020).
It holds useful in the isolation of bioactive elements within
a very small period of time. One disadvantage is the require-
ment of a surplus amount of constant ultrasound energy for
extraction of phenolic content (Savic and Savic Gajic 2020).

Microwave-assisted extraction
Microwave-assisted extraction (MAE) is another advanced

technique used for isolation of polyphenolic compounds.
The introduction of electric and magnetic field leads to

tion of microwave energy to the food matrix leading heat transfer.
Solvents with high dielectric constants are generally preferred for
the process. ¢ Mechanism of supercritical fluid extraction (SFE). The
technique involves the usage of supercritical fluids as extracting sol-
vent

heat transfer and conduction, resulting in a dipole moment
between solvent and sample. The rotation also leads to suc-
cessive collisions because of which thermal energy is pro-
duced in a closed environment. The phenomenon takes place
very fast as the heating takes place in a closed medium. In
this process, it heats the whole sample thoroughly by con-
vection (Wen et al. 2020). Microwave extraction has smaller
extraction time, minimal solvent requirement, increased
extract purity, cost-effective, and better phenolic extraction
yield in comparison with traditional methods. However, a
tremendous amount of heat and energy loss occurs while
conducting the process (Périno-Issartier et al. 2011).

Supercritical fluid extraction

In recent years, supercritical fluid extraction (SFE) has
gained a lot of interest to extract bio-actives from plants
at atmospheric temperatures preventing thermal denatura-
tion. Supercritical fluid extraction is considered an effi-
cient technique for separation studies due to its design
and simplicity of construction. Transport phenomena
studies allow better understanding of flow behavior and
boundary conditions making it a faster extraction method
than conventional techniques. Important criterions such as
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temperature, pressure, sample volume, solvent additions,
flow rate controlling are to be strictly considered. Many
solvents were tried due to the special conditions desired
for carrying out the extraction procedures. Solvents like
hexane (Lee et al. 2019), pentane (Lancas et al. 1994),
toluene (Pripakhaylo et al. 2019), nitrous oxide and sulfur
hexafluoride (Sakaki et al. 1990) were considered to be the
most suitable for studies. However, carbon dioxide (CO,)
has been the most extensively used solvent due to its ease
of solvent removal and least cost (Pasrija and Anandhara-
makrishnan 2015). It is considered as a promising solvent
because of its supercritical existence. Additionally, the gas
is non-corrosive, inexpensive, colorless and odorless mak-
ing it one of the ideal choices for isolation and purification
in food industry (Sanchez-Vicente et al. 2009; Campalani
et al. 2020).

However, there may also be few disadvantages when
considering the following extraction studies. The phase
equilibrium plays an essential role during the designing of
a highly sensitive process with too many operating condi-
tions to be followed. A large amount of pressure and envi-
ronmental conditions also need to be met for the initiation
of separation studies (Chaves et al. 2020).

Keeping the negatives aside, supercritical fluid extrac-
tion has shown positive signs as compared to other
conventional techniques for extraction of polyphenolic
compounds.

(a)

% —— Insulation

High voltage
treatment cell

Liquid intense
mixing

Food sample
fragments

High voltage electric | Shock waves
generator

High-voltage electrical discharge

High-voltage electric discharge (HVED) technique is a sus-
tainable technology involving the application of high volt-
ages into an aqueous solution. It can be a good alternative as
compared to thermal and conventional treatments. Figure 4a
shows the mechanism of high-voltage electric discharge
treatment. The two submersed electrodes having high volt-
age release energy through a plasma channel into the mix-
ture causing the disturbance (Roselld-Soto et al. 2015). The
principle of high-voltage electric discharge can be described
in two phases: the first phase (prebreakdown phase) and the
second phase (breakdown phase). The first phase involves
the introduction of light shock waves to the food sample,
thus forming small bubbles. Adjusting the electric field
intensity leads to the initiation of breakdown phase, resulting
in release of active ingredients from the sample. However,
the modification of electric field should be performed care-
fully as transition from prebreakdown phase to breakdown
phase (electrohydraulic phase) could lead to several effects
such as strong shock waves, structural damage to the sample,
plasma bubbles inside the sample and strong liquid turbu-
lence (Li et al. 2019). Energy usage forms an important for
better recovery of active compounds and determining the
efficiency of the system. The energy of the treatment (Rajha
et al. 2014; Barba et al. 2015) can be shown in Eq. (1) and

Eq. (2):

(b)

|
T i \ Pulse electric

; field generator /
Data recording

Pump? 3 Cool.ing
coil
| Treatment
chamber
Untreated
Food sample Treated food
sample

Fig.4 a Mechanism of high-voltage electric discharge treatment (HVED) and b pulse electric field extraction (PEF) treatment
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c WHVED
E= X, <1>
t
Wuvep = { Vidt 2)

where E is the specific energy (kJ/kg), m the product mass,
Wyvep 1s pulse energy (kJ/pulse), V is the voltage (V) and /
is the current applied (A).

In recent years, the technology has been extensively
used for extracting polyphenols from various foods like
grapes (Brianceau et al. 2016), pomegranate peel (Xi
et al. 2017), peanut shells (Yan et al. 2018) and papaya
(Loncari¢ et al. 2020). The technology thus poses as a
sustainable method for the extraction of polyphenols.

Pulse electric field extraction

Pulse electric field extraction (PEF) is a green technology
used for extraction of phytochemicals from many food
materials in the absence of heat. The method involves
the usage of electric pulses of moderate intensity leading
to rupturing of cell membranes. The sample is placed
between two electrodes, and electric field is varied
depending on the sample. The release of compounds is
due to the intermittent pulses of electricity produced dur-
ing the process. (Puértolas et al. 2010). Figure 4b shows
the mechanism of pulse electric field extraction.

Electric field strength (E = V/d), pulse duration and
number of pulses play an integral role in determining
the efficiency of the whole sample. The intensities range
from low (< 100-200 V/cm) to high (> 1500 V/cm). How-
ever, it is noted that short pulses are most effective for
extraction of polyphenols in pulse electric field.

The energy consumption for this treatment (Epgg) (E1
Darra et al. 2013) can be calculated as per Eq. (3):

'
VIdt
m

(©)

Epgp =
0

where V is the electric field voltage (V), I the current
(A), tis time (s) and m is the mass of the food sample (g).

In recent years, the technique has been in demand for
analyzing many bioactive compounds in fruits and vegeta-
bles like strawberry (Stiibler et al. 2019), orange (Luengo
et al. 2013), red beet (Loginova et al. 2011), grapes (Del-
sart et al. 2012; Brianceau et al. 2015), tea (Liu et al.
2019) and onion (Liu et al. 2018).

Enzyme-assisted extraction

Enzyme-assisted extraction (EAE) is a sustainable technol-
ogy dealing with introduction of enzymes into a mixture
enhancing overall efficiency. Figure 5 shows the mecha-
nism of enzyme-assisted extraction. The basic mechanism
involves disruption of cell wall of food material by hydrolyz-
ing it using an enzyme as a catalyst under optimum extrac-
tion conditions for release of bioactive components (Nadar
et al. 2018). Addition of an enzyme softens the cell wall of
the sample giving it easier access to the solvent medium.
Since bioactive compounds, polyphenols and other phyto-
chemicals exist inside the cells and are difficult to extract,
this technique helps to release such compounds. The
enzymes mainly used for extraction are cellulose (Yuliarti
et al. 2015; Wikiera et al. 2016), protease (Oliveira et al.
2020) and pectinase (Mari¢ et al. 2018; Dominguez-Rod-
riguez et al. 2021). Table 3 shows the estimation of total
phenolic content extracted from food samples using different
enzymes. Particle size and enzyme ratios play an integral
role in moderating the yield of polyphenols.

The technology is an environmentally friendly method
majorly using water as solvent medium. Additionally, the
extraction is carried out at low temperatures and requires
low energy, thus preventing polyphenols from degradation.
However, not many enzymes have investigated specifically
for isolation in polyphenols from foods. The technology has
extensively been used for extraction of polyphenols from
vegetables and beverages like cabbage (Huynh et al. 2014)
and wine (De Camargo et al. 2016).

Table 4 shows the estimation of polyphenolic content
using conventional and non-conventional technologies as
discussed above for different foods. The method selection
depends on factors like raw material, concentration, bioac-
tivity, target molecule, process yields, cost, energy consump-
tion and impact on the environment (Maroun and Chacar
2018).

The emerging novel food processing technology for isola-
tion of polyphenols has a promising potential to produce safe
products with high quality. These techniques could minimize
adverse losses taking place during conventional processing
of bioactive compounds from fruits, vegetables and other
products. Advanced technologies like membrane separation
and encapsulation have also paved their way at a commercial
level. These are discussed below.

Membrane separation

The use of membrane separation technology has been gain-
ing lot of interest for separating as well as concentrating
phenolic compounds and purifying them. The technology
offers far better replacement as compared to traditional
technologies like Soxhlet extraction as they possess low
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Fig.5 Extraction of phenolics using enzyme-assisted technology
(EAE). The technique is a green technology involving the addition
of a suitable enzyme for increasing the overall efficiency. Addition of
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Concentrated polyphenolic
extract

an enzyme like cellulase or xylanase leads to enzymatic hydrolysis,
resulting in faster cell wall breakage. Variation in process conditions
leads to release of polyphenolic compounds from the food matrix

Table 3 Estimation of total phenolic content from food samples using enzyme-assisted extraction (EAE)

Food sample Enzyme used Conditions

Total phenolic content (in terms ~ Reference

of gallic acid equivalent (GAE))

Chokeberry pomace Viscozyme L and CeluStar XL Enzyme to solute ratio: 6% v/w,
40°C,pH:3.5,7h

Grape pomace Cellulase, tannase

Guava leaves Cellulase, xylanase

Citrus peel Viscozyme L

Acetate buffer, pH: 5,45 °C,2 h

Dried powdered guava leaf (5 g)
with water pH: 5, 12 h

Enzyme dosage: 0.5 g

Citrus peel (0.5 g), acetate
buffer, pH: 4.8, 60 °C, 0.8%

With enzyme: 15 mg GAE/g

Without enzyme: 11.6 mg
GAE/g

0.74-0.76 mg GAE/g

With cellulase enzyme: 27.2
No significant influence on
xylanase enzyme

With enzyme: 1590
Without enzyme: 1169.23

Kitryté et al. (2017)

Meini et al. (2019)
Wang et al. (2017)

Nishad et al. (2019)

concentration of enzyme

usage, 1 h

operating costs, easy scaleup and give higher product quality
(Castro-Muiioz et al. 2019). In recent years, pressure-driven
membrane process mainly ultrafiltration, microfiltration and
nanofiltration have been largely studied in the agro-food sec-
tor. Figure 6 shows the membrane process technology used
for isolating polyphenolic compounds from a food sample.
Studies done for polyphenol recovery from artichoke (Conidi
et al. 2014), wine lees (Giacobbo et al. 2017) and other natu-
ral compounds (Cafiadas et al. 2020) have shown variation

@ Springer

in improved recoveries with greater efficiencies. The pro-
cessing of juices and liquid foods has also yielded useful
health benefits and given higher recoveries when treated
with membrane technology (Avram et al. 2017). Table 5
shows membrane separation as a technology for isolation of
polyphenolic compounds from different foods.
Membrane-assisted solvent extraction has shown to be
an efficient alternatives compared to traditional extraction
techniques in terms of toxicity and quality of extract. This



3419

Environmental Chemistry Letters (2021) 19:3409-3443

juounean SuLmp SyudW

(T102) 'Te 19 so@uog  -aroxdwr AyrousSowoy 29Inf
juouIIeaI} J11BISOIPAY
)IM PAUIqUIOD UOTIORIIXD
punosenn uLnp poAlesqo
SQWAZUD JO UONJBATIORUL pUB

(¥102) T8 10 1AV Kouerdyye uonoenxe Y3y

JOIYX0S [euonIpes] 0}
paredwos se gy 03 payoal
-qns a1om spaas adeid uaym
(€107) Te1 0M0J B  POAISSQO AISAODRI IO 10N
Spooy
[euonouny jo uoneredaid
IO} JUSIpaISUI J[qeIINS ©
31 Sunyew ‘sorjouayd jo
junowre denbope ue sey [ood
o3uepy “onbruyo9) uonoenxe
191199 ® se paaoid gvN
syonpoid pappe-on[ea ojut
pauwLIOjsuLI} 2q P[NOD $3oN
-poid-£q [ood snno pajeneaqg
‘urprradsay
QUOUBARJ 9Y) UI PUNOJ SeM

(L107) '8 10 Tepjes

8VL

0T°S01

86°L9 VN
09°8 :UOTJEISJBIA

urur O ;Wo/M 9LE

un 09 D, 0T
‘opmidwre %0, “ZHY §T
4 7] :own UONeIdoeIN

.OO

0S-Do 0 18 U O¢ ‘M 0ST
‘ZHY 07 ‘3 ¢ :orduwres paag
uoneIddRW PIM V)

4 9 I0J oFesn

JUSAJOS QUEXY-U [W ()€
‘Do 06 ‘8 6T :o[dures paog
UOT}OBIIX9 JO[YX0S

[OUBYJO PUE [OUBYIIIA

pazA[euR JURAIOS @D, SS

‘¥ ‘g¢ ramyeradwa],

®ZHY S¢ :Aouanbai :uon
-ORI)XQ PI)SISSe-punosen|)

urw 1 ‘wdI 000§ Do OF
‘ropmod 19ad 3 ¢ :uoneIaden

Do 06
‘urw 61 ‘(a/A 08:07) 30vem

UOTIOBIIXD PIISISSL-PUNOSELN])

juaUIIBaI) JNBISOIPAY

[IIM UOTIORIXS PIISISSL

-punosenn sa (gvy[]) uon
-OBI)Xd PAISISSe-punosen[n

uornoenxa 19[Yxos
pue uonoeNXa pIISIsse
-punosen[n ‘uoneIddRIA

(dV[1) uonoenxa pAasIsse
-punosenn pue UOIRIIIBIA

uopow adnoreiue)

oiddy

spaas adein

[0ad o3uey

(6102) Te 10 elfojN-Zowon juyuod [ouaydAjod Jsey3TH €19-087 —Joueye qu (¢ ‘oidures 3 ¢ UOT)BIOOBIA spead snni)
sjonpoxd
OI)AWISOD pue POOJ Ul Pasn
9q P[NO9 SI0RIIXS UO[IA Do 0S
‘speorpes [Axouayd ‘4 9 ‘[w O :93esn JUIAJOS
pue uaSoIpAy usemiaq A 0S’'T :po°S 'Spa9s Spaas
(6107) ‘T8 12 B[[PA.  -[IqeIS [edIpel Ul juswaAoidwy 89°6Z :19d  pue spead jo zopmod Suwr (o0 191eM SUISn UONORIIXS [OUBYIT pue [oad uopow adnopeiue)
B/avo)
juaeambs proe o1y[e3 Jw)
Q0URIRJOY NI Nl plilg) Juoyuod drjoudyd [el0], suonIpuo)) anbruyoay, ordwres poog

SPOOJ JURISJIP 10} (JHd) UONOBNXS p[oy 91192 asind pue (QHAH) 951eyosIp o1od[e 25e1[0A-yS1y ‘(FJS) uonoenxa pmyg
reontoredns ‘(FYIA) UOIIORIIXD PIISISSE-OABMOIOIW ‘(FV[]) UONORIIXS PIISISSE-PUNOSEI[N SYI] SPOYIOW UOTIBIXS [BUOIIUSAUOD-UOU SNOLIEA SuIsn judjuod orjousyd [e10) jo uonewnsy ¢ ajqel

pringer

a's



Environmental Chemistry Letters (2021) 19:3409-3443

3420

s)nsa1 oy} Surureqo
ur 9[o1 [eoNLId & pakeld s1|
-odoid jo uoneredaid sjdweg
“JU2JUOD
[ouOARY pue AJUIOLJO
uonoenxa sorouaydLjod
Jo uone[ost 10J anbruyoe)
JUSIOLJS yonw & se paoid
(6107) ‘Te 12 UBIOIQ UONORIIXD PAISISSE-PUNOSEI[ )
(uonqruyut 9(.) Airanoe
JUBPIXOTJUE PUE JUAUOD
orjouayd ur y3ry ‘Ayrenb
poo3 ur sem 90In( Jo118d Ul
(0200 T8 @ A Pasn [I0 paasxey paypoLIuy
PooJ ysnq ay) Jo ANIAnOR
JUBPIXONUE JUUOD I[OU
-oydATod Sururursyep 103
[eUONUAAUOD 0) paredwod se
poyIoW UonoRNXd parryaid
(1107) ‘Te 10 IoNIBSS[-OULIYd  QIOW 9q 0} JNO pauIn} FVIA
Q1) UOTJBIPRLII
(0z02) urw ¢ “somod M $9°06€
¥0qzQ njAosyy pue uryse], Q19M suonIpuod wnwndQ
K1AnO® JuepIXOnUE
pue sprouoaey ‘sjouayd 110}
‘Pro1f jo swidy ur anbruyoo)
[eapI ue 9q 0} IO pauIn}
(6107) ‘Te 10 UTES  UONOBIXD PIISISSL-PUNOSLI )
AIewasol pue QwAy) woly
sjuawdAoIdwr sprousjore))
QWIAY) UT POLI2IUD
pjjauoups Jo yuawasoxdur
QJBI IMOID) @) ATeWSOI
pue owAy) Yioq ur padnou
spunodwos osrjouaydAjoq
‘WNLI2IODQOPIYig JO
(0207) ‘Te 10 Bieyouny AJNAIOR PAJR[NWIS PUNOSEN]()

Y0S—681

SIc

[$L JEUOTIUSAUOD)

LY1T (AVIN)
UOTJORIIXD PAISISSB-OABMOIOIA

8C¢9I1

66'1C

$°GT :ATeWasoy
8GT owAy],

uru |

‘A OF 1 “UOTIORIIXQ QABMOIDTW
ur ¢y

‘ZHY 07 :UOTOBNXd punosenn
amjeradwod) woos

‘wd1 OG7 Y ¢ ‘UOTIRIQORIN

onelr
JisBM 0} TI0 §/3 1:90’g ‘o
UOTOBIX UIW 6¢°6 ‘M S9T

unu g
‘wd1 gO§ :[eUOTIUAUOD)

ur €1 D, 001-0T ‘M 00%
{(HVIA) UOIJRIIXd QABMOIDIA

U Goe°|
M 009°09€°0CT

Do LE ‘U O “(€:T) AU0IIY

Do OF

‘M 00F (WO/M L'8T ‘uon
-ORI}X9 PIISISSB-PUNOSEI)[()
wdi Oz :[eUOIIUAUOD)

UOTIOBIIXS PIISISSE-PUNOS
-BI)[N ‘UOTIORIIXD PI)ISISSE

-OABMOIOIUI ‘UOTIBIOIRIA] stfjodoid
UOTIOBIIXD POISISSB-OABMOIOTIA som( jorre)
uon
-ORI)Xd PAISISSB-IARMOIOIUI
SA UOTJOBIIXQ [RUOTIUSAUOD) ysnq uIoypong eog
@EBvIv
UOTIOBIIXD PIISISSB-OABMOIDIIA ©9) U2AID)

UOTIOBIIXD PISISSE
-punosen|n pue UOTNEIIOBIA sead snn1)

UONORIIXD PAISISSB
-punosenn sA [BUONUSAUOD)  SIOBIXA QWAY) pue ATBWISOY

0UQIRJOY NI Nilplilg)

(3/avD)
juseamba proe orj[ed Jwr)
JuaIu0d drjouayd [e10],

suonIpuo))

anbruyoa], grdures pooq

(ponunuoo) ¢ sjqey

pringer

Qs



3421

Environmental Chemistry Letters (2021) 19:3409-3443

KouQroLje pasearour
SurA13 uorsnyyip 1oy3y
)M SJUAJOS JTUue3Io Jo
(S107) ‘Te 10 spjIeS  9Fesn Ise9] pamoys anbruydag,

KyIAn)oe JuEpIXOnUER

pue juayuod drjouayd Jur

-ouanyur 9o1 juelrodwr

ue pakerd ainssaxd 1odea

pue spunodwos oruesio jo
Aiqnios ‘A)Isuap JuQA[0S

(o jo
5001 /3 9L°€9) proe drejour]
Ul YOLI SEMUOTIORIIXS [BONLID
-1odns-3sod 1onpoid [euy oy,
‘uorn
-0BIIX9 J19[YX0S uey) AIIqe)s
QATIEPIXO JoYIIY 9Ae3 HAS
3/3w £5'09
1uonoeNX? piny reontoradng
38w 19'16T
{UOTJORIIXD JUSA[OS
“un 09 pue 5, 09 “req 00T
& POASIYOE Sem PAIK 1S9g
“SPIRIA 1ay3Iy
(1102) 'Te 10 Dewllg YIM JUSUOD PIOUOAR]) I9)RAIN)

(6107) 'Te 19 0reS

(0202) ‘Te 1@ OUNUALID]

sjueprxonue
[erozourod o) paredwoo se

Knanoe jueprxonue paroxduy
-a3es pue
QWIAY) Ul pa3d)ap souadiaip

(0107) ‘Te 102 o180qRg s1joudyd junowre 1soySIH
Q)sem Pooj-0I3e Jo uonez
-110TeAQI J0J onbruyoe) 9[qe
-INS € 9q 0) PUNOJ SeM UOT)
-ORI)XQ QABMOIDIJA "UIS SBM

(6107) ‘T 10 O[[LIED-S[IMY  PIoe dI[es jo Junowe Y1y

eorr—vs

81 1°60LI

31 g1 eryx0g
Sl96C
:uonoeRNX? pIng [ednoradng

9'¢ce

€00 “Tourye ‘edIN 0T “Y 80€

st o1 :uon
-ernp as[nd ‘zH ¢'Q ‘[oueyIo
%01 S/ €8 “ndut AZroug

(Q9AH) 931y

(!
uonoenxa piny reonuodng

un Op |
0D O U1 Do OF BdIN ¥T

UONOBIX? JO[YX0S pue
uonoenxs piny feonuoradng

urr 06-09
Do 09-0 “Teq 00€—001
1uonoBNX? [eonLoIadng

UOIJRIIXD JUSA[OS PUB
uonoenxs pmy [eonuoradng

(34s)

Do 001 ‘BN S€  UODoRIXd piny [eontoIadng

uru G'6g ‘[0UBYIR %G¢ ‘D, 08  UONIBIIXD PAISISSB-IABMOIIIA

-STp O1109[2 25.)[0A-UYSTH

YO SWIBSAS

SoABQ[ A110qMENS

spaas opddy

SoAB9[ Jurureadg

SQIaY 2D20VIUDT

jieq qore)

0UQIRJOY NI Nilplilg)

(3/avD)
juseamba proe orj[ed Jwr)

JuoIuod d1joudyd [eI0],

suonIpuo)) anbruyoay,

grdures pooq

(ponunuoo) ¢ sjqey

pringer

a's



Environmental Chemistry Letters (2021) 19:3409-3443

3422

Juaunean-jsod

Ayiqeswiod sueiquiaw

1199 ur juswosoidur

parjdwr £19A0991 UOT)ORIIXD
Ul 9seaIoul JUBOYIUSIS

"PIOY OLIO[d

Jo uoneorjdde uo pajoenxa

Y g 3/ ¢ A310u9

(6102) Te 1 nI7 d1am sjouaydAjod 18303 JO %/ / 86¢ ‘sosind O] ‘WI/AN GT']  UONOBIIXD P[oY OLIOJ[S as[nd B,
UuonOBIIXd 1O[YX0S
0} paredwod se uondwnsuod
orduues 1se9] pue SpaIk
UonORIIXS 19)8aIT YIIM
poyow Ajpuatyy A[rejuaw (4dd)
(8107) Te ¥ nr7 -uoliAud ue paroxd anbruyoay, 08701 Do S ‘sesind 06 ‘WI/AN G'7  UONOBNXI P[Y JLNI[d as[nd uoruQ
B |
/0 9€ 1€ [0199A]3 snoonbe ur
pue S5/ 81 Je A8IeyosIp
OLI1)09[9 93BI[0A-YSIY WOy
I9Jem UL PAUIRIQO Sem S[oU
-oydAjod jo Ayarsngip owesg
‘sown 9 Aq sjuaunjeanaid 10129413 snoanbe %,z ‘3 a3reyo
(6T07) Te @ IUey [  PdNPaI [0I304[T Jo UonIppy 98 /[ 81701 SV LT L AS10ug -STp 911092 25.)[0A-UYSTH spead iy odern
uonodeInXe PRy
o199 asnd J0j sewn ¢ |
Aq pue uonoenxd punosenn uru / :uoye) ouwiL],
10§ ¢ Aq sjouaydA£jod jo £19 WO/AY 0T ‘yISuams ploy
-A0931 ) paroidur a3reyo JL1)O[Q ‘W G¢ :IJOUWRIP a3reyd
(6107) Te 10 eyley -SIp O11O9[2 93.)[0A-UIIH 9t QPO ‘AY OF :95BIOA -SIp 011092 93.)[0A-UYSIH s[ead areueiowog
ww G :19)9
(S66'0<¥) -WeIp 9pOMI3[d ‘WI/AY OF
SOTJQUIY UOTIORIXA 1S9q 1iSuans proy oLIod[ a3reyo
(1102) ‘Te 30 NI Y} pamoys [opour s, 3o19d 00€8 ‘00€ :S9SIBYDSIP JO JOqUINN -SIp 011099 agejoA-ySIH spaes adeln
UOORIIXS PIISISSB-OWAZUD
pue 9SIeydSIp OLIOJ[S
a3e)[0A-Y31Y JO UONBUIqUIOD
9y Surmnp punoj sem sjead
a3ueIo payeyep woij spraIk
Ie3ns 3uronpail pue sjou UonORINXd
-oydATod y3ry yim sonoo ur g PISISSE-oWAZUD pue 93Ieyd
(Q8T07) T IJULY [ -[OWOIq JO UOT}ORIIXS 9SUU] 00L N/ g ndur ASroug -STp O1109[2 93.)[0A-UYSTH spoad a3ueIQ
@/avo)

0UQIRJOY NI Nilplilg)

juseamba proe orj[ed Jwr)
JuaIu0d drjouayd [e10],

suonIpuo))

anbruyoa],

grdures pooq

(ponunuoo) ¢ sjqey

pringer

Qs



Environmental Chemistry Letters (2021) 19:3409-3443

3423

Table 4 (continued)

Reference

Conditions Total phenolic content Conclusions

Technique

Food sample

(mg gallic acid equivalent

(GAE)/g)

Peir6 et al. (2019)

Huge variations in phenolic

0,3.5, 7 kV/cm, 292

Pulse electric field extraction

Lemon residues

content after pressing the

0, 2.5, 5 bars pressure,

sample and increasing the

field strength
Efficiency increased post-

extraction time: 45 min

El Kantar et al. (2018a)

3 kV/cm and 10 kV/cm

Pulse electric field extraction

Orange, pomelo, lemon

pressing by: 25% for orange,
37% for pomelo and 59%

for lemon

is mainly because of the least solvent usage (approximately
800 pL) for extraction. The analyte passes through the mem-
brane to the acceptor phase according to the partition coef-
ficient in the sample-solvent mixture (Vincelet et al. 2010).
Additionally, the entire extraction is carried out in a vial on
a flat membrane separating the aqueous phase with organic
phase, thus not requiring any space to perform (Barbara
Hauser 2002). Nonpolar solvents are generally preferable to
inhibit loss of solvent through membrane. The technology
with direct coupling to large-volume injection and gas chro-
matography detection has shown to be a quick and economic
procedure for estimation of bioactive compounds from dif-
ferent foods and wastewaters (Schellin and Popp 2005; Rodil
et al. 2007; Anténia Nunes et al. 2019).

However, one of the major challenges faced during sepa-
ration and isolation of compounds is membrane fouling.
Membrane fouling is the most influential factor that restricts
the performance of membranes in its long-term operations.
Factors such as origin of foulants, pore size and materials
used play a vital role during characterization and control
aspects (Chang et al. 2019). There have been several studies
done to reduce the blockage of membranes and fabrication
improvements (Dickhout et al. 2019; Li et al. 2020; Xu et al.
2020). Due to this reason, many membranes are used more
as a purification process than as an extraction technology.
The general method to evaluate membrane fouling is to com-
pare the water flux through original and used membranes
keeping same parameters. It can be determined using the
formula (Seifzadeh et al. 2019) as given by Eq. (4):

AP
F, = WR 4
where F,, is pure water flux (L/m* h), AP is feed pres-
sure (Pa), u,, is water viscosity (Pa s) and R is membrane
resistance.

Thus, it can be concluded that although the technology
has progressed through the years, advancements still need
to be carried out for better scaleup purposes.

Encapsulation techniques

Encapsulation technology has been considered as a highly
advanced method for enabling modification of physical
properties or isolation of food materials. In recent years,
various researchers have recommended carrier agents and
phenolic compounds, which can be used for producing
micro- or nanocapsules (Lohith Kumar and Sarkar 2018;
Saini et al. 2020). The encapsulation technique gives poly-
phenols and other micronutrients protection from the envi-
ronment (Ezhilarasi et al. 2013). Certain factors need to be
considered for determining the performance of encapsula-
tion technology. Figure 7a shows the experimental procedure

@ Springer
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Fig.6 Membrane process used for isolating polyphenolic compounds from different foods. Membrane separation technology has various ben-
efits like easy operation, environment friendliness, energy savings and high quality of products

involved in encapsulation. Figure 7b illustrates the step-by-
step mechanism for extraction of polyphenols using encap-
sulation technique using suitable wall material. Selection
of technique and wall material holds a key factor to encap-
sulate phenolic compounds. The carrier or wall material is
important as it controls the release action and protects the
efficiency. Several techniques and wall materials have been
evaluated for encapsulation of polyphenolic compounds as
discussed in Table 6.

However, there remains a huge gap in finding a univer-
sally applicable technique for polyphenol encapsulation due
to their complex structure. Another challenge lies in keeping
up to the consumer standards in terms of nutritional value,
product quality, safety and cost. In the last few years, several
other innovative green technologies have also been analyzed
for improving the characteristics and yield of polyphenols
in foods. Table 7 gives an overview of such green technolo-
gies, which are in their early stages and have a potential for
scaleup.

Process parameters for optimization
Influence of solvent

It has been found that solvents are one of the main factors
influencing the reaction kinetics. Solvents play a major

@ Springer

role in the reactions between radicals and antioxidants
(Tavasi et al. 2009). Phenolic compounds generally show
a higher yield and greater solubility characteristic toward
organic solvents (Hameed et al. 2020). When the food
power is added, a cell wall breakage occurs. Due to this,
diffusion reaction takes place bringing out phenolic com-
pounds in the solution. It should be noted that solution
should not be kept for a long time as the compounds are
highly volatile. Due to excessive reaction temperature, the
molecules can also form polyphenol oxidase leading to
mutual equilibrium between the free and blocked groups
in the structure of food material(Olszowy 2019). Literature
has also reported that a shortage of solvent can also lead
to multiple clusters and bond formation in the measur-
ing system (Dawidowicz and Olszowy 2013; Dawidowicz
et al. 2015). Solvent toxicity is another issue which needs
to be carefully considered. For instance, a recent study
analyzed the effects of toxicity during polyphenolic com-
pounds extraction from red grapes (Makris et al. 2016).
After optimization using response surface methodology
and carefully comparing the two solvents, it was found that
mixing 20% w/v glycerol was a more preferred option as
compared to 2% w/v tartaric acid, which gave a negative
effect on polyphenol recovery. Thus, choosing the right
solvent for food sample needs to be given adequate impor-
tance irrespective of the extraction technique conducted.
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(a) (b)
. Electric voltage .
Syringe generator Food sample Wall material
pump

» Wall material

> Syringe needle
O O
(@]
© —— > Food sample

» Gel bath

Fig. 7 Illustration of a experimental procedure and b mechanism for
encapsulating polyphenols from food samples using wall materials.
The main goal of encapsulation is to resist the core material from

Influence of solid-solvent ratio

The selection of solvent-to-solid ratios plays a vital role
in process optimization and can thus have an impact on
the yield. The main objective is to pick the best ratio for
intensification studies. The amount of polyphenolic com-
pounds depends on polarity of solvent, and it generally
increases in the order of methanol > ethanol > ethyl ace-
tate > acetone > n-butanol > water (Vetal et al. 2013). The
initial extraction rate is not impacted in the whole extraction
process. The extraction can be explained in the following
phases: the solvent begins to mix with the solute and disrup-
tion of sample cell causes release of bioactive compounds
which are extracted accordingly (Herodez et al. 2003; Qu
et al. 2010). However, an increase in the solvent ratio can
affect the whole extraction process leading to solvent wast-
age. This is due to the hydroxyl groups and hydrophilic
compounds present in the solution. The hydroxyl groups
mix with the polyphenols and hydrophilic compounds form-
ing an enzyme polyphenol oxidase. This leads to difficulty
in isolation of polyphenolic compounds due to improved
enzyme activity (Shewale and Rathod 2018). For instance,
a study was conducted to understand the polyphenol recov-
ery in snake grass medicinal plant using microwave-assisted
extraction. The results after mathematical modeling indi-
cated a water—ethanol solvent mixture of 50% vol of ethanol
and solid-feed ratio of 14 mL/g gave optimum results and
increased the extraction rate by twofold—fivefold (Mustapa

@ Springer

Y

——

Mixing and homogenization

> o
Hardened mixture Encapsulated cells

(Depending on the
concentration of
polymer and dosage)

external conditions and effects like light, moisture, temperature and
oxygen resulting in shelf-life increase. Proper selection of wall mate-
rial is necessary for increased efficiency of final product

et al. 2015). On the contrary, it should be noted that a higher
water/solvent ratio infers more water and less solvent being
utilized during extraction leading to greater energy con-
sumption for performing the study. Also, secondary factors
like cost and vapor pressure may affect the extraction yield.
Thus, a correct consistency in solute to solvent needs to be
maintained for better extraction of bioactive compounds.

Influence of temperature

Beside the solvent type, the temperature is another vari-
able that affects overall efficiency. It has been analyzed that
extraction of thermally stable compounds offers increased
yields at greater temperatures and lesser extraction times
(Cissé et al. 2012). This may be due to the barrier properties
when the solute diffuses into the solvent. For instance, an
optimization study was conducted on Jabuticaba leaves (a
Brazilian native plant) using pressurized liquid extraction.
The variables chosen were temperature of 313-393 K, pres-
sure 5—-10 MPa and extraction time 3—15 min. The findings
showed an 8% rise in phenolic content and 13% in anthocya-
nin content with optimized conditions of 553 K, 5 MPa with
9 min time (Santos et al. 2012). Additionally, an increase in
temperature of approximately 200 K had a significant impact
on the overall yield. On the other hand, for thermally sen-
sitive compounds, increased temperatures have negative
effects on the overall extraction process, resulting in deg-
radation or loss of volatile phenolic/flavonoid compounds
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Table 6 (continued)

(5

Wall material Food sample
Nutraceuticals

Chitosan

Polyphenols extracted
Resveratrol molecules

Encapsulation technique

Encapsulating technique Process technology

Emulsification

Springer

and release kinetics were

involves dispersion of

studied using encapsulation

techniques

two or more immiscible
liquids where one liquid

gets dispersed in the form of

droplets. @Technique offers

better stability and controlled
release of polyphenolic

compounds

(Xiao et al. 2008). With increase in temperature, there may
be better interaction and improved analyte contact with sol-
vent. Thus, temperature is a critical component, which needs
to be monitored carefully according to the amount of sample
used.

Influence of particle size

Modifications in particle size can greatly affect the extrac-
tion yields of plant samples. Size reduction offers greater
surface area for better interaction between food matrices.
Miniscule variations in particle size can lead to significant
changes in overall yield. For extraction of polyphenolic com-
pounds, a smaller particle size involves greater diffusivity
and thus an improved mass transfer. As the particle size is
small, cell rupturing is easier. For instance, a study done
on black chokeberry showed a variation in phenolic con-
tent among different plant parts (pulp, seeds and pellicle)
(Galvan D’Alessandro et al. 2012). Similar studies were
conducted on spruce bark (Piceaabies), which also showed
positive results. The results revealed lowest size gives the
highest amount of phenolic acids and tannins (Patrdutanu
et al. 2019). Another research was done to investigate the
particle size variation on soybean meal using supercritical
fluid extraction. The study showed an optimum particle size
for soybean meal lies in the range of 20-30 mesh. Addi-
tionally, it was concluded that a small variation from this
particle size (lesser or greater than 20 mesh) could result
in a significant reduction (10-15% decrease) in recovery of
bioactive compounds (Zuo et al. 2008). Thus, the parameter
can play a vital role in determining the extraction kinetics.

Kinetic modeling

The kinetic study is generally conducted to for better
reaction control and understanding degradation rate of
the extraction. Various mathematical models have been
explored to evaluate their feasibility. An extensive research
has being undertaken to estimate the degradation of total
phenolic compounds from different foods (Karacabey et al.
2013; Shewale and Rathod 2018). Table 8 shows a list of
various kinetic models applied to food samples. However,
main challenge lies in understanding the mechanism of
initial period of extraction. The kinetic extraction takes
place in two stages (Sturzoiu and Stroescu 2011): the first
stage involves washing stage where there is an initial mix-
ing of solute with solvent. The second stage involves a
much slower solute transfer with a diffusion process. The
concentration of compounds (C,), extraction order (n),
activation energy (E,) and rate constant (k) plays a vital
role in understanding kinetics of the extraction. Mathe-
matics models and statistical evaluation using regression
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Table 7 Green technologies that have a potential at commercial level

Technology involved Process methodology Food analyzed References

Cloud point extraction One-step procedure involving the Olive oil Kiai et al. (2018)
extraction of polyphenolic and
bioactive compounds using nonionic
surfactants.

The surfactants tend to separate out
from the main solution yielding a
cloud formation when heated.

Simple and rapid process with reduced
extraction time, less toxic and yields
negligible environmental pollu-
tion as compared to conventional

techniques
Ultrasound-assisted extraction (UAE)  Technology involving mixing of two  Agri-food wastes Mouratoglou et al. (2016)
using glycerol-based natural eutectic ~ solid materials with high melting
mixtures points which do not interact to form

a new chemical compound.

Hydrogen bonding interactions and
phase behaviors play a key role in
studying this process

Infrared irradiation technology One of clean energy sources for Pomegranate, olive, apricot pomace Abi-Khattar et al. (2019);
improved extraction of natural prod- Rajha et al. (2019)
ucts and bioactive compounds using
a ceramic infrared emitter.
Entire extraction requires low energy,
easy to use, economical and has a
great potential for scaleup

Rapid solid-liquid dynamic extraction ~An innovative solid-liquid cyclic Wine Gallo et al. (2019)
pressurization process involving the
rapid extraction of polyphenols from
their organic or inorganic solvent
mixtures. The technique uses liquid
pressure and takes place at room
temperature (or slightly lower) in
order to avoid thermal stress on
phenolic compounds.

The technique is environmentally
friendly and requires less energy as
compared to conventional extraction

process
Vacuum-based solvent-free microwave Green extraction method which does ~ Medicinal herb (C. nutans) Othman et al. (2020)
extraction not require solvent usage.

The food matrix is exposed to micro-
wave radiation leading to expansion
of cells resulting in extraction of
solutes. The application of a vacuum
condition allows the boiling point of
solvent (water) to become lower than
ambient pressure. Thus, the water
can continuously boil at a reduced
pressure and temperature allowing
much efficient mixing preventing
polyphenols from degradation

coefficient (R?), root-mean-square deviation (RMSD), Peleg’s model

normal root-mean-square deviation (NRMSD) have been

proposed for making a strong agreement between theoreti-  This model is generally used to determine the quality or
cal data and experimental data. decay rate of food materials. The hyperbolic model equation

@ Springer
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describes the determination of several compounds from
plant extracts. It is given by Charpe and Rathod 2016 as
per Eq. (5):

C =Cot+ —

=t 7/

(kpl + kp2t) ©)
where C, is the concentration during the extraction study
at time 7 (mg/g powder), K,; Peleg’s rate constant (min g/
mg) and K, Peleg’s capacity constant (g/mg). As the initial
concentration of solute is zero, C, term is neglected. The
extraction takes place in two stages: at the start it is first
order and then moves down to zero order. Peleg’s equation
with time can be given as per Eq. (6):

t
(ko) ©
The value of C, is calculated by Eq. (6) by plotting a
graph between 1/C, vs 1/t for determining values of K ,; and
K, (Vetal et al. 2013).

First-order model

The differential form of first-order model equation (Harouna-
Oumarou et al. 2007) can be written as Eq. (7),
dc
= ~Kn(C-C) ™
where K| is the first-order rate constant and t is the time at
that instant.

Applying the boundary conditions C,=0 att=0and C,=t¢
at r=t, we get the integral form as Eq. (8),

( Cs
In
Cs — Ct

> = Kpt (8)

Rearranging to get the linear form as Eq. (9),

Kt

log (C, - C,) = log(C,) - 5303

(€))

The log (C,—C,) vs time (¢) graph was plotted for dif-
ferent parameters. By plotting the graph, calculations were
done by K, as slope and C; (concentration of the solution
obtained during equilibrium) as the intercept value.

Second-order model

Another suitable kinetic model applied for evaluating the
rate kinetics is the second-order model. This model was first
used to understand the extraction process of polyphenolic
content activated from saffron residues. It concluded enough
data regarding the rate kinetics of solid—liquid extraction
process (Da Porto and Natolino 2018).

The rate of the solid—liquid extraction can be mathemati-
cally described by Eq. (10):

dc )
d—t’ =kg(C, - C,) (10)

where C, is the concentration of polyphenolic compounds
during extraction at time (f), C, the concentration of poly-
phenolics when the extraction reaches equilibrium and k is
the second-order reaction rate constant.

After applying boundary condition, C,=0to C,and =0
tot Eq. (11)

¢ = Gkt 11
T TF Gyt (an
Solving Eq. (11) to get Eq. (12),
L1 o1
C, kC2'C, h'C (12)

Re-arranging Eq. (12), we get the final equation for calcu-
lating total polyphenolic concentration to get Eq. (13):

_

1 ' (13)
(i) + (%)
where £ is the initial extraction rate, kg is second-order rate

constant, which is graphically calculated using slope and
intercept by plotting the #/C, vs t graph (Qu et al. 2010).

C =

Page model

The page model has been extensively used for calculating
the diffusion rate for different grains and seeds (Roberts
et al. 2008). The model can be mathematically described
as Eq. (14):

C, = exp (—kpt") (14)

where C, is the experimental concentration at time ¢ and k
refers to drying rate constant.
The normalized page equation is Eq. (15):

In[-1In(C,)] =1In(kp) + nln(2) (15)

The values of k and n are determined by plotting the In
(= In (C)) vs In (¢) curve. The graph will determine k and n
as the intercept and slope of the curve.

Power law model

Power law model is generally applied to understand the dif-
fusion process of a solvent or a chemical agent through

@ Springer
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non-swelling devices. The formula can be defined as Eq. (16)
and Eq. (17):

y =Bt (16)

Iny=nlnt+InB 17)

where y is the yield of the food material or final concentra-
tion, B is the constant of the carrier agent applied during the
extraction, ¢ is the time (min) and n refers to the diffusional
exponent required for transport mechanisms (Kiew and Mat
Don 2013).

Logarithmic model

Logarithmic model was proved the best fit for extraction of
bioactive compounds with various medicinal plants possess-
ing antioxidant properties (Ali et al. 2018). The mathematical
equation can be written as Eq. (18):

C,=alog(®+b (18)

where a and b are logarithmic model constants, C, refers to
the concentration of phenolic compounds at time ¢.

Patricelli’'s model

The Patricelli’s model was applied to explain the active ingre-
dients and polyphenolic extraction in various food materials.
The model is based on two simultaneous processes: (1) wash-
ing stage, where the active ingredients are washed within the
solvent, and (2) diffusion stage, where the polyphenolic com-
pounds are broken within the cell matrix leading to decrease
in particle size. The mathematical equation can be written as
Eq. (19):

C, =C, (1 — exp (—kPAlt)) + C2(1 — exp (_kPAzt)) (19)

where C, is the active ingredient yields at equilibrium for
washing step (% w/w), C, the active ingredient yield at equi-
librium for the diffusion step (% w/w), kp,; the mass transfer
coefficient for washing step (min~"'), while kp,, is for the
diffusion step (min~'). It is assumed that kp, , is greater than
kpyo- The derivative form of Patricelli’s equation can also be
written as Eqgs. (20) and (21):

dC _

V=—

7 kpa(Cy exp (—kpa1t) + kpao Gy exp (kpit)  (20)

The rate during the start of the reaction (v,) at t=0is:

dC
vy = (E)mo = kpp 1 Cy + kpar Gy 20
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Two-site kinetic model

The two-site kinetic model is applicable to two different solute
fractions and can take place in fast and slow extraction peri-
ods. The desorption rate of fast extraction of polyphenols (F)
is given by k,; and that of slow extraction (1-F) is given by
k7. The mathematical equation can be described as follows:
Eq. (22) (Duba et al. 2015):

C£0 =1- [Fel_k”t] - [(1 - F)e;k”t] (22)
where C is the mass of polyphenols extracted per mass of
substrate, C,, is the initial mass of total polyphenols per mass
of substrate and ¢ is the time.

Weibull distribution model

The Weibull distribution model is based on assumption that
thermal sensitivity to heat depends on transient heating inten-
sity and residual activity. The distribution is generally used for
analyzing enzyme activity at different processing conditions.
The mathematical equation for this model can be as follows
(Eq. (23)):

CQ = exp (—b1") (23)
0

where C is the concentration of enzyme at time ¢ and C is
the initial concentration of enzymes. The value of n deter-
mines the shape of the distribution curve, while b is the
thermal reaction rate. A distribution of n> 1 indicates a
semi-logarithmic curve (Brochier et al. 2016).

Factors influencing extraction kinetics
Moisture ratio and drying rate

Moisture ratio (MR) and drying rate is one of the criti-
cal parameters for understanding the kinetics of foods. The
reduced drying time with variation in drying conditions has
been reported for different food stuffs such as apricot (Togrul
and Pehlivan 2003), eggplant (Doymaz and Go6l 2011), birch
(He and Wang 2020), rice starch (Ding et al. 2019), apple
pomace (Zlatanovi€ et al. 2019) and beef (Holman et al. 2019).
The moisture ratio and drying rate can be calculated according
to Eq. (24) and Eq. (25):

Moisture Ratio = 2 —Me
oisture Ratio = ———
u My —M, (24)
M, ., —M
Drying Rate = t+dét : (25)
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where M,, M, and M, , 4 are moisture contents at time ¢,
equilibrium moisture and moisture content at time (z+ d¢),
respectively. The plot of MR vs time curves can be widely
used in most food, agriculture and biological materials.
Table 9 shows the different mathematical model applied for
calculating moisture content and drying.

Influence of temperature

The thermal processing of foods requires heating between
50 and 150°C depending upon various factors like pH,
shelf life, quality and enzymatic reactions. The effect of
thermal stability depends on the sample preparations, rate
constant (k) and activation energy (E,). The value of acti-
vation energy (Vishwasrao et al. 2017) can be obtained
using the formula given in Eq. (26):

E
In (k) = In (k) — ﬁ“ <% - TL> (26)
ref

where E_ is the activation energy (kJ/mol), R is the gas con-
stant (8.314 J mol~! K1) T'and T,.; are temperatures.

Z-value is defined as the temperature increase to have
tenfold decrease in decimal reduction time (Wiliriska et al.
2008) as stated in Eq. (27):

T2 B Tl
o, @)
e (5)

where D, and D, are decimal reduction times at 7; and 7,
respectively.

Considering major parameters like moisture ratio, dry-
ing rate and temperature, Table 10 gives a review of the
kinetic studies performed for different food materials with
the parameters optimized and their kinetic models.

7 =

Statistical modeling and evaluation

The goodness of fit is evaluated for each model based on
statistical evaluation. This is done after the kinetic extrac-
tion to understand the deviation between the models. Sta-
tistical error functions are calculated to find the errors for
the extraction models. The mathematical expressions (Da
Porto and Natolino 2018) of the error functions are given
in Egs. (28,29,30)

Table 9 Moisture absorption models for calculating moisture content and drying

Mathematical model Model equation Application in foods References

Newton MR = exp (—kt) Red chili Hossain and Bala (2007)
Modified page MR = exp [(—kz)”] Mango slices Akoy (2014)

Wang and Singh MR = 1 + at + b Smith apples Blanco-Cano et al. (2016)
Two-term model MR = aexp (—kt) Plum Jazini and Hatamipour (2010)

+ (1 — a)exp(—kat)

Logarithmic MR = a,e™ + b,
Henderson and Pabis MR =ae™
Othmer and Jaatinen MR = mt

Basil leaves, stone apple

Pumpkin

Spices (S.aromaticumand C. Cassia)

Kadam et al. (2011; Rayguru
and Routray (2012)

Hashim et al. (2014)
Radha Krishnan et al. (2013)

Table 10 Optimization of kinetic studies of different plant and food materials with their respective models

Food material Treatment medium Kinetic model used  Kinetic parameters Reference
Temperature K (min~") Activation

energy (E,) (kJ

mol™)
Beef muscle Water bath First-order model 100 1.2x1073 81 Goiii and Salvadori (2011)
Garlic Water bath Biphasic model 80-100 0.098-2.044 202.81 Fante and Norefia (2012)
Red beet Water bath attached with ~ First-order 90 32x107° 35.37 Fernidndez-Lopez et al.

pobel tubes (2013)

Litchi Water bath Weibull model 90 2.7%x1072 79.7 Yu et al. (2011)
Soybean lecithin Vortex stirrer Higuich model 37 0.011 - Zhang and Wang (2019)

Carrot
bath

Blanching in boiling water Jean and Das model 70

- 35.987 Maleki et al. (2020)
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Vi :

RMSD = n Z (Ccalculated - Cexperimental) (28)
i=1

n

RN S .

2
(Ccalculated - Cexperimental)

T (1l=n- 2
(1 " m) i=1 (Cexperimental average Cexperimental)
(29)
RMSD
NRMSD = rR (30)

experimental

where n and m are the number of observations, C_,icyjateq and
Cexperimental denote the model and experimental concentration
with time, respectively. Closer prediction to the experimen-
tal data signifies the RMSD value is near zero.

Chi-square value (%) measures the accuracy of models
and determines the acceptability of data with the expected
distribution data. It can be calculated using the formula

(Bhushan and Girirajsinh 2019) in Eq. (31):

2
n
2 (Cexperimental - Cpredicted)
2= 31)
i=1 Cpredicted
where Ceyperimental A1 Cpregicrea Tefer to the experimental and

predicted values of the concentration responses, respectively,
and n refers to the sample points taken. The significance
levels generally range between 0 and 1. Smaller Chi-square
values denote an acceptable fit between the model and
experimental values..

Sensitivity analysis

Sensitivity analysis is a promising tool for optimizing a set
of parameters generally by regression analysis. It is done to
assure the kinetic modeling correspond to the best fit values.
The analysis is applied to each of the parameters by keep-
ing the other parameters in their constant (perturbations).
These are generally done in the range of +20% perturbations
(Alcazar and Ancheyta 2007). A zero percent perturbation
implies nonlinearity and poor estimation.

The technique can be carried out in three steps as
described by Félix et al. 2019. The first step is the initializa-
tion of parameters by plugging in random numbers to obtain
the guesses. The second step involves nonlinear regression
using least square methods by applying the objective func-
tion based on sum of squared errors (SSE) for getting an
optimal solution using Eq. (32):

SSE = Z (experimented value — calculated valuc)2 32)
i=1
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The final step involves plotting the values against the
number of experimental observations to understand the fit
of the proposed model and calculated parameters.

Economic analysis

Economic feasibility study plays a major role during selec-
tion of appropriate technology for extraction. Major factors
like capital investment cost (CAPEX) and operating cost
(OPEX) should be calculated for estimating initial set-up.
Apart from this, external factors like battery limits (if elec-
trical equipment), engineering cost, location, installation
cost, pipeline fitments, maintenance cost, raw materials and
financial reserves should be considered. The cost indexing
(Kratky and Zamazal 2020) is generally done using the for-
mula in Eq. (33)

C,=a+bs" (33)

where C, is the cost of equipment, a and b are coefficients,
n is the index and S is the size parameter.

The operating cost is generally described as the sum of
direct operating cost, indirect operating cost and distribution
costs. The cash cost is the cost of making products. It can be
estimated using the formula in Eq. (34):

Cash cost of production = Variable cost + Fixed cost (34)

It should be noted that profit made by producing the food
material is generally subjected to taxes depending on coun-
try and location.

The simple payback time (SPT) is the capital investment
given to the particular equipment (CAPEX) over the annual
cash flows. It can be described using the formula in Eq. (35):

CAPEX
SPT = AL_PC 35)
where CAPEX is the capital expenditure, Al is the annual
income and PC is the production cost which is inclusive of
tax and depreciation (Towler and Sinnott 2013).

Challenges and limitations

The extraction of polyphenolic compounds and other bio-
active compounds can be a challenge due to its complex
properties. Polyphenolic compounds often suffer from
degradation with small changes in extraction methods. For
example, technologies like high pressure and temperature
processing involved about 22% loss in phenolic content
with a small change in color while studying strawberries
(Terefe et al. 2009). Another study aquatic plant treat-
ment showed an increase in phenolic content may lead
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to contamination and change in odor, thus harming the
aquatic ecosystem (Zhang et al. 2020). Factors like light,
temperature change and air result in spontaneous and rapid
variation in polyphenolic and bioactive content facilitating
losses. Thus, it becomes crucial to ensure the conditions
for the stability of contents before and after extraction
(Hoe et al. 2020). When polyphenols are added to food
in the form of an extract, choosing the right method and
parameter optimization is critical in maintaining the prop-
erties. The performance of extraction primarily depends on
solvent, food matrix phase, concentration and its extrac-
tion process. Choosing the right solvent post-considera-
tion of its polarity may be optimal for carrying out overall
extraction (Brewer 2011). Figure 8 shows the challenges
and limitations faced during the isolation of polyphenols
from different foods.

When it comes to industry implementation, these com-
pounds are known to be added mainly in the cosmetic and
food industry (Albuquerque et al. 2021). Although they
are in small amounts, extensive research on polyphenolic
compounds has shown their applications in different foods
imparting color, flavor, odor and bitterness. However, more
investigation needs to be done on analyzing the right dos-
age and their toxicological information. Additionally, cost,
safety and sustainability aspects of the whole extraction
technology need to be monitored for a potential scaleup
for the intake of these compounds (Olszewska et al. 2020).

Quality control Sensitivity

v" Dosage controls v" Light

v Variation in concentration ~ v' Temperature
in different foods
v Consumer perception
v' Air and atmospheric
changes

Conclusion

Polyphenols are a class of compounds which can be found
in various foods, beverages and plants. These compounds
are essential as they have a huge potential in maintaining
immunity and their characteristics show promising effects
in preventing various diseases. Considering crisis situa-
tions like COVID-19, such foods could play a role in pro-
tection from diseases and pandemics. This review involved
emerging developments taking place for the isolation of
polyphenolic compounds followed by kinetic studies being
carried out for scaleup purposes. Conventional technologies
like percolation, decoction, heat reflux, Soxhlet extraction
and maceration as well as non-conventional technologies
mainly ultrasound extraction, microwave extraction, super-
critical extraction, enzyme-assisted extraction, pulse electric
field, high-voltage electric discharge and their applications
in extracting polyphenolic compounds were discussed.
Further, emphasis was given to advanced and green tech-
niques, mainly membrane separation, encapsulation, cloud
point extraction, infrared irradiation technology, ultrasound-
assisted extraction using eutectic mixtures, rapid solid—liquid
dynamic extraction and vacuum-based microwave extraction
as they could be the possible future in isolating polyphenolic
compounds with more precision and accuracy. Mathematical
equations and kinetic models were reviewed so as to opti-
mize extraction parameters and control the process, energy,

Toxicological
information

Adoption of promising
safety standards need to
be followed for
controlled intake of
polyphenols

Cost

v" Extraction technique
cost

v" Raw material and
parameter
optimization

Fig.8 Challenges and limitations faced during the isolation of polyphenols from foods. Although polyphenols offer several benefits, suitable
conditions, cost, proper extraction methods and safety standards still need to be set for commercial scaleup
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time and solvent usage. Future outlooks can be noticed in
scaling-up Hurdle technology as they involve a combina-
tion of processes for estimating different parameters like
pH and temperature for isolation of bioactive compounds.
Emphasis can also be given by using computational and
molecular modeling for determining the characteristics and
scavenging potential of polyphenols. Additionally, the use of
simulations for optimizing conditions can assist in choosing
the best extraction medium. Greater possibilities also lie in
the field of nanoencapsulated food intake due to its precise
measurements, portability and quality. However, factors like
manufacturing, biological influence and cost need to be con-
sidered in advance in order to satisfy the consumer taste and
food standards.
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