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ABSTRACT

Replacing conventional solvents with deep eutectic solvents (DES) has shown promising effects on
the extraction yield of (poly)phenols. DES can be combined with ultrasound-assisted extraction (UAE)
to further increase the extraction efficiency of (poly)phenols from natural resources compared to con-
ventional methods. This review discusses the factors associated with DES (composition, solvent-to-
sample ratio, extraction duration, and temperature) and UAE (ultrasound frequency, power, intensity,
and duty cycle) methods that influence the extraction of (poly)phenols and informs future improve-
ments required in the optimization of the extraction process. For the optimum (poly)phenol extrac-
tion from natural resources, the following parameters shall be considered: ultrasound frequency
should be in the range of 20-50 kHz, ultrasound intensity in the range of 60-120 W/cm?, ultrasound
duty cycle in the range of 40-80%, ultrasound duration for 10-30 minutes, and ultrasound tempera-
ture for 25-50 °C. Among the reported DES systems, choline chloride with glycerol or lactic acid, with
a solvent-to-sample mass ratio of 10-30:1 shown to be effective. The solvent composition and solv-
ent-to-sample mass ratio should be selected according to the target compound and the source
material. However, the high viscosity of DES is among the major limitations. Optimizing these factors

can help to increase the yield of extracted (poly)phenols and their applications.

Introduction

(Poly)phenols are naturally occurring substances in plants.
Because of the structural diversity, (poly)phenols have been div-
ided into categories based on the similarities between their
underlying chemical skeletons. They are classified into six major
groups of phenolic acids, flavonoids, tannins, lignans, coumar-
ins, and stilbenes. (Poly)phenols have been gaining growing
interest because of their potential health benefits, which include
antioxidant,!? anti-bacterial,’> anti-inflammatory,”>® anti-
osteoporosis,[7’8] and anti-carcinogenic effects. ")
(Poly)phenols have been extracted from numerous nat-
ural sources using various processes including maceration,
decoction, percolation, infusion, digestion, exhaustive serial
extraction, and Soxhlet extraction.!''! However, traditional
extraction processes often involve the use of toxic solvents
that are not environmentally friendly and can pose safety
risks to consumers.!"?) Green extraction liquids, also known

as eco-friendly solvents, have recently gained considerable
attention as replacements for conventional toxic organic sol-
vents especially for food, nutraceutical, cosmeceutical, and
pharmaceutical applications.!"* Among the green extraction
solvents and technologies, deep eutectic solvents (DES) have
recently gained attention as a promising new category of
solvents with the advantages of low toxicity, low cost, and
biodegradability. DESs are formed by mixing two or more
low-molecular-weight compounds to form a new, low-melt-
ing-point complex with unique solubility and physicochemi-
cal properties.'* The concept of using eutectic mixtures as
solvents has been investigated widely (Table 1).!'>'¢?2-24]
For instance, choline chloride (ChCl) and urea (Ur) form a
DES with high solubility for several organic compounds.”**!
Ultrasound-assisted extraction (UAE) is a technique that
utilizes ultrasonic waves to enhance the extraction of com-
pounds from various matrices.'** The ultrasound waves create
pressure changes that generate cavitation bubbles, leading to
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Table 1. Ultrasound factors that impact the extraction of (poly)phenols using DES.

Factors Source Solvent composition Variables (Poly)phenols content References
Ultrasound frequency Dendrobium officinale Choline chloride:Oxalic acid 40 kHz 15mg GAE/g DW (sl
(1:1) 60 kHz 19mg GAE/g DW
80 kHz 19.5mg GAE/g DW
40/60 kHz 25.15mg GAE/g DW
40/80 kHz 18.5mg GAE/g DW
60/80 kHz 13mg GAE/g DW
40/60/80 kHz 10mg GAE/g DW
Ultrasound power Setaria italica (Foxtail millet) Betaine:Glycerol 200 W 7.3 mg FAE/g DW fel
(1:2) 250 W 7.5mg FAE/g DW
300 W 7.3 mg FAE/g DW
350 W 7.0mg FAE/g DW
400 W 6.7mg FAE/g DW
Moringa oleifera L-Proline:Glycerol 80 W 30.6 mg GAE/g DW (07
(2:5) 240 W 27. 3mg GAE/g DW
Ultrasound intensity Malus domestica(Apple pomace) Choline chloride:Glycerol 20 W/cm? 2.0 mg GAE/g DW (el
(1:2) 35.5 W/cm? 2.5mg GAE/g DW
52.1 W/cm? 3.5mg GAE/g DW
70.2 W/cm? 5.3mg GAE/g DW
83.1 W/cm? 5.6 mg GAE/g DW
100.2 W/cm? 4.5mg GAE/g DW
120.5 W/cm? 4.0mg GAE/g DW
Ultrasound duty cycle Malus domestica (Apple pomace) Cholinechloride:Glycerol 20% 4.2mg GAE/g DW
1:2 37.5% 4.8mg GAE/g DW
55.5% 5.0mg GAE/g DW
75% 5.6 mg GAE/g DW
92.3% 5.4mg GAE/g DW
100% 5.3 mg GAE/g DW
Mangifera indica (Mango peel) Lactic acid:Glucose 20% 48 mg GAE/g DW (9]
(5:1) 40% 58 mg GAE/g DW
60% 62mg GAE/g DW
80% 56 mg GAE/g DW
100% 39mg GAE/g DW
Curcuma longa Choline chloride:Lactic acid 20% 46.09 mg/g DW 201
(1:1) 40% 69.57 mg/g DW
60% 77.65 mg/g DW
80% 79.65 mg/g DW
100% 71.12mg/g DW
Glycyrrhiza glabra (Licorice) Choline chloride:Lactic acid 20% 44mg/g DW 21
(1:1) 40% 49mg/g DW
50% 53 mg/g DW
60% 50mg/g DW
100% 50 mg/g DW

Abbreviations: DW: Dry weight; GAE: Gallic acid equivalent; FAE: Ferulic acid equivalent.

the formation and collapse of bubbles, resulting in the release
of energy. The collapse of bubbles causes high shear forces and
localized high temperatures, leading to cell disruption and
improved mass transfer, ultimately increasing the extractabil-
ity of compounds.'””? Due to its remarkable speed, efficiency,
and reduced solvent usage, UAE has emerged as a promising
alternative to conventional extraction methods among these
green extraction techniques.***”! UAE increases the mass
transfer rate between the sample and the solvent, resulting in
more efficient extraction of target compounds.***"
Moreover, ultrasonic energy could be used to improve the
extraction of target compounds from plant material.!*
Significant growth in studies investigating the potential of the
UAE and its many potential applications may be seen in the
last few years, such as food analysis,'** natural product extrac-
tion,**! and pharmaceuticals.”®! According to these studies,
UAE has the potential to be a green alternative to conventional
extraction methods, with increased extraction efficiency,
reduced solvent usage, and improved target compound extrac-
tion. Thus, this literature review aims to review the UAE appli-
cations with DESs for extraction (poly)phenols to help
researchers understand the considerations that need to be
implemented in performing this method.

Introduction to DES properties

DES have garnered considerable attention in recent years
due to their unique and versatile attributes, rendering them
promising candidates for a multitude of applications in both
industry and the scientific realm. A prominent hallmark of
DES lies in their remarkable stability, encompassing both
chemical and thermal aspects, affording them exceptional
resistance to decomposition and the capacity to withstand a
broad spectrum of environmental conditions. This intrinsic
durability positions them as enduring and dependable
choices for practical applications.*®’

Furthermore, DES displays distinctive viscosity and dens-
ity characteristics, endowing them with a considerable
degree of adjustability to fulfill specific application prerequi-
sites. Their viscosity spans the gamut from highly viscous to
comparatively low-viscosity states, offering customization
opportunities commensurate with the specific requirements
of a given application. Concurrently, their density can be
fine-tuned to align with the solubility needs of diverse
compounds.’*”!

The melting temperature of DES assumes paramount
importance, profoundly influencing their ease of
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Figure 1. Chemical structures of commonly used HBAs and HBDs in preparation for DES.

manipulation and application. DES typically feature lower
melting points compared to conventional ionic liquids, ren-
dering them more accessible and cost-effective for deploy-
ment across a wider spectrum of applications.”*!

Surface tension stands as another noteworthy attribute of
DES, underscoring its pivotal role in mediating interactions
with other substances. DES can manifest surface tensions
lower than that of water, facilitating their compatibility with
a diverse array of organic and inorganic materials, thereby
enhancing their wetting and spreading capabilities.>!

Moreover, DES are acknowledged for their remarkable
miscibility with a wide range of compounds, irrespective of
their polarity, rendering them outstanding solvents for a
diverse array of chemicals. This characteristic extends their
utility into various fields, including but not limited to
extraction, catalysis, and electrochemistry.[4O]

Lastly, the polarity of DES assumes critical significance in
comprehending their behavior across diverse applications.
DES can be meticulously tailored to exhibit varying degrees
of polarity, affording precise control over their solvent effi-
cacy and selectivity.'*!! Consequently, they emerge as indis-
pensable tools in the separation and purification of a
multitude of compounds. Within the confines of this article,
we embark on an in-depth exploration of these extraordin-
ary attributes of deep eutectic solvents, unraveling their
implications within the diverse tapestry of scientific and
industrial contexts.

Combination of DES with UAE for extraction of
(poly)phenols

The theoretical background of deep eutectic solvents-ultra-
sound assisted extraction (DES-UAE) lies in the principles
of ultrasonic cavitation and the properties of DES.
Ultrasonic cavitation is a process in which high-frequency

sound waves create vapor-filled cavities in a liquid that col-
lapse and generate high temperatures and pressures. This
phenomenon has been shown to enhance mass transfer and
increase the solubility of target compounds in the solvent,
leading to improved extraction efficiency.!*”! The variety of
DES used, the ultrasonic frequency, the extraction tempera-
ture and time, and the plant material are essential factors
that can affect the efficiency of DES-UAE extraction.!**!
DES are an emerging green solvent class linked to ionic
liquids (ILs).!*"

DES with UAE (DES-UAE) is a method that combines
the application of ultrasonic waves and DES to increase
extraction efficiency and reduce extraction time.****! In
general, several DESs are novel biodegradable and environ-
mentally friendly solvents made of ionic liquids and low
molecular weight chemicals.!*®’ DES are created through the
powerful bonding of hydrogen bond acceptors (HBAs), such
ChCl, quaternary ammonium salts, L-proline (Pro), and
betaine (Bet), with hydrogen bond donors (HBDs) like sug-
ars, polymers, metallic salts, and alcohols in the correct
molar ratio. Other combinations of HBA:HBD can also be
used to produce DES, allowing for the polarity of phases to
be easily adjusted and enabling the formation of aqueous
biphasic systems.!*”) The chemical structure of the most
commonly used HBAs and HBDs in preparation for DES is
depicted in Figure 1. Using ultrasonic waves in DES-UAE
generates high-frequency —mechanical agitation, which
improves extraction efficiency via increasing (poly)phenols
solubility and mass transfer from plant material to solv-
ent."® The extraction efficiency is increased through the
application of high-frequency mechanical agitation generated
by ultrasonic waves in the DES-UAE process. This mechan-
ical agitation leads to the disruption of plant cell walls and
the formation of cavitation bubbles, which create shock-
waves that promote the release of (poly)phenols from the
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Figure 2. Ultrasound-assisted extraction with deep eutectic solvents (DES-UAE) process and extraction mechanism of (poly)phenols.

plant material. Additionally, the agitation and cavitation
bubbles lead to increased solubility of (poly)phenols in the
solvent and improved mass transfer from the plant material
to the solvent, resulting in increased extraction efficiency.!*®!

Figure 2 illustrates the schematic DES-UAE process.
There are four stages to this mechanism’s description.!*”!
First, cavitation bubbles are produced close to the surface of
the plant matrix when ultrasound is applied. Second, a high
pressure and high temperature microjet is released by crush-
ing the bubbles and heading upwards. Third, the matrix sur-
face is broken, allowing the cellular active ingredients to
touch the solvent outside the cell. Lastly, the solvent receives
the active ingredients that have been released. Consequently,
mass transmission is improved using ultrasonic waves.
Typically, a probe from an ultrasonic generator is sub-
merged in the solid/solvent slurry.

The application of ultrasound for the solid-liquid extrac-
tion of bioactive substances is quite common at research
institutions, and to a lesser extent, in commercial settings
(ultrasonic equipment for industrial UAE is commercially
available). In general, the UAE can be seen as a quick, envir-
onmentally friendly, straightforward, adaptable, and efficient
method. When compared to alternative forms of extraction,
its primary benefits can be broken down into the following
categories: first, an increase in the yield of material that can
be extracted; second, a faster rate of extraction; third, the
use of aqueous solutions as the extractant; fourth, greater

use for thermolabile compounds; and fifth, fewer resources,
both in terms of energy and the material to be extracted.!*

Furthermore, the factors affecting the DES-UAE process
include time, temperature, power, intensity, duty cycle, solv-
ent concentration, and others. The duration of the extrac-
tion process is crucial in determining the yield and quality
of the extracted (poly)phenols.”®! The temperature has also
been shown to play a significant role in extraction efficiency,
enhanced yield and the possibility of (poly)phenols break-
down at higher temperatures.'”!! Another critical factor in
the extraction process is the ultrasonic reactor’s frequency,
intensity, power, shape, and size, with various combinations
leading to differing extraction efficiencies.!”? Afterwards,
the concentration of the DES used in the extraction process
can also affect the yield and quality of the extracted
(poly)phenols.'**

Effect of ultrasound factors on the extraction of
(poly)phenols using DESs

To provide a better understanding of the UAE-associated
factors affecting the extraction efficiency of (poly)phenols
when using DESs in the context of UAE, this section
describes the four main ultrasound factors that impact the
extraction process: ultrasound frequency, power, intensity,
and duty cycle. Ultrasound frequency refers to the number



of cycles per second and is typically expressed in kilohertz
(kHz). Higher frequencies are associated with smaller wave-
lengths and greater energy delivery, resulting in increased
cavitation activity and a higher likelihood of bubble implo-
sion. Ultrasound power, measured in watts (W), refers to
the amount of energy delivered per unit of time and is
determined by the voltage and current supplied to the trans-
ducer. Higher power levels result in more efficient cavitation
and bubble collapse, leading to increased extraction effi-
ciency. Ultrasound intensity, expressed in watts per square
centimeter (W/cm?), is a measure of the energy density of
the ultrasound wave at a given point in the solution. Higher
intensities are associated with increased cavitation activity
and a higher likelihood of bubble implosion, leading to
greater extraction efficiency. Finally, the duty cycle refers to
the percentage of time that the ultrasound wave is active
during each cycle, with higher duty cycles leading to greater
energy delivery and improved extraction efficiency.
Understanding the impact of these factors is crucial for opti-
mizing the (poly)phenol extraction process using DESs
and UAE.

Ultrasound frequency

The ultrasonic frequency plays a significant role in (poly)-
phenols extraction using DESs. By optimizing the frequency
of the ultrasound waves, the acoustic energy can be tuned to
create micro-cavities within the solvent, facilitating the
extraction process even in highly viscous solvents.** The
interaction between frequency and viscosity is believed to be
a key factor in this process. For instance, at high frequen-
cies, the material exhibited comparable elastic behavior,
whereas, at low frequencies, it demonstrated a viscous
behavior.*®) However, in the case of higher boiling point
DES solvents, the frequency of the ultrasound waves may
need to be adjusted to avoid excessive heating and degrad-
ation of the solvent.

Ultrasound is a mechanical wave whose frequencies
(more than 20kHz) lie outside the audible range between
20Hz and 20kHz of human hearing. All matter types,
including solids, liquids, and gases, are transparent to these
waves. When these particles move across a medium, they
displace and rearrange molecules. When a sound wave has a
high intensity, the negative pressure that occurs during rar-
efaction becomes more significant than the attraction force
that holds the molecules together. This causes the molecules
to become separated, resulting in cavitation bubbles forming.
These bubbles become larger through a process known as
coalescence and then eventually burst during a phase known
as compression, which results in the formation of hot spots
and extreme local conditions. Temperatures of up to 5000°K
and pressures of up to 1000 atmospheres are possible. The
metabolic reactions that occur nearby can be sped up by
these hot spots.!>*>¢=>%!

During the extraction process, it is helpful to use ultra-
sound that has a low frequency but a high intensity since
this produces a substantial amount of shear and mechanical
force, both of which are advantageous. The application of
low frequencies ranging from 18 to 40 kHz can improve cell
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wall disruption and enhance solvent access to cell content,
resulting in an increased mass transfer rate. Additionally,
the investigation of ultrasound’s impact on the extraction of
total phenolics and antioxidant activity demonstrated that
the positive effects of acoustic assistance were reduced at
higher frequencies (20, 490, and 986 kHz), regardless of the
power input.*®’ In contrast, ultrasound with a high fre-
quency and a low power density produces many reactive
radicals. The majority of research has been done on extract-
ing substances at a constant frequency. Hence, not many
studies investigate how changing the frequency of the
extraction process affects the yield or quality of the sub-
stance.!”*! The decision to use a continuous low frequency
may have been made because it encourages the creation of
fewer cavitation bubbles with greater diameters, which is
beneficial to the considerable cavitation effect. This impact
is diminished when the ultrasound frequency is raised./*”’
This is because the large cavitation effect favors the forma-
tion of fewer cavitation bubbles. Cavitation bubbles grow
with a minimum compression-rarefaction cycle. The cavita-
tion bubble will not form if the cycle is too short. Ultrasonic
waves and rarefaction phase length are inversely propor-
tional. As a result, when the frequency of the ultrasonic
waves is high, the cavitation bubble has a very limited
amount of time to expand, which reduces the effectiveness
of the implosion effect. Because of the huge number of bub-
bles that are produced when a high frequency is used, there
is increased resistance to the transfer of mass.'®"’

The effects of multi-frequency ultrasound and DES on
the extraction of (poly)phenols from Dendrobium officinale
leaves have been investigated."”! The study examined the
effects of different ultrasonic frequency modes, including
single frequency (40, 60, and 80kHz), dual-frequency (40/
60, 40/80, and 60/80kHz), and triple frequency (40/60/
80kHz) on DES extraction. The authors found that ultra-
sound with a dual-frequency mode of 40/60kHz was the
most effective at increasing the amount of total (poly)phe-
nols. They also observed that single-frequency ultrasound
treatments led to an uneven distribution of the acoustic
field, which reduced the amount of total (poly)phenols
extracted. The lowest amount of total (poly)phenols was
obtained with triple-frequency ultrasound of 40/60/80 kHz,
possibly due to the resonance field generated in such a
mode. The study identified 13 major (poly)phenols in D.
officinale leaf extracts, including rutin, vicenin II, and apige-
nin flavonoids. The study demonstrated that the use of DES
combined with the synergistic effect of ultrasound signifi-
cantly increased the extraction efficiency of (poly)phenols
from D. officinale leaves.!'”

Ultrasound power

The viscosity of DES is significantly higher than that of con-
ventional solvents, and this can have a significant impact on
the power and power intensity required for ultrasonic treat-
ment. Higher viscosity results in more energy being required
to generate cavitation, which is essential for the efficiency of
ultrasonic treatment. Additionally, the higher viscosity of
DES could affect the behavior of the cavitation bubbles,
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which could lead to different mechanisms than those
observed in conventional solvents.**>¢*! Ultrasound can
cause fragmentation of particles through inter-particle colli-
sions and shockwaves generated by collapsing cavitation
bubbles in the liquid. One of the direct outcomes of this
particle size reduction is the increase in solid surface area,
leading to greater mass transfer and higher extraction yield
and rate.*"!

Amplitude percentage (0-100%) and power density (W/
mL) have been reported for UAE power.°”) When the ultra-
sonic amplitude is between 30% and 80% of the maximum
power, the relationship between the amplitude and the out-
put power is linear.**! UAE of (poly)phenols from plants
(fruit and vegetable) by-products uses 20-700 W, depending
on the chemical and plant matrix. 12>

Ultrasonic power and density are considered major fac-
tors affecting the performance of UAE. Increased power
causes violent cavitation bubbles to collapse more violently.
The ultrasonic wave’s power determines the resonant bubble
size, which affects implosion. Fragmentation, pore forma-
tion, and tissue mixing increase diffusivity and extraction
yield.'®! The ultrasonic probe’s mechanical vibration enhan-
ces the solid-solvent contact area, enhancing solvent pene-
tration, and yield. Hydrodynamic force disrupts tissues as
power increases.®®! As the power increases, the formation of
bubbles also increases. However, as the bubble volume
becomes larger, the impact of cavitation decreases. The
quantity of bubbles promotes non-spherical bubble collision,
distortion, and collapse, lowering bubble implosion. The
probe tip’s cavitation bubble layer reduces energy transfer
into the extraction liquid (saturation effect) and yield. Due
to excessive ultrasonic intensity, the bioactive component
may degrade.!>®

Several studies have explored the effects of ultrasound
power on the extraction of (poly)phenols using DESs,
intending to optimize the extraction process as described in
Table 1. The DES-UAE extraction method was found to be
more effective, and timesaving compared to traditional
methods like maceration and percolation. The DES-UAE
method with ultrasonic power (160, 200, 240, 280, and
320 W) resulted in the extraction of 23 flavonoids, including
six components that were identified for the first time in
Selaginella uncinata. The extracts also showed potential anti-
oxidant activity based on the results of three antioxidant
experiments.*®! A study considering the extraction of (poly)
phenols from foxtail millet bran found that optimal extrac-
tion conditions are a power input of 200-400W and a
Bet:glycerol (Gly) (1:2) solvent. In these settings, the (poly)-
phenols extraction yield was much greater than that of
maceration or solvent extraction. The study also investigated
the bioactivity of the extracted (poly)phenols, finding that
they had vigorous antioxidant activities.!*®’

Another study investigated the extraction of (poly)phe-
nols from Moringa oleifera leaves. The study found that the
optimal extraction conditions included a power input of 80
and 240 W and an Pro:Gly (2:5) sample-to-solvent ratio. The
study found that the extracted (poly)phenols had high anti-
oxidant activity. The UAE method was more effective than

other methods, such as maceration and stirring-assisted
extraction.!'”!

Ultrasound intensity

The ultrasonic part of the spectrum is significant in terms of
its application and importance to capital cost. Low-intensity
sonication (less than one W/cm?) and high-intensity sonic-
ation (10-1000 W/cm?) are the two broadest categories. The
latter is used for extraction and processing. Ultrasound’s fre-
quency, intensity, medium qualities, and surroundings affect
its ability to cause cavitation. The cavitation effect’s high-
shear energy is used to modify liquid particles, liberate cellu-
lar components and molecular structures, and de-aerate
liquids and surfaces. In extraction applications, solvent prop-
erties affect cavitation bubble formation and collapse. The
fluid’s surface tension and viscosity influence the cavitation’s
transitory threshold, whereas the vapor pressure determines
collapse severity. Chemically, solvent reactivity determines
primary and secondary sonochemical reactions.'®”)

According to a recent study that investigated the impact
of varying acoustic intensities on the extraction of total
phenolic content, it was reported that the percentage
increase in extraction of total phenolic content increased by
64%, with increasing acoustic intensity from 20 to 83 W/
cm?."8) The strengthening of the cavitation effect, affecting
the extraction efficiency, is a result of the amplification of
sonic waves as the power intensity is increased. Additionally,
the extract was used to quantify (poly)phenols, with quer-
cetin being the most abundant.

Generally, studies have shown that the intensity of ultra-
sound has varying effects on the extraction of (poly)phenols
from plant sources, depending on several variables such as
the specific plant material being used, the solvent system
being employed, and the operating conditions of the UAE as
shown in Table 1.

Ultrasound duty cycle

The duty cycle (DC) of an ultrasonic wave is the fraction of
the whole cycle period occupied by the pulses.”®! The term
“cycle time” refers to the overall amount of time, which
includes both the pulse duration and the pulse interval. In
their investigations on pomegranate peel and grapefruit peel,
respectively, utilizing pulsed UAE (PUAE). According to
Pan et al, there was not much of a difference between
PUAE and continuous UAE in terms of the yield and the
amount of time needed for extraction; however, PUAE con-
served around 50% more electrical energy.®® The pectin
output from grapefruit peel initially increased with a rise in
DC, but this increase was followed by a decline when the
peak value of 50% was reached. When the DC was low, 20s
of sonication per minute was not enough to break down tis-
sue and eliminate solutes. As was covered in the section on
the impact of power, the saturation and inter-bubble colli-
sion that occurred at high DC (50-70%) caused the cavita-
tion effect to diminish. The strength of bubble implosion is
increased when using pulsed ultrasonic operation, but the
quantity of cavitation bubbles produced is reduced. It was



determined that a longer sonication duration eliminated sat-
uration and increased the likelihood of an inter-bubble colli-
sion, which led to an increase in yield at 80% DC (48 s).to4
Table 1 recapitulated the effect of ultrasound DC on the
extraction of (poly)phenols using DES.

It has been reported that the extraction yield of (poly)-
phenols from apple pomace, using ChCL:Gly (1:2), was sig-
nificantly affected by DC.""® The short sonication duration
per minute at low DCs was insufficient to fragment tissue,
resulting in low extraction yields. Saturation and inter-bub-
ble collision reduced cavitation when DC was increased to
50-70%. The saturation and inter-bubble collision effects
were reduced by increasing the sonication period at high
DCs, increasing extraction yield. The optimum DC was
determined at 75%, with the total phenolic amount of
5.6mg/g DW.!'8

Similarly, the consequence of ultrasound DC on the
extraction of (poly)phenols from waste mango peels using
lactic acid: glucose (5:1). The ultrasound DCs were set at
20%, 40%, 60%, 60%, and 100%, with total (poly)phenols
amounts were 48mg/g dry weight, 58 mg/g dry weight,
62mg/g dry weight, 56 mg/g dry weight, and 39mg/g dry
weight, respectively. They found that the DC significantly
impacted the extraction yield and that a longer DC resulted
in higher extraction efficiency. The optimum ultrasound DC
was 50%, with a total phenolic amount was 70 mg/g DW.!**!

The extraction of glycyrrhizic acid from Glycyrrhiza glabra
was optimized using ChCl:lactic acid (1:1). Findings showed
that the ultrasonic DC 50% significantly affected the extrac-
tion yield, with the ideal DC resulting in the highest extraction
efficiency (55mg/g DW).?!) In a study by Patil et al, the
impact of ultrasound DC on the extraction of curcuminoids
from Curcuma longa was investigated.'”” The authors opti-
mized the extraction process by varying the DC (20%, 40%,
60%, 80%, and 100%), sonication time, and temperature.
Extraction yields of 77 mg/g DW of curcuminoids were found
to be optimal at a DC of 60%. The authors also performed a
kinetic study and found that the extraction rate increased with
increasing DC up to 50%, after which it remained constant.

In addition, inconsistent results have been found when
testing the hypothesis that a longer DC increases extraction
efficiency. A higher pulse duration/pulse interval ratio (from
30% to 50%) was associated with a higher yield of pectin
extraction from grapefruit peel, and this relationship was
shown to be inverse after 50%. An increase followed this in
the ratio after it was above 50%./°”) The extraction efficiency
of (poly)phenols from pomegranate peel was significantly
affected by interactions between ultrasonic power and DC.
With a DC of 80%, the authors obtained the highest possible
level of extraction efficiency.”®! This suggests that extraction
efficiency could be improved by using the DC appropriately,
which would benefit the process.”"!

Effect of DES composition on UAE extraction efficiency
of (poly)phenols

DESs are comprised of two components: (i) HBA and (ii)
HBD and these two are interlinked with each other by
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hydrogen bonding. Different solvents in different propor-
tions are used to prepare eutectic solvents depending on the
polarity, solubility, and desired extraction application. DES-
UAE application uses acoustic cavitation to rupture the cell
wall matrix and release bioactive compounds, improving
extraction efficiency and reducing solvent costs.

Among many other organic compounds due to its low
cost, biodegradability, and low toxicity, ChCl was widely
used as an organic salt to prepare eutectic solvent mixtures
with cheap and safe HBDs such as Ur, Gly, carbohydrate-
derived polyols or carboxylic acids. Table 2 recapitulates the
effect of deep eutectic solvent composition on the UAE effi-
ciency of (poly)phenols.

Nine different eutectic solvent compositions along with
UAE methods were used by Zheng et al. to extract phenolics
from foxtail millet bran."® The composition of the six
eutectic solvents are as follows: ChCl-Oa (Oa = oxalic acid),
ChCl-La (La=lactic acid), ChCIl-Gly, Pro-Gly, Pro-La
(La =lactic acid), Gly-La, Bet-Gly, Gly-Ca (Ca =citric acid)
and Sa-Gly (Sa=sodium acetate). By using the nine eutectic
solvents they obtained the total phenolics content amount in
the following order: Gly-Ca (7.5mg FAE/g DW) > Bet-Gly
(7mg FAE/g DW) > Gly-La (6.5 mg FAE/g DW) > Sa-Gly
(6.25mg FAE/g DW)> Pro-Gly (4.6 mg FAE/g DW) > Pro-
La (1.1 mg FAE/g DW) > ChCI-Gly (0.38 mg FAE/g DW) >
ChCl-Oa (0.22mg FAE/g DW) > ChCl-La (0.13mg FAE/g
DW). This study found that three key factors are intermisci-
bility, compatibility, polarity, and viscosity of eutectic sol-
vents, which are essential for optimal efficiency. Higher
viscosity limits the extraction efficiency of maximum DESs
and that is why maximum extraction efficiency can only be
achieved through low viscous DES which is Gly-Ca and Bet-
Gly here. It has been observed that Bet-Gly possessed
slightly higher viscosity due to the presence of a carboxylic
group with Bet compared to Gly-Ca. Though viscosity is
important for extraction performance, other characteristics
such as polarity also play a critical role. Solvents with polar-
ity values near to those of the targeted solutes provide
higher solubilization capacity and higher extraction effi-
ciency. Another point is DES composition has been
observed to affect the polarity of DES, with organic acid-
based DES being the most polar. Bet-Gly is considered an
optimum solvent for extraction due to its higher polarity
than Gly-Ca.

In another study, three different eutectic solvent compo-
sitions were used for the extraction of (poly)phenols from
different agricultural wastes.”?! The three eutectic solvent
compositions Gly-ChCl, Gly-Sa, Gly-Spt-W
(Spt=sodium - potassium tartrate, W = Water). In the case
of lemon peels, maximum (poly)phenol content was
obtained from Gly-ChCl followed by Gly-Spt-W and Gly-Sa,
for onion solid wastes maximum (poly)phenol content was
obtained from Gly-Spt-W followed by Gly-ChCl and Gly-Sa,
for red grape pomace, wheat bran, olive leaves, and spent
filter coffee maximum phenolics were obtained from Gly-
ChCl followed by Gly-Sa and Gly-Spt-W. In conclusion, it
was found that mixtures composed of Gly-ChCl and Gly-Sa
show higher extraction efficiency compared with a lower

are -
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Table 2. Effect of deep eutectic solvent composition on UAE extraction efficiency of (poly)phenols.

Source

Solvent composition

(Poly)phenols content

References

Setaria italica (Foxtail millet bran)

Different agricultural wastes (lemon
peels, olive leaves, onion solid
wastes, red grape pomace, spent
filter coffee and wheat bran)
Combretum micranthum G. Don

Lavandula angustifolia

Sea buckthorn leaves

Capparis Ovata var canescens

Paederia scandens (Lour.) Merr.
(Chinese Fever Vine)

Mangifera indica L. (waste mango
peel)

Choline chloride:oxalic acid
Choline chloride:lactic acid
Choline chloride:glycerol
Proline:glycerol
Proline:lactic caid
Glycine:lactic acid
Betaine:glycerol
Glycerol:citric acid

Sodium acetate:glycerol
Glycerol:choline chloride
Glycerol:sodium acetate

Glycerol:sodium potassium tartrate-water

Choline chloride:lactic acid
Choline chloride:tartaric acid
Choline chloride:acetic acid
Citric acid:glycerol

Lactic acid:glucose
Glucose:citric acid
Fructose:citric acid

Choline chloride:acetic acid
Choline chloride:glycerol (1:2)
Choline chloride:glycerol (1:3)
Choline chloride:glycerol (1:4)
Choline chloride:citric acid (1:2)
Choline chloride:citric acid (2:1)
Choline chloride:citric acid (1:1)
Choline chloride:lactic acid (1:2)
Choline chloride:lactic acid (1:3)
Choline chloride:oxalic acid
Choline chloride:tartaric acid
Choline chloride:xylose

Choline chloride:glucose
Choline chloride:fructose

Citric acid:choline chloride
Mallic acid:choline chloride
Lactic acid:choline chloride
Ethylene glycol:choline chloride
1,3-butanediol:choline chloride
1,4-butanediol:choline chloride
Sucrose:choline chloride
1,2-propanediol:Choline chloride
1,6-hexanediol:choline chloride
Glycerol:choline chloride
Glucose:choline chloride
Fructose:choline chloride
Choline chloride:urea

Choline chloride:glycerol
Choline chloride:lactic acid
Choline chloride:sorbitol
Sodium acetate:glycerol
Sodium acetate:lactic acid
Sodium acetate:sorbitol

Sodium acetate:glycerol
Sodium acetate:lactic acid
Sodium acetate:sorbitol
Choline chloride:malic acid
Choline chloride:glycerol
Choline chloride:oxalic acid
Choline chloride:xylitol

Choline chloride:levulinic acid
Choline chloride:ethylene glycol
Choline chloride:glucose
Choline chloride:triglycol
L-Proline:glycerol
L-Proline:levulinic acid
L-Proline:ethylene glycol
L-Proline:lactic acid
L-Proline:glycerol
Betaine:glycerol
Betaine:levulinic acid

Citric acid:Glycerol

Choline chloride:ethyelene glycol
Choline chloride:glycerol

0.23mg FAE/g DW
0.10mg FAE/g DW
0.38 mg FAE/g DW
4.5mg FAE/g DW
1.1 mg FAE/g DW
6.5mg FAE/g DW
7.3 mg FAE/g DW
7.5mg FAE/g DW
6.3 mg FAE/g DW

82.94mg GAE/g DW
76.73 mg GAE/g DW
88.03 mg GAE/g DW

24mg GAE/g DW
21 mg GAE/g DW
22mg GAE/g DW
26 mg GAE/g DW
31mg GAE/g DW
16 mg GAE/g DW
32mg GAE/g DW
34 mg GAE/g DW
45mg GAE/g DW
41 mg GAE/g DW
40 mg GAE/g DW
32mg GAE/g DW
19mg GAE/g DW
36 mg GAE/g DW
37.5mg GAE/g DW
37.5mg GAE/g DW
16 mg GAE/g DW
30 mg GAE/g DW
35mg GAE/g DW
24 mg GAE/g DW
30mg GAE/g DW
7.5mg/g DW
7mg/g DW
7.42mg/g DW
8mg/g DW
5.2mg/g DW
8.8mg/g DW
5.4mg/g DW
5.1mg/g DW
5.3 mg/g DW
4.8mg/g DW
7.4mg/g DW
5.3mg/g DW
3.8 mg GAE/g DW
4.3 mg GAE/g DW
13 mg GAE/g DW
4mg GAE/g DW
4.4mg GAE/g DW
11 mg GAE/g DW
5mg GAE/g DW
4mg GAE/g DW
9mg GAE/g DW
4.6 mg GAE/g DW
4.5mg CE/g DW
15mg CE/g DW
11 mg CE/g DW
13.5mg CE/g DW
12.8 mg CE/g DW
19.4mg CE/g DW
13mg CE/g DW
17.8 mg CE/g DW
12.7mg CE/g DW
13mg CE/g DW
19.2mg CE/g DW
5.2mg CE/g DW
13.1mg CE/g DW
3.8mg CE/g DW
13.4mg CE/g DW
3.5mg CE/g DW
20.2 mg GAE/g DW
23.8mg GAE/g DW

[16]

[72]

(731

[74]

[75]

[76]

[77]

[78]

(continued)
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Source

Solvent composition

(Poly)phenols content References

Choline chloride:glucose
Choline chloride:sucrose
Choline chloride:malic acid
Choline chloride:lactic acid
Lactic acid:salicylic acid
Lactic acid:glucose
Choline chloride:glycerol
Choline chloride:lactic acid
Choline chloride:glucose
Choline chloride:urea
Choline chloride:glycerol
Urea:glycerol

Tartaric acid:glucose
Choline chloride:glucose
Choline chloride:sucrose
Choline chloride:xylitol
Choline chloride:xylose
Choline chloride:lactic acid
Choline hloride:malic acid

Malus domestica Bork (apple pomace)

Phoenix dactylifera L. (Date palm)

Choline chloride:1,4-Butanediol

Myrica rubra (Lour.) (Bayberry) p-Cyclodextrin:lactic acid
B-Cyclodextrin:citric acid
p-Cyclodextrin:malic acid

Rhus coriaria (Sumac) Choline chloride:lactic acid

Choline chloride:tartaric acid
Choline chloride:acetic acid

Cosmos sulphureus Choline chloride:glucose
Choline chloride:sucrose

Choline chloride:glycerol

Choline chloride:ethylene glycol

Choline chloride:lactic acid
Choline chloride:malic acid
Choline chloride:urea
Urea:glycerol

Choline chloride:lactic acid
Choline chloride:glycerol
Glycerol:lactic acid
Fructose:acetic acid
Glycerol:acetic acid

Pistacia lentiscus L.

Chloine chloride:acetic acid
Levulinic acid:choline chloride

Pinus pinaster Aiton
Lactic acid:choline chloride
Levulinic acid:formic acid

32mg GAE/g DW
28 mg GAE/g DW
32.6 mg GAE/g DW
39.5mg GAE/g DW
40.6 mg GAE/g DW
42mg GAE/g DW
5.7mg GAE/g DW (el
5.06 mg GAE/g DW
3.94mg GAE/g DW
3.2mg GAE/g DW
4.75mg GAE/g DW
2.36 mg GAE/g DW
2.13mg GAE/g DW
80 mg GAE/g DW 79l
92mg GAE/g DW
73 mg GAE/g DW
100 mg GAE/g DW
126 mg GAE/g DW
120 mg GAE/g DW
72mg GAE/g DW
28.13mg GAE/g DW (80]
27.48 mg GAE/g DW
27.64 mg GAE/g DW
123 mg GAE/g DW 81
96 mg GAE/g DW
119 mg GAE/g DW
1.6 mg GAE/g DW 821
1.7 mg GAE/g DW
2.1mg GAE/g DW
1.9mg GAE/g DW
2.7mg GAE/g DW
2.4mg GAE/g DW
1.9mg GAE/g DW
70 mg GAE/g DW 831
140 g GAE/g DW
120mg GAE/g DW
80 mg GAE/g DW
102 mg GAE/g DW
48 mg GAE/g DW
180 mg GAE/g DW
20 mg GAE/g DW (84]
6mg GAE/g DW
55mg GAE/g DW

Abbreviations: DW: Dry weight; GAE: Gallic acid equivalent; FAE: Ferulic acid equivalent.

extraction efficiency of Gly-Spt-W and the authors suggested
polarity as a key factor of an extraction efficiency of differ-
ent eutectic solvents.

UAE along with three different eutectic solvent composi-
tions — ChCl-La, ChCl-Ta (Ta=Tartaric acid), ChCl-Aa
(Aa=acetic acid) to extract (poly)phenols from kinkeliba
(Combretum micranthum G. Don).”>! The best result was
obtained by using ChCl-La (23.5mg GAE/g DW) followed
by ChCl-Aa (19mg GAE/g DW) and ChCl-Ta (17 mg GAE/
g DW). To extract (poly)phenols from Lavandula angustifo-
lia flowers, a study by Alasalvar et al. used UAE methods in
combination with 18 different eutectic solvent composi-
tions.”*! Among these 18 eutectic solvent compositions,
ChCI-Gly was found to have the highest (poly)phenol recov-
ery (44 mg GAE/g DW) and that due to its high polarity.

Twelve different eutectic solvents compositions were used
to extract (poly)phenols from sea buckthorn leaves and in
all these 12 eutectic solvents ChCl is used as a hydrogen
bond acceptor along with 12 different compounds (Ca, La,
Ma (malic acid), Etgly (Ethylene glycol), 1,3-but (1,3-butane-
diol), 1,4-but (1,4-butanediol), 1,6-hex (1,6-hexanediol), 1,2-
prop (1,2-propanediol), Gly, Glu (glucose), Fru (fructose)

and Su (sucrose)) as HBD.””! Among these 12 different
eutectic solvents, ChCl — 1,4-but exhibited the greatest
(poly)phenol extraction ability due to its minimum viscosity
that enabled it to maximum penetration of pores in the
matrix.

Ten different eutectic solvent compositions were used to
extract (poly)phenols from Capparis Ovata var canescens
fruit.”®) Among them, four were prepared using ChCl as
HBA along with Ur, Gly, La, and Sor (sorbitol) as HBD,
three were prepared using Sa as HBA and three were pre-
pared using Sc (sodium citrate) as HBA along with Gly, La,
Sor as HBD. Maximum extraction efficiency was observed
in ChCl-La eutectic solvent composition due to its higher
polarity and solubility factor. In a study by Liu et al., 16 dif-
ferent combinations of deep eutectic solvents were investi-
gated to optimize the (poly)phenols extraction from
Paederia scandens (Lour.) Merr.””] Among the 16 different
combination of deep eutectic solvents — eight were prepared
using ChCl as HBA along with Ma, Gly, Oa, Xl (xylitol),
Lva (levulinic acid), Etgly, Glu, Tgl (triglycol) as HBD, five
were prepared by using Pro as HBA along with Gly (with
two different ratios), Lva, Etgly, La as HBD, another two
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were prepared by using Bet as HBD along with Gly, Lva as
HBA, last one prepared by using Ca as HBD along with Gly
as HBA. ChCI-Etgly combination was found as the optimum
deep eutectic solvent having a maximum extraction effi-
ciency of 20mg CE/g DW. Polarity is a key factor in the
comparative study of extraction efficiency of different DES
combinations. Optimized combinations of HBA and HBD
are selected based on their hydrogen bonding interaction
between target chemicals and DES molecules.

To optimize (poly)phenols extraction from waste mango
peels, a study by Lanjekar et al. investigated the use of dif-
ferent DES.”®) In this study eight paired of DES were used
among which six were prepared by using ChCl as HBA
along with Etgly, Gly, Glu, Su, Ma, La as HBD and two
were prepared by using lactic acid as HBA along with Sa
(salicylic acid) and Glu as HBD. Study shown that La-Glu
paired was to have maximum extraction efficiency as it is
was capable of extracting polar as well as less polar com-
pounds from the waste mango peel. To extract (poly)phe-
nols from apple pomace seven different combinations of
DES were used.!'®! Among seven different DES paired, five
were made by using ChCl as HBA along with La, Glu, Ur,
Ca, and Gly, another two were prepared by using Ur and Ta
as HBA along with Gly and Glu as HBD respectively.
Among all these pairs, ChCl-Gly was found to have max-
imum (poly)phenols extraction efficiency due to its solubility
phenomena. To optimize (poly)phenols extraction from date
palm seven different sets of DES used and all DES were pre-
pared by using ChCl as HBA along with Glu, Su, Xl, Xls
(xylose), La, Ma, 1,4-but as HBD.!””! Best result was
observed in case of ChCl-La which supported the result of
previous study.

To extract (poly)phenols from bayberry, the use of UAE-
assisted deep eutectic supramolecular polymers (DESP) has
been investigated.®®! In this study, three different combina-
tions of DESPs were used in which f-cyn (f-cyclodextrin)
was used as HBA along with three different organic acids
such as La, Ma, and Ca as HBD. The best extraction result
was observed in the case of fi-cyn-La combination where
p-cyn-Ma and f-cyn-Ca showed similar results. To extract
(poly)phenols from sumac (Rhus coriaria L.) DES-UAE was
used for the first time.”*) In this study, three different com-
binations of DES with a molar ratio of 1:2 were used where
ChCl used as HBA along with La, Ta, and Aa as HBD. The
recovery of (poly)phenols was highest with ChCl-La. To
extract (poly)phenols from Cosmos sulphureus seven DES
were used that were based on ChCl as HBA and Glu, Su,
Gly, Etgly, La, Ma, and Ur as HBD.!®?! Similarly, the greatest
recovery was obtained by using ChCl-La combination which
is significantly higher than other DESs. To extract (poly)-
phenols from Pistacia lentiscus seven different sets of DESs
were used where several compounds such as ChCl, Gly, Fr,
La, Aa and Ur were used as HBD and HBA.'**) Maximum
extraction amount was observed in the case of ChCl-Aa
combinations which is significantly much higher than all
other DESs combinations. Three uncommon combinations
of DES were used to extract (poly)phenols from maritime
pine residues.’®*! Three DES combinations that were used in

this study were Lev-Fa (formic acids=Fa), Lev-ChCl, and
La-ChCl. Among all these three Lev-Fa showed a signifi-
cantly much higher extraction amount of (poly)phenols
compared to the other two combinations.

From all the studies reported here, it has been observed
that ChCl is the most commonly used HBA in DES systems,
while different organic acids (in most cases La) are used as
HBD. This is because ChCl-based DES performs exception-
ally well for (poly)phenolic extraction. These factors have
made it the most commonly used HBA in DES systems.

1. ChCl is abundant and low-cost, making it attractive for
industrial applications.

2. ChCl has low toxicity which makes it a safer choice
compared to some other ionic liquids.

3. ChCl has high thermal and chemical stability, which
makes it suitable for use in a wide range of
applications.

4. ChCl acts as a hydrogen bond donor in DESs, helping
to stabilize the solvent in high-temperature reactions or
harsh environments.

Besides all these advantages, there are some disadvantages
also to use ChCl as HBA.

1. ChCI’s limited solubility in common solvents hinders its
effectiveness as an HBA in certain systems.

2. ChCl is relatively expensive compared to alternative
HBAEs, restricting its widespread use.

3. ChCl’s hygroscopic nature makes it sensitive to mois-
ture, potentially interfering with desired hydrogen
bonding interactions.

Effect of DES to sample mass ratio on UAE extraction
efficiency of (poly)phenols

The DES-UAE method is based on the choice of eutectic
solvent composition and the ratio of that eutectic solvent to
sample (generally plant cell) mass. The main mechanism for
solvent extraction is the penetration of solvent to the cell
mass through the cell wall matrix and making the (poly)phe-
nols and other bioactive compounds soluble in that solvent
depending on the solubility and polarity of the solvent.!®”!
The amount of solvent needed to solubilize the maximum
(poly)phenols in a solvent depends on the amount of
sample. In general, the higher the sample amount, the
higher the solvent amount is considered. However, in some
cases, for small amount sample, the higher solvent is needed
due to hard cell matrix, low diffusivity rate and low solubil-
ity The concentration gradient increases with the solv-
ent-to-sample mass ratio, resulting in higher extraction of
solids by the solvent.!"*] A high solvent-to-sample mass ratio
dilutes the concentration of dissolved (poly)phenols at the
surface layer of the cell wall/matrix, accelerating the extrac-
tion rate.*”! The solvent-to-sample mass ratio must be low
to ensure optimal extraction efficiency and solvent recovery
and reusability for a sustainable extraction process. The
effect of deep eutectic solvent to sample mass ratio on UAE
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Table 3. Effect of deep eutectic solvent to sample mass ratio on UAE extraction efficiency of (poly)phenols.

Source Solvent composition Solvent to sample mass ratio (Poly)phenols content References
Coffea canephora Choline chloride:sorbitol 10:1 3.6mg/g DW 18]
20:1 4.17mg/g DW
30:1 5.87 mg/g DW
Setaria italica (Foxtail millet bran) Betaine:glycerol 1:5 6.8mg FAE/g DW fel
1:10 7.5mg FAE/g DW
1:15 7.41mg FAE/g DW
1:20 7.39mg FAE/g DW
1:25 7.48 mg FAE/g DW
Capparis ovata var. canescens Choline chloride:lactic acid 10:1 19.99 mg GAE/g DW el
20:1 22.47 mg GAE/g DW
30:1 24.41 mg GAE/g DW
40:1 24.34mg GAE/g DW
50:1 24.38 mg GAE/g DW
Morus alba L Choline chloridexcitric acid 1:10 15mg/g DW 1891
1:4 18 mg/g DW
1:2 19 mg/g DW
34 14mg/g DW
1:1 10.5mg /g DW
Polygonum aviculare Choline chloride:glycerol 22.4:1 42.30 mg GAE/g DW 741
25.5:1 49.5mg GAE/g DW
30:1 55mg GAE/g DW
34.5:1 51.03 mg GAE/g DW
37.6:1 42.01 mg GAE/g DW
Lavandula angustifolia Choline chloride:levulinic acid 20:1 66 mg GAE/g DW 1731
40:1 73 mg GAE/g DW
60:1 75mg GAE/g DW
80:1 83 mg GAE/g DW
100:1 86 mg GAE/g DW
Paederia scandens (Lour.) Merr. Choline chloride:ethylene glycol 10 mlL/g 21.41mg CE/g DW 77
40 mL/g 249mg CE/g DW
Mangifera indica L. (waste mango peel) Lactic acid:glucose 1:10 40 mg GAE/g DW 781
1:20 60 mg GAE/g DW
1:30 70 mg GAE/g DW
1:40 63 mg GAE/g DW
Malus domestica Bork (apple pomace) Choline chloride:glycerol 1:10 3.5mg GAE/g DW (el
1:20 5.3 mg GAE/g DW
1:30 5.5mg GAE/g DW
1:40 5.4mg GAE/g DW
1:50 5.3 mg GAE/g DW
Myrica rubra (Lour.) (Bayberry) B-Cyclodextrin:lactic acid 1:75 11.2mg GAE/g DW (801
1:100 8.9mg GAE/g DW
1:125 6.5mg GAE/g DW
1:150 5.1 mg GAE/g DW
1:175 2mg GAE/g DW
Cosmos sulphureus Choline chloride:lactic acid 10mL/g 2.4mg GAE/g DW 182]
15mL/g 2.7mg GAE/g DW
20ml/g 3.1 mg GAE/g DW
25ml/g 3mg GAE/g DW
30mL/g 3.01 mg GAE/g DW

Abbreviations: DW: Dry weight; GAE: Gallic acid equivalent; FAE: Ferulic acid equivalent.

extraction efficiency of (poly)phenols was summarized in
Table 3. Solvent (liquid) to sample (solid) ratio were opti-
mized in the DES-UAE of (poly)phenols from green coffee
beans of Coffea canephora.®® In the study, they used three
liquid-to-solid ratios, 10:1, 20:1, and 30:1 along with other
variables (solvent composition, solvent molar ratio, and
extraction time) for optimization purposes by using RSM-
Box-Behnken design. From different parameters design
combinations, it was found that the highest amount of
(poly) phenols was obtained from the 30:1 ratio of liquid to
solid followed by 20:1 and 10:1. In this study, the higher the
solvent to solid ratio, the higher the (poly)phenols extraction
phenomena was observed.

To optimize the extraction of (poly)phenols from foxtail
millet bran, five different solid-to-liquid ratios were used,
1:5, 1:10, 1:15, 1:20, and 1:25."”) Here in this study, interest-
ing results were observed that a maximum of 7.6 mg FAE/g

(poly)phenol content was observed in cases of 1:10,1:15 and
1:25 and in case of 1:20 the amount was 7.5mg FAE/g DW
followed by 6.8 mg FAE/g DW in 1:5 solid to liquid ratio.
The initial increase in the yield observed upon increasing
the ratio from 1:5 to 1:10 can be associated with the increase
in the contact surface between the matrix and the solvent, as
well as an improved concentration gradient that encourages
greater diffusion of (poly)phenols from the intracellular
sample matrix into the solvent. However, further increase in
the volume of solvent showed no enhancing effect, this sug-
gests that it is not always necessary to use high volumes of
solvents, especially with DES. Using an excessive amount
of extraction solvents could potentially hinder the retrieval of
(poly)phenols and lead to unnecessary wastage of reagents.

To get optimum extraction of (poly)phenols from
Capparis Ovata var canescens fruit five different liquid to
solid ratio were used, 10:1, 20:1, 30:1, 40:1, and 50:1.7°
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Here initially the amount of the (poly)phenols was increased
with an increase in liquid-to-solid ratio from 10:1 to 30:1
and after the 30:1 ratio, as the ratio increased up to the
highest liquid-to-solid ratio of 50:1 the amount of the phen-
olic remained constant at 24.4mg GAE/g DW. Though we
knew that a higher liquid-to-solid ratio enhances the mass
transfer rate, here in this case at a 30:1 liquid-to-solid ratio
the extraction reached its equilibrium/saturation point, thus
the phenolic amount remained constant. This phenomenon
also reduces the solvent’s costs and makes the extraction
economically more feasible. Five different (poly)phenols
from Morus alba L. leaves were extracted and quantified by
using five different solid-to-liquid ratios of 1:10 (10 mg/mL),
1:4 (25mg/mL), 1:2 (50mg/mL), 3:4 (75mg/mL), 1:1
(100 mg/mL)."®  Another interesting phenomenon they
observed was that all the (poly)phenols except quercetin and
kaempferol showed better extraction efficiency at a solid/
liquid ratio of 1:2, and only catechinic acid showed max-
imum extraction efficiency at a solid/liquid ratio of 1:4. As
the (poly)phenol extraction efficiency decreased after the
solid/liquid ratio of 1:2, thus the solid/liquid ratio of 1:2 was
considered the optimum ratio.

A study by Wu et al. investigated the effect of six differ-
ent liquid-to-solid ratios (20:1 (20mL/g), 40:1 (40 mL/g),
60:1 (60 mL/g), 80:1 (80mL/g), 100:1 (100 mL/g) and 120:1
(120mL/g)) on the extraction of (poly)phenols from
Polygonum aviculare.”® Here the extracted (poly)phenols
increased with increases in liquid-to-solid ratio from 20:1 to
80:1 and reached a maximum of 83 mg GAE/g DW at 100:1
and remained constant at 120:1. The higher the liquid-to-
solid ratio, the lower the viscosity, thus the higher extraction
efficiency was observed here. By using five different liquid
(eutectic solvent) to solid ratios: 22.4:1, 25.5:1, 30:1, 34.5:1
and 37.6:1, were used extracted (poly)phenols from L. angus-
tifolia flowers.” Maximum extraction was obtained at 30:1
and beyond that, at 34.5:1 and 37.6:1 the extraction amount
was decreased.

In another study, Liu et al,, reported that 40 mL/g of DES
to solid sample ratio extracted more (poly)phenols in com-
parison to 10mL/g, this can indicate that higher DES to
sample mass ratio can result in higher extraction yields due
to increased solubility of the target compounds in the solv-
ent.””] To study the extraction frequency of (poly)phenols
four different sample-to-DES ratios were used.'”) Among
the four solid-to-liquid ratios of 1:10, 1:20, 1:30 and 1:40, it
was observed that extraction efficiency was increased from
1:10 to 1:30 ratio due to a higher mass transfer rate created
from the difference of concentration gradient. The highest
recovery of (poly)phenols was observed at 1:30 ratio and as
the ratio further increased to 1:40, the extraction efficiency
decreased due to the uneven distribution of the cavitation
effect resulting from over dilution effect. To optimize the
(poly)phenols extraction from apple pomace was done by
using five different solid-to-liquid ratios ranging from 1:10
to 1:50.'8) A similar trend was also observed resulting in
maximum extraction at 1:30 solid-to-liquid ratio, further in
which it was shown that the (poly)phenols were decreased.

A recent study by Shi et al, combined deep eutectic
supramolecular polymers (DESP), instead of DES, with UAE
to extract (poly)phenols from bayberry.®") In this study, five
different solid-to-liquid ratios were used 1:75, 1:10, 1:125,
1:50, and 1:175 where the best result was obtained in the
1:75 solid-to-liquid ratio. As the ratio increased further, the
(poly)phenols recovery significantly decreased which might
be due to lesser cavitation or uneven distribution of cavita-
tion resulting from a higher dilution effect. By using ChCl
in five different solid-to-liquid ratios ranging from 10 to
30 mg/L, (poly)phenols were extracted from Cosmos sulphur-
eus where the best extraction was obtained at 20mg/L
liquid-to-solid ratio, beyond which the extraction amount
remained more or less constant due to equilibrium
factor.[®?]

Effect of sonication time on the extraction of
(poly)phenols using DES

Sonication time has a crucial role in the extraction process.
Long-term sonication time is detrimental to the quality of
extracts, as it alters the chemical structure and degrades bio-
active compounds, leading to poor recovery.[gl] Also, the
long sonication time makes the eutectic solvents unstable
which hampers their extraction efficiency.”®! Thus, UAE by
using eutectic solvent helps to get better optimum extraction
results in comparatively low sonication time.

A 4-factor-3-level Box-Behnken design (BBD) based
response surface methodology (RSM) was used to investigate
single-factor experimental results in the (poly)phenols
extraction from Setaria italica (foxtail millet bran) and opti-
mized four independent process variables which were -
water content in the DESs, the ultrasonic power used,
extraction temperature and extraction time.'®’ For finding
out the effect of sonication time on the extract amount dif-
ferent sets of sonication times (10-50 minutes) were used.
As shown in Table 4, from 10 to 30 minutes the (poly)phe-
nol content significantly increases (p<0.001) with the
increase in sonication time. The phenomenon occurred due
to the better release of intracellular (poly)phenols through
ultrasound and the lower diffusion resistance from the
matrix cell wall. Short to medium sonication time (10—
30 minutes) exposure also helped stabilize eutectic solvents,
resulting in better extraction efficiency. With a further
increase in sonication time to 40 minutes, the amount of the
(poly)phenols significantly decreased (p < 0.001) due to the
maximum solubility of (poly)phenols in the eutectic solvent
which caused higher diffusion resistance and with a further
increase in sonication time to 50 minutes, more decrease in
phenolics was observed due to the higher temperature gen-
eration from long sonication time.

A BBD experimental design united with RSM was
employed to optimize the percentage of water, the ultra-
sound amplitude, and the extraction time on five response
varjables in the extraction of bound (poly)phenols from
Garcinia mangostana L. (mangosteen peel).[92] Here three
different sonication times (1, 8, and 15 minutes) were used
for the optimization of extraction. Analysis of variance



Table 4. Ultrasonication-assisted extraction of (poly)phenols by using different eutectic solvents.
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Source

Solvent composition

Sonication time (min)

(Poly)phenols content

References

Setaria italica (Foxtail millet bran)

Garcinia mangostana L. (Mangosteen Peel)

Lycium barbarum L (Wolfberry)

Fagopyrum esculentum (Buckwheat sprouts)

Hippophae rhamnoides (Sea buckthorn leaves)

Capparis Ovata var canescens (Capers)

Cucurbita pepo (Pumpkins)

Prunus persica (Peaches)

Lavandula pedunculata (French lavender)

Juglans regia L. (Persian walnut)

Morus alba L. (White mulberry)

Paederia scandens (Lour.) Merr. (Chinese Fever Vine)

Malus domestica Bork (apple pomace)

Myrica rubra (Lour.) (Bayberry)

Cosmos sulphureus

Bee pollen

Betaine:glycerol
(1:5)

Choline chloride:lactic acid
(1:2)

Choline chloride:p-Toluene sulfonic acid

(1:2)

Choline chloride:triethylene glycol
(1:4)

Choline chloride:proline
(1:3)

Choline chloride:lactic acid
(1:4)

Choline chloride:glycerol

(1:1)

Choline chloride:glycerol
(1:1)

Choline chloride:glycerol
(1:2)

Choline chloride:phenylpropionic
(1:2)

Choline chloride:citric acid
(1:1)

Choline chloride:ethylene glycol
(1:2)

Choline chloride: glycerol

(1:2)

p-Cyclodextrin:lactic acid

Choline chloride:lactic acid

Choline chloride:lactic acid

5mg FAE/g DW
6.6 mg FAE/g DW
7.25mg FAE/g DW
7mg FAE/g DW
6.9 mg FAE/g DW
13.88 mg GAE/g DW
95.90 mg GAE/g DW
154.88 mg GAE/g DW
10.3 mg myricetin/g
15.9 mg myricetin/g
27.8 mg myricetin/g
46.7 mg myricetin /g
57.2 mg myricetin/g
57.2mg myricetin/g
7.49 mg Isoorientin/g
9.26 mg Isoorientin/g
8.76 mg Isoorientin/g
7.584 mg Rutin /g
8.757 mg Rutin /g
8.219mg Rutin /g
7.76 mg GAE/g DW
19.74 mg GAE/g DW
30.54 mg GAE/g DW
25.35mg GAE/g DW
23.91 mg GAE/g DW
42.32mg GAE/100g DW
43.85mg GAE/100g DW
44.09mg GAE/100g DW
53.52mg GAE/100g DW
54.41 mg GAE/100g DW
54.82 mg GAE/100g DW
50 mg GAE/g DW
60 mg GAE/g DW
57 mg GAE/g DW
32.8mg/g DW
33.2mg/g DW
35.1mg/g DW
32mg/g DW
34.4mg/g DW
17.62mg/g DW
20.75mg/g DW
22.53 mg/g DW
16.77 mg/g DW
12.37mg/g DW
21.41 mg CE/g DW
2490 mg CE/g DW
1mg GAE/g DW
3.1mg GAE/g DW
4.8 mg GAE/g DW
5.4mg GAE/g DW
5.6 mg GAE/g DW
5.5mg GAE/g DW
5.7mg GAE/g DW
5.55mg GAE/g DW
5.47 mg GAE/g DW
20 mg GAE/g DW
23 mg GAE/g DW
24mg GAE/g DW
25mg GAE/g DW
25.5mg GAE/g DW
26 mg GAE/g DW
27 mg GAE/g DW
26 mg GAE/g DW
1.45mg GAE/g DW
2.5mg GAE/g DW
3mg GAE/g DW
2.95mg GAE/g DW
2.92mg GAE/g DW
27.32mg GAE/g DW
27.33 mg GAE/g DW
27.19mg GAE/g DW

[16]

[92]

[44]

[91]

[93]

[76]

[94]

[74]

[95]

[89]

[771

[18]

[80]

[82]

[96]

Abbreviations: DW: Dry weight; GAE: Gallic acid equivalent; FAE: Ferulic acid equivalent.
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(ANOVA) was employed to assess the appropriateness of
the fitted model based on water %, ultrasound amplitude,
and extraction time. As shown in Table 4, 15minutes of
sonication resulted in the highest amount of (poly)phenols
which is significantly (p < 0.001) much higher than the other
two results obtained at 1 and 8 minutes. Prolonged ultraso-
nication time (15minutes) improved the bioavailability and
efficacy of compounds by forming smaller particles and uni-
form distribution. In another study (poly)phenols extraction
from Lycium barbarum L. was optimized by using six differ-
ent sonication times (ranging from 10 to 120 minutes) and
the optimized result was observed at 90 minutes. Beyond
90 minutes the result became constant at 120 minutes (Table
4). The greatest extraction at 90 minutes is due to the stabil-
ization of eutectic solvent and changes in the crystalline
structure of the compound matrix, leading to increased solu-
bility and physical properties. To statistically optimize the
ultrasound-assisted DESs for (poly)phenols extraction from
Fagopyrum esculentum (Buckwheat sprouts), a central com-
posite design (CCD) with two components and three levels
united with RSM was used.”"! Among three sets of sonic-
ation time (20, 40, and 60 minutes) the best results were
obtained at 40 minutes and beyond 40 minutes the amount
was significantly decreased (p <0.05) at 60 minutes due to
prolonged extraction time which may increase the tempera-
ture resulting in poor extraction efficiency. BBD united with
RSM was applied to extract (poly)phenols from Hippophae
rhamnoides (Sea buckthorn leaves) and sonication/extraction
time (10, 15, and 20 minutes) was one of the key independ-
ent variables.””) The highest yield was obtained at
15minutes sonication time and this short sonication time
also ensures optimum quality extracts with low energy cost
the DES-UAE combination also ensured no detrimental
effects on the environment. Maximum (poly)phenols from
Capparis Ovata var canescens fruit was reported at a sonic-
ation time of 30 minutes over five experimental times (10-
50 minutes) and they recommended DES-UAE methods as
an alternative to conventional extraction methods due to
shorter extraction time and cost-effectiveness.””®!

The DES-UAE method was used to extract (poly)phenols
from peaches and pumpkins. For both peaches and pump-
kins the highest amount of (poly)phenols was observed at
20 minutes sonication time, and process optimization
revealed that 25.7 and 27.9 minutes were the optimal sonic-
ation times for both peaches and pumpkins °”! (Table 4). In
another study by employing the DES-UAE method the high-
est recovery of (poly)phenols was observed at 30 minutes
sonication time compared to 15 and 60 minutes sonication
time.[®® The DES-UAE method was used to extract (poly)-
phenols from Juglans regia L., and the optimum result was
achieved at 105minutes.”® Higher sonication time is
needed for complex cellular structures and low extraction
rates. In the DES-UAE method, the highest (poly)phenols
content from Morus alba L. (White mulberry) was obtained
at a sonication time of 30 minutes..!'®%"] Beyond 30 minutes,
extract amounts were decreased at 40 and 50 minutes. The
reason for this phenomenon is that at a long sonication
time, (poly)phenols may form polymer by reacting with

eutectic solvents, making them unavailable as extracts. Also,
excessive ultrasonication time caused the formation of insol-
uble aggregates or decomposition products, resulting in poor
extraction efficiency.

In the extraction of (poly)phenols from Paederia scandens
(Lour.) sonication time was optimized by using response
surface methodology.””! 10 minutes and 40 minutes of son-
ication time were used to extract (poly)phenols, where
10 minutes resulted 24.9mg CE/g DW and 40 minutes
resulted 20.09mg CE/g DW. The optimal time was
9.7 minutes. Longer sonication time can lead to higher
extraction yield, but can also increase the risk of thermal or
chemical degradation. In the extraction of (poly)phenols
from apple pomace by using DES-UAE technique nine time
interval ranging from 10 to 50minutes with gap of
5 minutes in each were studied.""® In this study an interest-
ing trend was observed where (poly)phenols amount
increased as the time increased from 10 to 25 minutes then
decreased from 25 to 35 minutes, then slightly increased to
40 minutes and then it remained constant till 50 minutes.
This indicates Fick’s law of diffusion behavior where the
(poly)phenols amount increased due to higher rate of diffu-
sion, but when it reaches equilibrium, it remains constant.
Unlike all the previous study, in this study deep eutectic
supramolecular polymers along with UAE were used to
extract (poly)phenols from bayberry where eight different
time segments ranging from 5 to 40minutes having an
interval of 5minutes each were used.’*” Results showed that
as the time increased, the amount of (poly)phenols increased
significantly, but decreased after 35 and 40 minutes due to
degradation or denaturation of the target compounds.
Prolonged sonication time also caused polymorph conver-
sion, resulting in lower extraction efficiency. Seven different
DES were used to extract (poly)phenols from Cosmos sul-
phureus where five time segments ranging from 10 to
50 minutes with 10 minutes gap each were used and best
result was obtained at 30 minutes extraction time, after that
extraction amount slightly decreased or remained as more
or less constant.®?! Though three different time segments
15, 30, and 45 minutes were used to optimize the (poly)phe-
nols extraction from bee pollen by using DES, it was seen
that interestingly three different time segments had more or
less same extraction efficiency.*®!

Effect of temperature on extraction of (poly)phenols
using DES-UAE

Extraction temperature plays a critical role in DES-UAE.
The temperature profile influences both the UAE extraction
efficiency and the eutectic solvent’s extraction capacity. The
DES-UAE mechanism works based on cavitation collapse on
the cell wall/matrix, releasing compounds into the extraction
solvent.!””) UAE is a favorable extraction method due to its
lower extraction temperature, which protects sensitive
(Poly)phenols and increases efficiency. The optimum tem-
perature zone is between 30 and 60 °C, with extraction effi-
ciency increasing as the temperature increases.!”” In
combination with UAE nowadays eutectic solvents are used



to increase extraction efficiency by decreasing viscosity and
increasing solubility. This can be achieved by adding solvent
or increasing the temperature, which decreases viscosity and
increases solubility.**) Therefore, it has been observed that
eutectic solvent combined with UAE extraction methods
operating under optimum temperature zone resulted in

Table 5. Effect of temperature on yield of (poly)phenols content using DES-UAE method.
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excellent extraction efficiency. Table 5 conveys the effect of
temperature on the extraction of (poly)phenols using deep
eutectic solvents and UAE method.

(Poly)phenol yield was increased with the increase in
temperature up to a maximum of 60°C that caused higher
solubility of (poly)phenols in the eutectic solvent and

Source

Solvent composition

Extraction temperature (°C)

(Poly)phenols content

References

Setaria italica (Foxtail millet bran)

Lavandula angustifolia

Hippophae rhamnoides L. (Sea buckthorn)

Capparis Ovata var canescens

Vitis vinifera (Grape skin)

Prunus persica (Peaches)

Cucurbita pepo (Pumpkins)

Morus alba L.

Mentha arvensis

Olea europaea (Olive)

Polygonum aviculare

Paederia scandens (Lour.) Merr. (Chinese Fever Vine)

Malus domestica Bork (Apple)

Cosmos sulphureus

Melia azedarach (Chinaberry)

Pinus pinaster (Maritime pine)

Betaine:Glycerol

Choline chloride:Glycerol

Choline chloride:1,4-butanediol

Choline chloride:lactic acid

Choline chloride:oxalic acid

Choline chloride:glycerol

Choline chloride:glycerol

Choline chloride:citric acid

Choline chloride:glycerol

Choline chloride:lactic acid

Choline chloride:levulinic acid

Choline chloride:ethylene glycol

Choline chloride:glycerol

Choline chloride:lactic acid

Glycerol:ammonium acetate

Levulinic acid:formic acid

6.25mg FAE/g DW
6.9 mg FAE/g DW
7.2mg FAE/g DW
7.5mg FAE/g DW
7.2mg FAE/g DW
25mg GAE/g DW
37 mg GAE/g DW
42.5mg GAE/g DW
55mg GAE/g DW
42mg GAE/g DW
40mg GAE/g DW
41 mg GAE/g DW
6.732mg/g DW
8.757 mg/g DW
8471 mg/g DW
24.52mg GAE/g DW
26.57 mg GAE/g DW
28.61 mg GAE/g DW
24.52 mg GAE/g DW
19.4mg GAE/g DW
10 mg/g DW
19mg/g DW
26 mg/g DW
25mg/g DW
51.88 mg GAE/100g DW
54.82 mg GAE/100g DW
53.23 mg GAE/100g DW
40.94mg GAE/100g DW
44.09mg GAE/100g DW
42.19mg GAE/100g DW
6 mg/g DW
19mg/g DW
15mg/g DW
13mg/g DW
150 mg/g DW
262 mg/g DW
310 mg/g DW
308 mg/g DW
14mg GAE/g DW
20 mg GAE/g DW
70mg GAE/g DW
85mg GAE/g DW
86 mg GAE/g DW
84 mg GAE/g DW
82mg GAE/g DW
21.42mg GAE/g DW
24.90 mg GAE/g DW
3.2mg GAE/g DW
5.7mg GAE/g DW
5.8mg GAE/g DW
5.3mg GAE/g DW
4.8mg GAE/g DW
3.2mg GAE/g DW
2.15mg GAE/g DW
2.75mg GAE/g DW
3.1mg GAE/g DW
2.9mg GAE/g DW
2.8mg GAE/g DW
15.57 mg GAE/g DW
18.05 mg GAE/g DW
15.72mg GAE/g DW
189.79 mg GAE/g DW
226.76 mg GAE/g DW
137.89 mg GAE/g DW

[16]

[74]

[75]

[76]

[100]

[94]

[89]

[99]

[43]

[90]

[77]

[18]

[82]

[101]

[84]

Abbreviations: DW: Dry weight; GAE: Gallic acid equivalent; FAE: Ferulic acid equivalent.
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beyond 60°C yield was decreasing slightly due to lower
thermal stability.!'®’ Similarly, highest (poly)phenol recovery
from L. angustifolia was found at 55°C.”*! Highest (poly)-
phenol extraction from Hippophae rhamnoides was observed
at 60°C over a temperature range of 45 to 75°C and it was
also found that increased temperature decreases surface ten-
sion and viscosity of eutectic solvent, which increases solu-
bility and penetration power of the eutectic solvent to the
cell-matrix."**!

In another study, maximum (poly)phenol extraction from
Capparis Ovata var canescens fruit using DES-UAE was
found at 60°C due to better cavitation, optimum viscosity
and lower oxidation.'”®) Maximum extraction of (poly)phe-
nols from grape skin observed at 65°C by employing
UAE-eutectic solvent and they found that the increase in
temperature caused a decrease in surface tension, resulting
in enhanced desorption and dissolution of target (poly)phe-
nols in the solvent.'®! (Poly)phenols were extracted from
pumpkins and peaches and in both cases, the optimum tem-
perature was found as 40°C at which maximum extraction
efficiency observed due to increase in diffusivity of the solv-
ent into cells and that enhanced desorption and solubility of
target compounds from the cells.”" In a study maximum
(poly)phenol extraction was observed at 50°C and beyond
50°C hampered the stability of the extraction system and
that resulted in a decrease in extraction amount. As per this
study at lower temperatures high viscosity of eutectic sol-
vents caused a low mass-transfer rate that resulted in poor
extraction efficiency.®™® Highest (poly)phenol recovery at a
temperature of 60°C was observed due to maximum diffu-
sion of plant metabolites in the solvent and beyond this
temperature, no such significant changes were observed in
extraction amount.'””! Better extraction of (poly)phenols
from olive pomace observed at 60 °C compared to 40 °C due
to lower viscosity and surface tension along with higher
solubility of (poly)phenols at 60°C.** Increase in (poly)-
phenols with an increase in temperature observed but within
the temperature range of 40 to 70 °C no significant changes
in (poly)phenols amount were observed.”® Similar facts
with other studies like a decrease in viscosity with rising in
temperature and a solubility increase with a temperature
increase were also found here. Two temperature 30 and
60 °C respectively were used for extraction of (poly)phenols
from Paederia scandens.”” In this study, Maximum 24.9 mg
CE/g DW (poly)phenols were extracted by using 60°C of
ultrasonication temperature and on the other hand at 30°C
the maximum (poly)phenols were found as 21.17mg CE/g
DW. Six different temperature ranging from 20 to 70°C
were used to optimize the extraction of (poly)phenols from
apple pomace and best result was observed at 40°C.!"¥) To
extract (poly)phenols from Cosmos sulphureus five different
temperatures were used ranging from 35 to 55°C were used
and (Poly)phenols were found in increase order till 45°C
after which it drastically decreased due to thermal degrad-
ation.® To extract (poly)phenols from Melia azedarach,
Gly-ammonium acetate solvent was used under three differ-
ent temperature zones (30, 40, and 50°C) and maximum
extraction was observed at 40 °C.!"%")

Limitations and future perspectives

In recent times, the application of the novel UAE method is
extensively used to extract different bioactive compounds;
however, it has several disadvantages as well.?>!%1%) First
of all, the critical optimization process, where all the process
parameters such as ultrasound power, ultrasound frequency,
ultrasound intensity, sonication time, and sonication tem-
perature are critically interrelated to obtain optimum extrac-
tion results. Thus, critical process optimization needs to be
carried out with utmost attention to get optimum extraction
results. Next, temperature control is very important for bet-
ter extraction. The optimum temperature has a desirable
window and could also be dependent on other factors. It
has been reported that long sonication time and higher son-
ication power resulted in higher temperature and generation
of ROS can make (poly)phenols to degrade.'® Sometimes
high sonication frequency can also alter the conformation or
molecular structure of some (poly)phenol compounds.''*”!
In some cases, there may be the possibility of the generation
of negative pressure that caused a decrease in the extraction
efficiency.!*”’

Recently, DES-UAE has been investigated as an alterna-
tive green extraction technology for (poly)phenols and other
bioactive compounds. DES-UAE has given excellent extrac-
tion results as reported in various studies. However, this
combined method has also found some limitations as
well186196197) Eirgt of all, the main concern of eutectic solv-
ent is its high viscosity and surface tension which lowered
its solubility that hampers its extraction efficiency. Secondly,
optimization of proper composition formulation of eutectic
solvent to get desired (poly)phenols and bioactive com-
pounds to be extracted is another critical factor to be deter-
mined to avoid poor results. Sometimes inadequate solid/
liquid ratio may result in very poor extraction efficiency.
Along with all the UAE parameters, the right eutectic solv-
ent selection with proper solid/liquid ratio requires very
good optimization data and at the current time, the num-
bers of experimental optimized data are very limited. Also,
information on the toxicity of some eutectic solvents is very
limited and that is a major concern for safety use of resulted
in extracts and disposal. On the other hand, high-tempera-
ture generation due to high sonication time/power/intensity
may hamper the extraction efficiency of the eutectic sol-
vents, which is why all the parameters need to be optimized
critically.

The limited publications on optimized DES-UAE systems
for specific (poly)phenols and bioactive compounds from
different plant sources is the main challenge in this research
field. Due to a lack of proper data, the optimization process
becomes complex in nature with high costs. Also, while
DES-UAE has shown promise as a method for the extrac-
tion of (poly)phenols, there is still limited research on its
use and effectiveness, particularly in comparison to trad-
itional extraction methods. This makes it challenging to fully
understand the potential advantages and limitations of this
method for their applications in the industry.'*®! The effect
of ultrasonication intensity/power/time on conformation,
biological activity and molecular structure of bioactive



compounds is not very clear to date so those aspects need to
be investigated properly through future research. In general,
the use of DES-UAE presents both challenges and opportu-
nities for the extraction of (poly)phenols. On one hand, the
selection of appropriate DES that can effectively extract the
target compounds and minimize the environmental impact
is a challenge. Additionally, the optimization of ultrasound
parameters such as frequency, power, and time can also be
difficult; however, through the application of response sur-
face methodology, this can be overcome. Overall, the com-
bination of ultrasound and DES can enhance the extraction
efficiency of (poly)phenols and improve their bioactive
properties. Furthermore, ultrasound can reduce the process-
ing time and improve the quality of the extracts by reducing
solvent usage and minimizing the degradation of the target
compounds. Therefore, the use of UAE with DES presents
an opportunity to develop a more sustainable and efficient
extraction process for (poly)phenols.!*-!%11°]

From a safety point of view, DES have shown their
potential in terms of low toxicity and easy biodegradability.
More often than not, DES are thought to be less harmful
than many organic solvents. Their toxicity, however, might
differ based on the particular ingredients included in the
eutectic composition and each counterpart of the eutectic
composition needs to be assessed to determine their overall
toxicity.!""") Martinez et al., reported an interesting study
regarding the controversy on the toxic nature of deep eutec-
tic solvents and their possible contribution to environment
pollution.!"*?) The study highlighted about toxicity of signifi-
cant numbers of DESs which previously seemed to be less
toxic. This study also found that the toxicity quantification
method that was conventionally used is not accurate for
DES due to their low diffusibility resulting from high viscos-
ity. For clarity on toxicity controversies, the authors suggest
that more studies about toxicity/biodegradability should be
conducted in the near future. From a sustainability point of
view, DES are a very good alternative to conventional
organic solvents. Though DES have wider acceptance as
green solvents, in several studies it has been found that at
higher temperatures and low pressure, many DES decom-
posed which resulted in harmful effects.!'** For industrial
applications, this decomposition may cause several detri-
mental effects such as flammability and explosibility.

In terms of sustainability approach, natural deep eutectic
solvents (NADES) are preferable compared to DESs due to
its low cost, easy availability, high purity and most impor-
tantly low toxicities."'¥ NADES are types that are formed
by combining nontoxic quaternary ammonium salt as
hydrogen receptor (usually choline chloride, ChCl) and a
natural low toxic hydrogen donor such as amino acids, car-
boxylic acids, and sugars.""*) In NADES hydrogen bonding
is formed between the HBD and chloride of choline chloride
and this hydrogen bonding results in the eutectic point. A
study Benvenutti et al. reported a detailed comparative study
between DES and NADES.""*! This study suggested NADES
as superior to DES due to its low-cost factor and more eco-
friendly nature which makes NADES an attractive alterna-
tive for food and pharma-based applications.
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The current review focuses on the factors associated with
DES and UAE that impact the extraction of (poly)phenols
from natural resources such as plants and agricultural prod-
ucts. To establish DES as a more diversified dynamic solv-
ent, its extraction efficiency for compounds other than
(poly)phenols such as carotenoids, alkaloids and terpenoids
shall be explored. A recent review by Suthar et al. reported
how the extraction of different biomolecules is affected by
DES.!"®! In the case of protein extraction using DES it was
observed that DES composition, solvent-to-sample molar
ratio, and temperature were the vital factors to be consid-
ered.""7"1"1 Considering carbohydrates, DES concentration,
liquid-solid ratio, extraction time, temperature, and ultra-
sound duty cycle were found to be vital factors for overall
extraction efficiency.'*""**/ The extraction of lipids is
affected by the DES composition, solubility and ultrasound
power.!'?12¢] Eor alkaloids, terpenoids and flavonoids it
was observed that ultrasound power, extraction time, liquid-
to-solid ratio along with DES composition variation resulted
in optimum extraction efficiency."'*! 1t has been
observed that similar to (poly)phenols extraction, in the case
of other biomolecules extraction the effects of the other
associated factors are more or less the same but different
structure configurations of different biomolecules ultimately
influenced the extraction efficiency to some extent.

Conclusions

DES-UAE method has emerged as a novel and green extrac-
tion method for (poly)phenols that offers some advantages
in comparison with conventional extraction methods and
the use of toxic organic solvents. Ultrasonication helps to
achieve extraction with low solvent extraction and low
energy cost. Also, ultrasonication does not impact the prop-
erties of solvent so much as compared with other traditional
extraction methods (i.e. Soxhlet extraction, maceration, and
hydro distillation methods).""**'®! DES alone or DES-
UAE methods further enhanced the extraction efficiency to
the maximum level. In general, most tested eutectic solvents
possessed several advantages such as low or no toxicity to
humans and the environment, reusability, solubility, extrac-
tion efficiency, and low cost. The combination of proper
eutectic solvents helps to solubilize some (poly)phenols.
Thus, the proper selection of eutectic solvents along with
other process parameters such as low viscosity and surface
tension ensures maximum extraction efficiency. Low to no
toxicity of eutectic solvents also makes the extraction pro-
cess safe for workers and industrial applications. Also,
(poly)phenol extracts prepared from nontoxic DES can be
used for human consumption once other safety aspects are
verified. UAE process optimization is a critical process and
thus UAE in combination with eutectic solvents needs crit-
ical process optimization, otherwise, optimum results cannot
be achieved. To date, there are only limited data available
on the optimization of different DES-UAE processes.
Optimized UAE parameters for safe and natural eutectic
solvent combinations need to be further discovered to
enhance (poly)phenol extraction efficiency and use the
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