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Abstract: Every year, more than 50 million metric tons of apples are produced, and apple pomace
is frequently discarded as waste in the food industry. Apple pomace, a byproduct of apple juice
and cider production, is used as a sustainable raw material to make valuable products such as
nutraceuticals and pectin. Apple pomace contains a substantial amount of antioxidant compounds,
which have been related to several health advantages. Therefore, valuable components extracted
from this byproduct may be used in the food and pharmaceutical industries. The common and new
technologies to obtain valuable products from apple pomace which has come from production of
apple juice or cider. Especially, emphasis of new and green technique is very important and will
contribute the literature. Therefore, this review discussed apple processing, pectin as a bioactive
compound, the extraction methods, current applications of apple pomace byproducts, and future
studies on its potential uses in food.
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1. Introduction

With the inefficient usage of raw materials and the rise in waste production, waste
management has shifted from emission reduction or mitigation to a more practical method.
Waste materials are still seen as valuable commodities used as raw materials, which is a
need for sustainable growth. The value of limiting natural resource consumption to achieve
a balanced standard is related to a decrease in greenhouse gas emissions, which have a
detrimental effect on climate change. Agroindustry wastes are significant on a global scale
because they are linked to greenhouse gas pollution from processing, use, disposal and can
result in natural resource depletion as a result of an ever-increasing global population [1,2].
Under the biorefinery model, concepts such as “circular economy” and “cradle to cradle”
aim to create a world in which wastes from specific industrial processes can be used as
sustainable raw materials for other products and commodities. These concepts would raise
both critical economic and environmental issues that can prevent the use of non-renewable
resources [3].

Vegetable and fruit factories generate vast volumes of waste that impact landfills,
producing approximately 80% sugars and hemicellulose, 9% cellulose, and 5% lignin. They
produce methane and leachates and have high chemical and biochemical oxygen demands
since they are biodegradable, leading to increased recovery costs. The agricultural wastes
such as peanut skin and banana peels have been valorized in our group since 2017, moving
towards a “zero waste” economy to obtain products and substances that, due to their
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nature, will interact with traditional ones, reducing emissions and contributing to healthier
material and commodity output. For example, peanut skin as peanut butter wastes have
been extracted by supercritical carbon dioxide as green technology to recover catechin,
antioxidant, and flavonoid compounds [4,5]. Banana peels as banana chips waste are also
extracted to obtain using a renewable technology called subcritical water extraction [6].

In 2019, the world’s apple harvest totaled more than 70 million metric tons, with Asia
accounting for more than half of it, as shown in Figure 1 [7]. Around 75% of apples may
be turned into jelly, while the remainder, classified as apple pomace, comprises around
20-30% dried matter and is mainly used as animal feed or manure. Since apple pomace is
produced in large amounts and includes a large percentage of water, it presents storage
issues and necessitates prompt care to avoid putrefaction.
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Figure 1. Apple world plantation (a) and production (b) by years (http://www.fao.org/faostat/en/
#data/QC (accessed on 4 May 2020)).
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The processing of waste into value-added goods, which reduces the waste amount,
is a feasible alternative for the world. The pomace has been traditionally used as animal
feed material for cows, buffalo, sheep, and goats [8-10]. The apple pomace also gives the
high antioxidant capacity, antimicrobial and anti-viral properties [11-14]. It is a promising
source with potential applications in the nutraceutical and pharmaceutical industries.

Formerly, the conventional extraction consisted of the maceration and Soxhlet asso-
ciated with organic frequently used in the extraction of apple pomace. Nevertheless, the
‘green extraction” of plant material is widely revealed as a challenge to the conventional
extraction method. Demanding green extraction has aimed to increase the yield at a lower
cost. Since no organic solvents are used, the formation of toxic residue is reduced [15-18].

Thus, significant advances have been developed in green extraction technologies
such as the microwave-assisted extraction, subcritical water extraction, and supercritical
carbon dioxide (SC-CO;) [19-35]. The conventional method had proven to comprise higher
yield, yet the SWE and SC-CO,; approached could be alerted regardless of long-term effect,
especially to our environment and health issues. Therefore, this review comprehensively
highlights apple pomace, reviews its current extractions of this byproduct, and finally
proposes a trend for future studies on apple pomace.

2. Apple Production

Apple is one of the most commonly grown tree fruits and is the domesticated tree
Malus domestica (family Rosaceae). The apple plantation is one of the world’s largest, span-
ning over 5.3 million hectares and reaching up to a height of 15 m with climacteric fruit.
It is expected to be the most common fruit, accounting for 16.8% of global fruit produc-
tion, followed by orange, accounting for 11.4%. In the last five years, apple demand has
increased from 50 million tons to 53 million tons [7]. The market is due to apple products
such as chips, ice cream, jelly, and cake. Furthermore, rising apple demand has been aided
by demographic growth, as well as a rise in planted area and productivity. Figure 1 shows
that the Asian region produced the most apples in 2019, with 56.34 million tons [7].

3. Pectin

In 1790, a pioneer discovered the complex polysaccharides of pectin in fruit juices [36].
Pectin is one of the compounds in apple pomace that is of concern for the last decade, the
majority of study on pectin has been based on this molecule. Pectin roots are found above
the mid layer of lamella and primary cell walls. According to the American Chemical
Society, pectin is a complex compounds including of colloidal carbohydrate derivatives [37].
In pectin, the methylated ester of 1,4-linked galacturonic acid (GA) attaches to the galactose,
arabinose, and xylose [38]. Extensively, a portion of the GA backbone’s C-6 carboxyl units
is esterified with methoxyl groups or live as uronic acid salts [39]. Additionally, the GA
could have been methylated to various degrees based on the source plant.

4. Antioxidants

Plants are known to have a variety of natural antioxidants that preserve their physical
and metabolic integrity. Many of these plant extracts promise in lowering the ageing of skin
by limiting the metabolism of oxidation. Antioxidants are proven to occur in phytochemi-
cals containing phenol. This indicates that antioxidants can inhibit the interaction of free
radicals with other molecules in the body, reducing DNA damage and long-term health
repercussions stable [35,40-44]. Free radicals are unstable compounds that have lost an
electron. Commonly, Vitamin C, vitamin E, anthocyanin and catechin are widely utilized in
foods and cosmetics because of their strong antioxidant activity. The apple pomace also
gives the significant antioxidant activity including phenolic compounds [45]. Therefore,
the apple pomace can be valorized to high end products for health and wellness.
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5. Extraction Methods
5.1. Soxhlet Extraction
5.1.1. Principles of Soxhlet Extraction

Von Soxhlet invented a novel extraction method in 1879, that has been used leaching
technology for a long time [46]. In reality, Soxhlet extraction has been a standard procedure
for more than a century. The benefits and drawbacks of Soxhlet extraction have been
exploited to generate a range of changes aimed at alleviating or reducing the latter while
maintaining or even enhancing the former. The majority of the described modifications
over the previous several decades have been focused on bringing Soxhlet closer to that
of more modern solid sample preparation procedures, such as using auxiliary energies to
minimize leaching durations and automating the extraction assembly [47].

This method also offers several appealing features. The sample is continually brought
into touch with new parts of the extractant, allowing the transfer equilibrium to be displaced.
Moreover, the system maintains a reasonably high temperature due to heat transferred from
the distillation flask to the extraction cavity. As a result, no filtering is required after leaching,
and sample throughput can be increased by running multiple simultaneous extractions in
parallel, which is possible by the low cost of the essential equipment. Aside from that, this
method is requiring fewer minor procedures, could extract more sample mass, and appears
to be free of matrix effects. Several established methods, including a sample preparation
step based on Soxhlet extraction, have been previously reported [48-50].

5.1.2. Apple Pomace Extraction by Soxhlet Extraction

Water was proved to be an excellent solvent in the Soxhlet extraction with high
antioxidant activity from apple pomace [51]. Apple pomace also contains feruloyl quinic
acid. The extraction process could be shortened in half if using environmentally safe
organic solvents. However, water is ineffective for extracting quercetin mono-glycosides.
There are no significant differences between the optimal ethanolic and acetonic extracts
from apple pomace to achieve the highest antioxidant activity measured by 2,2-diphenyl-1-
picrylhydrazyl (DPPH) [52]. In this case, acetone was chosen over ethanol due to the lower
optimum extraction temperature (25 °C), which resulted in lower energy costs.

Furthermore, since acetone has a lower boiling point than ethanol, it will require fewer
resources to evaporate acetone before final product processing. apple pomace extracts were
tested for phenolic profiles, antioxidant properties, and antiviral activity against herpes
simplex virus (HSV) [14]. Acetone yielded the most phenolic compounds. Although an-
tioxidant activity was weakly associated with phenol concentration, the extraction process
impacted the phenolic composition. Quercetin glycosides were the most significant class of
polyphenols studied, followed by dihydrochalcones. As a result, apple pomace extracts
inhibited HSV in Vero cells by more than 50% at non-cytotoxic concentrations.

5.2. Microwave-Assisted Extraction (MAE)
5.2.1. Principles of MAE

Microwaves have frequencies ranging from 300 MHz to 300 GHz [53]. In modern
science, microwaves are used primarily for two purposes: transmission and energy vectors.
The microwave involves the direct impact of waves on materials, converting some of the
absorbed electromagnetic energy to heat energy. Microwaves consist of two perpendicular
oscillating fields: electric and magnetic fields [53]. Unlike the conventional conduction—
convection technique, a significant amount of heat energy is lost to the surroundings.
Heating in MAE is targeted and selective, with almost no heat wasted on the environment
as it is conducted in a closed system. Compared to Soxhlet, this innovative heating process
may drastically shorten extraction time (i.e., <30 min) [54]. Microwave heating is based on
its contact with polar materials/solvents, determined by two phenomena: ionic conduction
and dipole rotation [53].

Ionic conduction is the electrophoretic movement of ions under the influence of a
changing electric field. The solution’s resistance to ion movement causes friction, which
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causes the liquid to heat up. Dipole rotation realigns the molecule’s dipoles with a rapidly
changing electric field. Heating is only affected by the frequency of 2450 MHz. The electric
component of the wave changes 4.9 x 10* times per second [55]. The solvent molecules will
try to align themselves with the electric field to stay in phase. Nonetheless, as the electrical
particles of the wave change rapidly, the molecules fail to realign and begin vibrating, hence
generating heat through frictional force. Since a frequency higher than 2450 MHz changes
the electrical particles significantly faster, the solvent molecules do not have enough time
to align with the external field; hence, there is no heating.

However, as the frequency is less than 2450 MHz, the electrical component changes
significantly slower, giving the molecules enough time to align with the electric field and
evade heating. Based on the preceding methods, only dielectric materials or liquids with
persistent dipoles are heated by microwave. A dissipation factor (8) could determine how
efficiently various solvents heat up under microwave. It measures the solvent’s capacity to
absorb microwave energy and transfer it as heat to the surrounding molecules [56].

Although most extractions are done with dried plant material, plant cells retain minute
microscopic moisture residues that serve as a target for microwave heating. When the
microwave effect heats the water within the plant cell, it evaporates, putting enormous
pressure on the cell wall and causing swelling, straining, and eventually rupturing it. This
process allows the active components in the ruptured cells to leak out into the surrounding
solvent, increasing the output of phytoconstituents [57].

This phenomenon may be amplified if the plant matrix is treated with solvents with
higher heating efficiency under the microwave. In 1 to 2 min, microwave radiation can
hydrolyze the ether bonds of cellulose, the primary component of plant cell walls, and
convert it to soluble fractions. During MAE, the high temperature accelerates cellulose
dehydration at the cell wall and lowers its mechanical strength, hence ease the solvent to
reach components within the cell [58].

Nevertheless, microwave treatment will affect cell structure if there is a sudden in-
crease in temperature and internal pressure. The chemical substance within the cell rapidly
exudes into the surrounding solvents and breaks the cell. Since the MAE mechanism
involves exposing the analytes to the solvent via cell rupture, this technique differs from
heat-reflux extraction. Heat-reflux extraction relies on a series of permeation and solubi-
lization processes to extract the analytes from the matrix. A study reported that microwave
treatment caused destructive changes in the plant tissue of fresh orange peel when observed
using scanning electron micrographs (SEM) [59]. The changes in the plant tissue, however,
had significantly increased the yield of extractable pectin. Moreover, dissolved ion migra-
tion enhances solvent penetration into the matrix, allowing compounds to be released more
quickly. MAE has also been shown to aid in extracting essential oils from plant materials
by facilitating the desorption of chemicals of interest from the plant matrix [46].

Due to continuous heating of free water molecules in the gland and vascular systems,
this process has caused the cell wall a significant swelling before ruptured, thus enabling
essential oil to flow towards the organic solvent [60]. The dielectric susceptibility of
both the liquid and the solid plant matrix substantially influences microwave radiation.
Therefore, water is more favorable solvent to extract the apple pomace due to high polar
compounds, where is nontoxic and green solvent [61]. This method is efficient in preventing
the deterioration of thermolabile components. Although microwave energy has a massive
heating capacity, this technology has only recently gained popularity in analytical labs.

5.2.2. Apple Pomace Extraction by MAE

A study had reported pectin extraction from apple pomace using MAE [56]. They
have used response surface methodology (RSM) to maximize the impact of extraction
processing parameters on pectin yield. Extraction time (minutes), solid-liquid ratio, pH
of HCl solution, and microwave power were four independent variables (W) studied.
The optimum conditions were calculated, and mathematical models were used to plot
three-dimensional response surfaces.
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Based on the F-test and p-value, the pH of the HCl solution and extraction time signifi-
cantly affected the reaction value. The quadratic of microwave power also had a significant
impact, as did the interactions of pH and solid-liquid ratio. Based on performance, energy
savings, and experiment viability, the optimal conditions for pectin extraction were 20.8 min
of extraction time, a solid-liquid ratio of 0.069, pH 1.01, and microwave power of 499.4 W.
The MAE application in the dried apple pomace extraction resulted in a significant reduc-
tion in the extraction period. The optimum expected pectin yield was 0.315 g from 2 g dried
apple pomace. Compared to conventional extraction methods, MAE of phenolics from
apple pomace has significant potential [62]. MAE reduce the time of extraction and con-
sumption of solvent and higher yields. The optimal extraction conditions were discovered
to be independent of apple diversity, allowing them to extract phenolics from other apple
cultivars’ pomace. These value-added extracts can be used to extend commodity shelf life
(as an alternative to synthetic antioxidants), as dietary supplements, and as functional food
additives. The pomace had a maximum total phenolics content (TPC) of 15.8 mg GAE/g
under optimal extraction conditions of 735 W, 149 s and 10.3 mL of ethanol/g dry sample.
With the DPPH of 77.1%. The extracts also contained the primary polyphenols phloridzin,
quercetin, chlorogenic acid, and caffeic acid.

MAE also was used to remove polyphenolic compounds from apple pomace in the
presence of ethanol and water as solvents ([63]. The values were compared to Soxhlet
extraction and maceration. The study used several experimental conditions, including
solvent form, microwave power, solvent to sample ratio, and extraction period. Their
finding showed that as microwave power increases, extraction yields decreased (from 90
to 360 W). Ethanol-water was an excellent solvent for MAE (65:35 ratio). For a higher
water share in the extraction, a 35:65 (ethanol-water) ratio may be used to achieve 90%
recovery in a shorter extraction period. In their study, the best solvent-to-sample ratio
was 20:1. MAE was significantly quicker than maceration and Soxhlet methods to extract
polyphenolic compounds.

Meanwhile, RSM proved that MAE could effectively extract polyphenols from in-
dustrial waste to maximize yield [64]. The effect of solvent to raw material (g/mL) ratio,
microwave strength, ethanol concentration, and extraction time on polyphenol yield were
studied. The best conditions were microwave power of 650.4 W, extraction time of 53.7 s,
the ethanol concentration of 62.10%, and solvent to a raw material ratio of 22.9:1. The
result. The primary polyphenols found in apple pomace were procyanidin B2, (-)-having
the highest concentration of 219.4 mg/kg.

5.3. Ultrasound-Asissted Extraction (UAE)
5.3.1. Principles of UAE

Based on the effects of sonic cavitation, the UAE is also utilized to search for bioactive
chemicals from apple pomace. Ultrasonic wave propagation allows more solvent to pene-
trate the sample matrix, increasing contact between the sample and the solvent (or reagent)
and mass transfer rates. Furthermore, since it stimulates the shattering of biological cell
walls, this approach effectively extracts chemicals from living organisms. This method
allows simultaneous extractions, small amounts of solvent, shorter working times, and
increased extract yield and quality. UAE is also less expensive, faster, and more adaptable
than previous procedures since it can utilize different solvents with different polarities.
UAE, on the other hand, has several drawbacks, including issues with combining differ-
ent instruments and automation [65,66]. Polysaccharide extraction from the microalgae
Spirulina maxima was evaluated by Gharibzahedi, et al. [67]. The discovery showed that
compared to traditional extraction methods such as hot water or 80% ethanol, the extraction
yield of UAE was increased by at least 25% to 30%. A study has discovered that ultrasonic
frequency is more effective than extraction period in increasing extraction yields to obtain
S. maxima extracts, which are particularly important due to their anticancer potential [68].
UAE extracts were also less cytotoxic than extracts obtained through traditional solvent
and hydrothermal methods. Furthermore, irradiation caused matrix fragmentation, and
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ultrasound increased matrix hydration [69]. The researchers discovered that sonicated
samples outperformed non-sonicated samples in terms of extraction index. We looked
at various experiments to better explain and demonstrate the impact of ultrasound on a
vegetal matrix during the UAE. They proved that ultrasound extraction ranging from 20
to 25 kHz works by different separate or combination processes, such as detexturation,
separation, capillarity, degradation, or sonoporation.

5.3.2. Apple Pomace Extraction by UAE

UAE is considered a simpler and more successful alternative than the conventional
extraction to separate xyloglucan from apple pomace [70]. Apple pomace samples were
extracted using indirect sonication in an ultrasonic cleaning bath. The UAE was compared
to the usual approach in the xyloglucan synthesis and was shown to be three times faster
than the conventional method. The effects of the liquid-solid ratio, KOH concentration,
and UAE time on xyloglucan production from apple pomace were investigated. The most
significant effect was the liquid-solid ratio. The best combination was found to be a 34.4:1
(v/w) liquid-solid ratio, a KOH concentration of 3.3 M, and a 2.5-h UAE period.

Apple pomace contains a high concentration of exploitable polyphenols by UAE [13]. The
optimal conditions for polyphenols water-extraction were 40 °C, 40 min, and 0.764 W /cm?.
TPC obtained by the UAE was 30% higher than that obtained by Soxhlet extraction (555
and 420 mg/100 g, respectively). Ultrasonic extracts also had higher antioxidant activity.
Large-scale testing of the ultrasonic procedure revealed a potential industrial application.
The UAE was also used to extract pectin from the apple pomace [71]. They investigated
the impact on extraction yield, galacturonic acid content, and esterification degree. Under
optimized conditions, the maximum output was obtained at 100% amplitude, a solid-
liquid ratio of 1:10 g/mL, pH of 1.8, and 30 min. The chemical composition, thermal
behavior, rheological properties, and morphological structure of pectin produced under
ideal extraction conditions were compared to commercial citrus and apple pectin.

Fourier-transform infrared spectroscopy (FTIR) analysis of ultrasonic-extracted pectin
confirmed the high degree of esterification and revealed similarities to commercial citrus
and apple pectin samples (88.52%). The thermal behavior of UAE pectin was influenced
by its narrower molecular weight distribution and ordered molecular organization. The
morphological structure and galacturonic acid concentration, on the other hand, were
found to affect the rheological parameters (high viscosity, GO, and G1) of this sample.
The R; between the viscosity and galacturonic acid concentration showed a significant
positive association.

5.4. Pressurized Liquid Extraction (PLE)
5.4.1. Principles of PLE

Pressurized liquid extraction uses solvents at high temperatures, above their boiling
point and below their critical point. The pressure is needed to maintain the solvent in
the liquid form. In this section, this review will discuss the primary criteria for selecting
optimal operational parameters from a theoretical standpoint. The essential concepts of
PLE for solid samples are also included. Because commercial equipment has limitations, the
solution to deal with liquid samples is to convert them in the solids form using absorbent
or adsorbent.

The extraction of analytes from semisolid and solid samples can be described in
five stages [72]:

Moistening the sample with extraction solvent;

Chemical desorption from the matrix (including or excluding chemical bond breakdown);
Compound dispersion out of the matrix;

Diffusion through the matrix’s closest solvent layer to reach the bulk solvent;
Diffusion through the closest solvent layer surrounding the matrix to reach the bulk
solvent eventually.
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Both kinetic and thermodynamic properties influence the extraction efficiency. As a
result, three interconnected factors affect extraction efficiency; matrix effect, mass transfer,
and solubility. The other properties in PLE are constrained by various factors such as the
flow rate, pressure, temperature, and duration of the extraction. The temperature during
the extraction is one of the most significant factors affecting the efficiency and selectivity
of PLE. High temperatures could be used to improve extraction efficiency to prevent van
der Waals forces, hydrogen bonding, and dipole attraction from disrupting analyte-sample
matrix connections [73]. Thermal energy may help overcome cohesive (molecule-molecule)
and adhesive contacts between different molecules, i.e., the analyte and the sample matrix,
by lowering the activation energy required for the desorption process.

Furthermore, increasing the temperature reduces the surface tension of the solvent,
solutes, and matrix, which improves solvent wetting in the sample. Reduced solvent
surface tension facilitates the formation of solvent cavities, allowing analytes to dissolve in
the solvent more quickly [74]. As the temperature rises, the viscosity of a liquid solvent
decreases, allowing it to penetrate deeper into the matrix particle and facilitate the extraction
process [75]. Finally, using a higher temperature solvent improves the molecule’s diffusion
rate, or mass transfer in the solvent, allowing for faster extractions, especially in diffusion-
controlled samples. However, at higher temperatures, the number of co-extracted analytes
may be significantly larger, implying lower extraction selectivity.

The primary benefit of using pressure during extraction is that we can use a tem-
perature above the boiling point while the solvent remains liquid. High pressure at high
temperatures, combined with low solvent surface tension, allows the solvent to reach and
extract the analyte from the matrix pore. Using pressure during extraction may cause
matrix disturbance, which improves the mass transfer of analyte from the sample to the
solvent. High-pressure extraction prevents air bubbles in the matrix from preventing the
solvent from reaching the analyte. Under these conditions, the analyte’s solubility and
desorption kinetics from the sample matrix could improve [76]. However, as has been
demonstrated for essential oil extraction from various herbal plants, the impact of pressure
on the recovery of most compounds is usually negligible [77,78]. It has been proposed
that instead of organic solvents, additives such as micellar media could be used in PLE to
extract organic contaminants from liquid and environmental samples [79].

5.4.2. Apple Pomace Extraction by PLE

PLE is a green extraction method that has the potential to increase bioactive component
extraction rates. PLE was used to extract antioxidants and polyphenols from industrially
manufactured apple pomace at two different temperature ranges: 160 to 193 °C and
75 to 125 °C. Three distinct polyphenol groups, TPC, and antioxidant activity (DPPH
radical scavenging test) were assessed. The temperatures ranging from 75 to 125 °C were
recommended to obtain maximum antioxidant activity. Compared to conventional solid-
liquid extraction, PLE increased antioxidant activity by 2.4 times, implying that the method
could be a viable alternative to standard antioxidant extraction procedures [80].

It was discovered that the combination of PLE and solid-phase extraction could be
used to separate phenolic compounds from apple pomace [45]. The first-stage water volume
(0-120 mL), temperature (60-80 °C), solid-phase extraction adsorbent (Sepra, Isolute, Strata
X, and Oasis), and activation/elution solvent (methanol and ethanol) were investigated.
The temperature did not affect recovery, but phlorizin and a quercetin derivative showed
significant differences. The results demonstrated that ethanol, rather than methanol, could
be used as an activation, extraction, and elution solvent. this method produced higher or
comparable yields of acids (2.85 mg/g) and flavonoids (0.97 mg/g) than Soxhlet extraction
using green solvents (ethanol, water, or a small quantity of reusable methanol).
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5.5. Subcritical Water Extraction (SWE)
5.5.1. Principles of SWE

Subcritical water is heated water at a pressure sufficient to keep it in a liquid form at
a temperature (100 to 374 °C) and a pressure (1 to 22.1 MPa) [81]. As temperature rises,
the dielectric constant, viscosity, and surface tension decrease. Therefore, the diffusivity of
water can be enhanced. At a certain temperature level, an optimal pressure could be applied
to keep the water liquid [82]. SWE has the advantage of allowing the dielectric constant
to be adjusted over a broad temperature and pressure range [83]. SWE also contributes to
mass transport via the diffusion and convection processes [84]. However, the subcritical
water energy could disrupt the interaction between adhesive (solute-matrix) and cohesive
(solute-solute) interactions if lowering the activation energy required for the desorption
process [85]. Several water properties change as temperature and pressure change; for
example, the polarity of subcritical water decreases as temperature rises. Consequently, it is
possible to distinguish between polar, medium-polar, low-polar, and non-polar substances.

Subcritical water has high diffusivity, low viscosity, and low surface tension under
high-temperature conditions. Increased vapor pressure and rapid thermal degradation of
the target chemicals. The nature of subcritical water changes as the temperature rises, and
the water’s property shifts from polar to non-polar. Less polar substances dissolve more
quickly in water [86]. The increased flow rate not only shortens the time the compounds
spend in high-temperature water but also significantly improves extraction efficiency. It
should be noted that a high extractant flow rate may result in significant dilution of the
extracts, necessitating a second concentration step once the extraction is complete. If
the primary factors limiting the extraction kinetics within the pores of the sample matrix
are resolution and diffusion, rising the flow rate will not improve compound extraction
yield [87].

5.5.2. Apple Pomace Extraction by SWE

SWE was previously reported to extract pectin from apple pomace to study the influ-
ence of extraction temperature on pectin characteristics and had a high yield, i.e., 16.68% [88].
The extraction temperature affected pectin’s endothermic property. Based on differential
scanning calorimetry studies, the exothermic property of pectin was primarily influenced
by its components and raw material. In a rheological study, pectin solutions were shear-
thinning and tended to be more elastic. Furthermore, the Extraction duration, temperature,
and solvent to solid ratio were the variables that greatly influenced the apple pomace
recovery by SWE [56]. temperature of 100 °C, 37 min and a solvent to solid ratio of
100 mL/g are optimum condition to extract the antioxidants The phenolic content of apple
pomace was 8341 mg/kg dry matter under optimal conditions, implying that organic
solvents are safer alternatives to extract antioxidants. The optimum conditions of 140 °C
extraction temperature, 5 min extraction time, and an Solid / Water ratio of 1:14 to extract
pectic polysaccharides from apple pomace were also established [56]. The extracted pectic
polysaccharides had lower GA and protein content than commercial pectin but higher ash
and neutral sugar content.

5.6. Supercritical Carbon Dioxide (SC-CO;) Extraction
5.6.1. Principles of SC-CO, Extraction

This method provides a green recovery extract with the high purity of the solute. Its
low-temperature solubility offers high amounts of specific/bioactive compounds and can
be adjusted based on temperature and pressure conditions [89]. The flaw of this technique is
that it can only be used to extract non-polar compounds. One of the development methods
for removing polar compounds is ethanol/methanol as a modifier into SC-CO, [90].

The dehydration/drying of raw materials in SC-CO, obtained to recover phytochemi-
cal compounds has sparked considerable interest, particularly in industrial processes. The
high-water content of seeds has a significant impact on the extraction efficiency of lipophilic
nutraceuticals using SC-CO,. The presence of water in raw materials impedes the fluid
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flow of CO; through the seeds, reducing surface contact between solutes and solvents [91].
The presence of water in seeds also influences restrictor or valve clogging caused by ice
formation. As a result, water and extracts may be hard to separate [92].

Hot air, oven, freeze, convective, microwave, and osmotic drying methods were
evaluated. These processes will affect drying kinetics and the chemical properties of
moisture, fibers, proteins, lipids, and isoprenoids. Oven drying is the most commonly
utilized dehydration method due to its low cost [93]. Extraction of thermolabile compounds
and oxidizable substrates such as lipids and carotenoids, on the other hand, is ineffective.
The color, chemical composition, and nutritional value of the dried product may be altered
by high temperatures [94]. Color changes during heat processing could be an indicator
of bioactive degradation. The particle size of the dried sample also affects the recovery of
interest compounds. Because of the higher surface-to-volume ratio of smaller particles and
the shorter path length to the bulk phase, smaller particle sizes will increase the amount of
extracted compounds [95].

The solute’s solubility are affected by temperature and pressure. The higher the
temperature at constant pressure, the lower the density, and thus its solvating power, but it
increases the vapor pressure of compounds [96]. Furthermore, at a constant temperature,
the density increases with increasing pressure, improving the solubility of the interest
compounds [97]. The SC-CO; extraction process has a limitation in compound interest. It
can extract fatty acids, terpenes, and other non-polar compounds. However, extracting
flavonoids and tannins, which are polar compounds, from the seeds is difficult. As a
result, modifying SC-CO, extraction is required to overcome this limitation. Depending
on the molecular polarity of the modifier, the addition of a polar co-solvent or modifier to
CO; can increase the solvent power and selectivity and thus increase the solute solubility
in supercritical fluid [98]. The modifier’s swelling effect on the matrix will increase the
contact surface area between the matrix and the supercritical fluid [99]. Ethanol is a
preferable modifier due to its polarity. It is a polar solvent with the ability to extract polar
compounds. Furthermore, ethanol is available in the food-grade form, making it safe for
human consumption.

5.6.2. Apple Pomace Extraction by SC-CO;

A SC-CO; was used to investigate the possibility of recovering phenolic compounds
and antioxidants from apple pomace [100]. The antioxidant activity of freeze-dried apple
pomace using SC-CO, at 30 MPa and 45 °C for two hours with ethanol (5%) as a co-
solvent yielded 5.63 mg/g of extract. However, Soxhlet (2.05 mg/g of extract) and boiling
water maceration (1.14 mg/g of extract) achieved a higher value. The amount of several
phenolic components in SC-CO, extract was also validated using high-performance liquid
chromatography coupled with diode-array detection and electrospray ionization tandem
mass spectrometry (HPLC-DAD-MS). This study is one of the first to look into the effects
of SC-CO; on antioxidant extraction from apple pomace.

Chromatographic analysis proved that the pomace contains a high concentration of
the most prevalent compounds, such as ursolic acid, oleanolic acid, and sitosterol [101].
The extraction parameters were determined and the extraction rate was greatly influenced
by CO; pressure and temperature. From their study, the optimal extraction conditions
were 80 °C and 30 MPa. Chrastil’s equation was used to describe the effects of process
variables on analyte solubility. Although the equation was designed for binary systems,
the coefficients of determination obtained were adequate. The observed differences were
primarily due to changes in analyte solubility, with mass transfer coefficients were ignored
in this situation. Furthermore, as the flow rate increased, so did the extraction rate. By
increasing the flow rate, the process could be sped up significantly, though this was
associated with a slight increase in the mass of CO; required for extraction.
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6. Future Perspectives and Conclusions

Waste management has changed from emission reduction or mitigation to a more
practical strategy. Waste products are still considered viable materials utilized as raw
resources, which is a need for long-term development. The necessity of restricting natural
resources to achieve a balanced norm is associated with reducing greenhouse gas emissions,
contributing to climate change. Agro-industrial wastes have become one of the global
concerns due to their processing, usage, and disposal. Consequently, this has led to a
natural resource depletion for the world’s growing population. Meanwhile, the concepts
such as “cradle to cradle” and “circular economy” are recently used in the biorefinery
model. These models aim to utilize and treat waste from specific industrial processes as a
sustainable raw material, focusing on the economic and environmental aspects that could
minimize the use of non-renewable resources.

Since apple pomace is produced in enormous quantities and contains a high proportion
of water, it has storage issues that must be addressed immediately to prevent putrefaction.
Processing garbage into value-added products could reduce the waste and become a viable
option for the global community. Pomace has long been utilized as an animal feed source for
cows, buffaloes, sheep, and goats. Its potent antioxidant capacity, antibacterial and antiviral
properties are also beneficial and could be used in future extraction processes, particularly
in the nutraceutical and pharmaceutical industries. Previously, traditional extraction
techniques have included maceration and Soxhlet, both of which were commonly employed
to extract apple pomace. However, “green extraction” of plant material has overcome the
traditional extraction method. Green extraction has been demanded to enhance yield at
a lower cost. This technique also could prevent the generation of harmful residue if the
organic solvent is not used. Therefore, significant advances in green extraction technology
have been made, including MAE, SC-CO,, and SWE. The summary of factors and responses
of conventional and modern extraction technology for apple pomace valorization are shown
in Table 1.

Table 1. Factors and responses of conventional and modern extraction technology for apple
pomace valorization.

Method of Extraction

Factors References

Soxhlet extraction

Water is ineffective for extracting quercetin mono-glycosides. There are no
significant differences between the optimal ethanolic and acetonic extracts

from apple pomace to achieve the highest antioxidant activity. Acetone [45]
was chosen over ethanol due to the lower optimum extraction temperature

(25 °C), which resulted in lower energy costs

Microwave assisted extraction

The optimal conditions for pectin extraction were 20.8 min of extraction

time, a solid-liquid ratio of 0.069, pH 1.01, and microwave power of

499.4 W. The MAE application in the dried apple pomace extraction [49]
resulted in a significant reduction in the extraction period. The optimum
expected pectin yield was 0.315 g from 2 g dried apple pomace.

Ultrasound assisted extraction

Apple pomace were extracted using indirect sonication in an ultrasonic
cleaning bath. The best combination was found to be a 34.4:1 (v/w) [63]
liquid-solid ratio, a KOH concentration of 3.3 M, and a 2.5-h UAE period.

Pressurized Liquid Extraction

PLE was used to extract antioxidants and polyphenols from apple pomace
at two different temperature ranges: 160 to 193 °C and 75 to 125 °C.
Maximum antioxidant activity was achieved at 200 °C. As a result,
temperatures ranging from 75 to 125 °C are recommended. This
temperature range was used to determine the maximum antioxidant
activity of 60% ethanol and 102 °C.

[80]
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Table 1. Cont.

Method of Extraction

Factors References

Subcritical water extraction

Extraction duration, temperature, and solvent to solid ratio were the

variables that greatly influenced the results. Water extraction at 100 °C for

37 min with a solvent to solid ratio of 100 mL/g extracted the antioxidants

in apple pomace while preventing the production of [56]
5-hydroxymethylfurfural. The phenolic content of apple pomace was

8341 mg/kg dry matter under optimal conditions, implying that organic
solvents are safer alternatives to extract antioxidants.

Supercritical carbon dioxide

SC-CO, was conducted at 20 and 30 MPa and 45 and 55 °C in the presence

and co-solvent ethanol (5%). The 30 MPa and 45 °C for two hours with

ethanol (5%) as a co-solvent yielded 5.63 mg/g of extract. However, the [99]
traditional extraction methods such as Soxhlet (2.05 mg/g of extract) and
boiling water maceration (1.14 mg/g of extract) achieved a higher value.

Pectin is a polymer found naturally in the primary walls of non-woody plant cells and
could be obtained from apple pomace. It is widely used, particularly in the food industry
as a hydrocolloid, to absorb water and shape gels at low concentrations. The applications
also have expanded to other sectors with various purposes [102]. Pectin applications are
associated with some of the structural and functional properties of polysaccharides caused
by the extraction process. Currently, the pectin extraction method is well-established. The
phenolic compounds also are the most interest compounds extracted from the apple pomace
by different methods. Antioxidants are proven to occur in phytochemicals containing
phenol. This indicates that antioxidants can inhibit the interaction of free radicals with
other molecules in the body, reducing DNA damage and long-term health repercussions.
Free radicals are unstable compounds that have lost an electron.

Nonetheless, to meet rising demand, an improvement should enhance the process’s
efficiency, predictability, and repeatability of product quality. As highlighted in this review,
microwave, ultrasound, subcritical water, and SC-CO, are among the effective and reliable
novel strategies investigated for incorporating the pectin extraction method, with varying
degrees of performance. Although these methods are quantitatively and qualitatively
appropriate for laboratory use, their conventional industrial application is hampered by a
lack of understanding. The drawback is that it is not applicable at scale-up, as a continuous
method is preferred.

Finally, while this may not be the case for more prominent niche chemical/ingredient
manufacturers, some of these innovations are incredibly expensive for new and small
manufacturers. However, careful optimization of the process parameters of the latest
methods is required. It won’t be long before market players employ one or more of these
methods for producing specialized pectin, most probably using microwave heating for
rapid mass transfer. Aside from the previously mentioned industrially developed apple
pomace, several research institutes and laboratories also have focused on identifying and
utilizing apple pomace as raw materials for pectin processing. Furthermore, research on
pectin/bioactive compounds recovery from apple pomace using green technology is scarce,
such as UAE, SWE, and SC-CO,. However, conventional pectin extraction methods, such
as Soxhlet extraction and MAE, were commonly used. Therefore, there is a technological
gap in extracting pectin/bioactive compounds using green technologies.
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