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The tomato processing industry can be considered one of the most widespread food manufacturing industries all
over the world, annually generating considerable quantities of residue and determining disposal issues associated

not only with the wasting of invaluable resources but also with the rise of significant environmental burdens.
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| 1. Introduction

The food supply chain, including production, processing, consumption, and disposal, generates waste along the
different steps, from harvesting and industrial processing to storage, distribution, and households. The food
processing industry is responsible for producing a considerable quantity of residues and by-products, making it the
second-largest producer after households 1.

In particular, among all food categories, fruits and vegetables are actually the most wasted (45% of the total
amount of food globally wasted) [, Interestingly, data shows that almost half of all fruits and vegetables produced
are discarded along the supply chain Bl Fruit and vegetable processing by-products, mostly consisting of pomace
(peel, pulp, and seeds), are excellent sources of ingredients such as dietary fibers, peptides, proteins, and
polysaccharides, as well as bioactive compounds such as polyphenols, antimicrobial compounds, and natural
pigments 4],

Currently, the food and beverage industry has been facing a major challenge in handling and disposing of
processing wastes and by-products while striving to address the growing consumers’ demand for natural health-
beneficial ingredients. To face these challenges, food waste valorization and their transformation into valuable
products are widely investigated worldwide &I

Among fruits and vegetables, tomato is one of the most widespread crops in the world, with a global annual
production that exceeded 180 million tons in 2021 8. Italy, with a production that, in 2022, reached about 5.5
million tons, accounts for 53% of the total European production, with the Campania Region being the largest Italian

production area 4. The top ten countries for tomato production are illustrated in Figure 1 (&,
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Figure 1. Top ten countries for tomato production based on FAOSTAT (2019) (8!,

During tomato processing, huge quantities of by-products are generated, accounting for 3-5% (w/w) of the total
raw tomatoes B9, They consist of peels, seeds, and a small amount of pulp, named tomato pomace, which
causes the main disposal issue for the tomato processing industry. Currently, tomato pomace has low-added-value
and is mainly used as animal feed, to produce compost, or is discharged in landfills, creating environmental loads
(11 However, many studies are showing that tomato processing by-products are a rich source of fiber 1213
polyphenols 4151 carotenoids (such as lycopene and B-carotene) LLUIGILTNIE] oj 191 and proteins 22, which can
be very beneficial to human nutrition and health due to their chemical characteristics and biological potential. Thus,
the recovery of high-added-value compounds from tomato processing by-products could represent a strategic
option that is extremely beneficial for the tomato processing industry and consumers and very valuable from an
environmental perspective 7. However, in order to recover bioactives, which are mainly intracellular compounds,

effective extraction processes are required 29,

Generally, high-added-value compounds are firmly locked in the plant cells, with the cell envelopes representing a
physical barrier to mass transfer, which could hinder their recovery via conventional solvent extraction (CSE). For
decades, conventional extraction methods such as maceration and reflux extraction have been utilized. However,
these methods suffer from several drawbacks, such as low yield, long extraction times, requirement of high
amounts of organic solvents, isomerization, and degradation of some compounds when higher processing
temperatures are utilized, all of which affect processing costs while also exacerbating environmental concerns 211,
To overcome these drawbacks, the application of novel technologies weakening the cell membranes of plant
tissues, thus enhancing the extraction yield of the bioactive compounds from tomato residues while reducing the
solvent consumption and the extraction time at once, has been proposed. Their utilization to complement traditional
extraction methods can represent a suitable, effective, and environmentally friendly approach for the valorization of

tomato by-products [22],
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Indeed, the increasing consumers’ interest in chemical-free products has created motivation for producers to apply
innovative technologies for the recovery of natural compounds to be used in the food, cosmetic, and
pharmaceutical industries 4. High-pressure homogenization (HPH), pulsed electric fields (PEF), supercritical fluid
extraction (SFE-CO,), ultrasound-assisted extraction (UAE), and microwave-assisted extraction (MAE) have been
demonstrated to effectively enhance the extraction yields of bioactive compounds from a wide variety of agri-food

by-products, including those from tomato processing [LHL4ILSI17][23]

2. Chemical Composition and Characteristics of Tomato
Pomace, Peels, and Seeds

Tomato pomace generally consists of 56% pulp and peels and 44% seeds on a dry basis 4. However, the
composition of tomato pomace is simultaneously dependent on the type of final product and the peeling methods
applied in the production line. The tomato pomace generated during the peeling phase of peeled tomato production
only consists of peels without seeds. However, in the case of tomato juice and paste production, tomato pomace is

a mixture of peels, seeds, and a small amount of pulp 23],

According to the literature, tomato pomace contains several high-added-value compounds, particularly lycopene,
proteins, oil, and dietary fibers. More specifically, fibers are the main component of tomato pomace (39.11-59.03%
on a dry basis), and other compounds, such as oil and proteins, range between 2-16.24% and 15.08-24.67%,
respectively, depending on the variety, geographical location of the cultivation areas, growing stages, ripening, type

of processing, extraction conditions, as well as analytical techniques utilized [24128],

However, due to differences in the chemical composition of tomato peels and seeds, the main valuable compounds

that can be recovered are largely different, as summarized in Table 1.

Table 1. Main compounds in tomato pomace, peels, and seeds.

Material Fibres Proteins oil Lycopene x 103 References
[g/100 g dw] [g/100 g dw] [g/100 g dw] [9/100 g dw]
Pomace 39.11-59.03 15.08-24.67 2.00-16.24 9.82-611.105 (27][28][29][30]
Peels 62.79-78.56 1.85-11.13 1.63-5.50 50-1930 [15][31][32][33](34]
Seeds 16.00 20.2-40.94 17.80-24.50 22.01-37.43 [19]29][35](36](37]

In particular, tomato peels are a rich source of lycopene, representing 80-90% of the total carotenoids,
polyphenols, and dietary fibers, as reported in Table 2 21, Tomato seeds are mostly composed of oil, containing
80% unsaturated fatty acids, mainly linoleic (48.2-56.1%), oleic (22.2—-23.8%), and palmitic (12.3—-17.2%) acids [35]
[36I38139] * and proteins, with glutamic acid (19.44—24.37%) and aspartic acid (8.82-10.32%) being the most

abundant amino acids in tomato seed oil 49,
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Table 2. Carotenoids composition in tomato peels 22,

Lycopene Phytoene Phytofluene B-Carotene Cis-Lycopene Lutein
[9/100 g of TC] [g/100 g of TC] [g/100 g of TC] [g/100 g of TC] [g/100 g of TC] [g/100 g of TC]
86.12 3.15 2.31 2.11 1.71 1.51

Therefore, tomato pomace has a great potential use as a rich and low-cost source of diverse high-added-value
compounds that, due to their different natures and characteristics, have been demonstrated to possess antioxidant,
anti-inflammatory, anti-aging, and anti-cancer properties, retard degenerative diseases, and control cholesterol and
blood sugar levels 411,

The most recovered target compounds from tomato processing by-products and their potential diversified
applications in several industrial sectors are summarized in Figure 2.

d, pharmaceutical sector and bioactive

oil  Edible oil and cosmetic industry

Protein Food industry (supplementing protein)

s

Figure 2. Schematic of tomato processing by-product valorization, compounds recovered, and their potential fields

of application.

| 3. Separation of Peels and Seeds from Tomato Pomace

As discussed in the previous section, tomato peels and seeds have some differences in their chemical
composition, consequently resulting in different valorization procedures and the production of different compounds
with wide potential utilization in different industrial sectors. In this respect, the first necessary step to effectively
valorize by-products, particularly peels and seeds, is the separation of these two fractions 42!,

Two possible routes can be used to separate tomato peels and seeds, constituting the pomace, namely wet and
dry separation. Wet separation is based on the difference in density between the tomato peels and seeds. The
pomace is mixed with water in a mixer-settler where seeds sink to the bottom, while peels, having a lower density,
float at the top “9. Kaur et al. (2005) designed a flotation system for tomato pomace componentization
characterized by separation efficiencies of 69.17% and 48.29% for peels and seeds, respectively 43, Shao et al.
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(2013) applied the wet separation method for tomato pomace and stated that by repeating the separation several
times by reprocessing the obtained fractions, the purity of the tomato peels and seeds separation can be improved
up to 90% (89.65% and 96.6% for peels and seeds, respectively), although this method caused significant loss of

micronutrients 28],

The dry separation method consists of a drying step for tomato pomace, which is then fed onto a cyclone by an air
flow where the separation of the two fractions takes place. The peels move upward, exiting the cyclone from the
upper outlet section with air, while the seeds, which are heavier, move downward in the opposite direction of air
flow and leave the cyclone from the bottom outlet section. Shao et al. (2015) optimized the separation step of
tomato pomace using an air aspirator system using response surface methodology (RSM). They reported that
tomato pomace with a moisture content of 8% had a separation efficiency of 68.56% when the air velocity and feed

rate were 6.4 m/s and 40 kg/h, respectively 42,

Wet and dry separation methods have advantages and disadvantages. Wet separation is a water-consuming
process and is suitable for fresh pomace to obtain seeds with high purity. In contrast, dry separation is an energy-
consuming process and allows acquiring peels with high purity (mostly due to the lower yield). However, although
the dry separation is energy intensive, it is superior in preserving valuable water-soluble compounds present in
peels and seeds with respect to the wet counterpart, which causes significant losses of micronutrients. In addition,
from an environmental perspective, wet separation generates wastewater and consequently water pollution, while
dry separation results in air pollution and dust, which can lead to health issues among workers. Overall, the
selection of the two alternative separation methods for the peels and seeds from tomato pomace should be closely
linked to the requirements of the subsequent extraction stage, the eventual pre-treatment processes of the
biomass, and the technologies applied for the recovery of the compounds of interest (281281 A schematization of the

wet and dry methods for tomato peel and seed separation has been presented in Figure 3.

A (Wet Separation) B (Dry Separation)

Dried Tomato Pomace Inlet

Air Inlet

~—>Tomato Peel Outlet
Tomato Peel Outlet ~;“ Wet Tomato Pomace Inlet \

Mixing Tank Impeller

Tomato Seed Outlet

Figure 3. Schematization of wet (A) and dry (B) methods for tomato peel and seed separation.
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4. Application of Green Technologies for Tomato Processing
By-Product Valorization

4.1. High Pressure Homogenization (HPH) Technology

In HPH technology, one of the most effective mechanical methods for large-scale cell disruption, a fluid containing
suspended solids is pumped through a tight gap valve utilizing a high-pressure intensifier, followed by
depressurization with the subsequent generation of high shear and elongational stresses, and cavitation.
Consequently, cells, particles, or macromolecules suspended in the fluid are exposed to a high level of mechanical
stress, getting deformed and twisted, as shown in Figure 4 4. Many studies have evaluated the use of HPH for
microbial inactivation in the food industry. However, this technology has been effectively applied as a method to
improve the release of intracellular bioactive compounds from agri-food by-products as a result of the complete
disruption of the plant cells induced by HPH 131, Since HPH is considered a physical treatment and needs no or a
little amount of organic solvent, it is considered a very environmentally friendly method to recover target
compounds from agro-industrial biomass 13, However, it is an intrinsically non-selective operation with high energy

costs associated and requiring high capital investments [221[45],
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Figure 4. Schematic representation of HPH technology and its effect on plant cell.

In 2019, Juri¢ et al. applied HPH technology (1-10 passes, at 100 MPa) as a disruption technique to recover
bioactive compounds from tomato peels by using only water as a solvent. The results showed that HPH reduced
the size of tomato peel suspensions, leading to the complete disruption of single plant cells that consequently
released high-added-value compounds. Particularly, when the number of HPH passes through the valve increased,
the cell disruption occurred completely, and consequently, greater quantities of total polyphenols and proteins were
released. The researchers also reported that in comparison with high-shear mixing (5 min at 20,000 rpm), referred
to as the control, HPH processing (10 passes) led to higher release of intracellular compounds, including

polyphenols (+32.2%) and proteins (+70.5%) and a rise in antioxidant activity (+23.3%). Interestingly, in terms of
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lycopene vyield, the researchers compared HPH with other methods, including CSE 48, SFE-CO, 44, PEF-assisted
extraction 8 and UAE 8l The results showed that HPH led to the highest lycopene yield among all the
compared methods. The quantitative results were also confirmed by the HPLC analyses, confirming that the
amount of lycopene recovered from tomato peels (19.3 mg/g dw) was considerably greater than the values
reported in the literature (from 0.5-0.8 mg/g dw) [l and reached the maximum amount of 1.5 mg/g dw 2. More
importantly, its recovery was performed via a sustainable, green, and entirely physical method, and the final
products could be applied in the formulation of functional foods or mixed with the peeled tomato products to

enhance their bioactivity 151,

Since HPH is a physical treatment that results in the complete disruption of plant cells, it can be very effective in
recovering high-molecular-weight compounds from plant cell tissues, such as pectin. Van Audenhove et al. (2021)
investigated the application of the HPH-facilitated acid extraction method to recover pectin from tomato processing
residues. An industrial method for pectin recovery was applied by carrying out the extraction process in a single
step with nitric acid (pH approximately 1.6). Additionally, HPH technology was tested to facilitate a further step for
the recovery of the pectin fraction, which remained unextracted after the treatment with nitric acid. The results
showed that polysaccharide cell walls were considerably affected by HPH (20 MPa for a single pass), and nearly
two thirds of the residual pectin was recovered in the subsequent extraction step. Overall, the results demonstrated
the potential of HPH technology to enhance pectin extraction from tomato processing residues compared to the

conventional acid extraction 43,

4.2. Pulsed Electric Fields (PEF) Technology

PEF is a non-thermal electrotechnology that involves the exposure of plant tissue suspensions, placed between
two metal electrodes, to repetitive short duration pulses (1 p~* ms) of moderate electric field (0.5-10 kV/cm) and
relatively low energy input (1-20 kJ/kg), leading to the permeabilization of cell membranes by pores formation 22,
Being electroporation the outcome of PEF pre-treatment, mass transfer of the intracellular compounds during the
subsequent extraction step is enhanced, whereas the solvent consumption, the extraction time, and the energy

costs are decreased BUB2B3], The schematic of a continuous PEF treatment chamber is depicted in Figure 5.
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Figure 5. Schematic representation of a continuous co-filed PEF treatment chamber.

Andreou et al. (2020) applied PEF technology in three different stages of industrial tomato processing, including
peeling, juice extraction, and tomato waste valorization. The recovery of high-added-value compounds from
residues of the juicing process assisted by PEF was investigated. As a result, the application of PEF at 2 kV/cm
and 700 pulses enhanced the extraction yield of carotenoids by 56.4% and doubled the concentration of total

phenolics compared to the untreated samples (54]

With the aim of decreasing the required thermal energy in the thermophysical peeling stage, PEF technology can
be implemented in the washing stage of tomato processing, with the consequent extent of improving lycopene
extraction from tomato peels [54I55]  pataro et al. (2018) demonstrated that PEF pretreatment enabled the
permeabilization of the plant cells and facilitated the detachment of the peels from the fruits in the following steam
blanching (SB) and peeling steps. The application of PEF contributed, at the same time, to the promotion of an
increase in the recovery yield of bioactive compounds from tomato peels. The combination of PEF (0.5 kV/cm, 1
kJ/kg) and SB (at 60 °C for 1 min) synergistically enhanced carotenoids extraction, resulting in 37.9 mg/100 g of
fresh tomato peels, 1.7 times higher than that obtained by applying only SB [L7].

In addition, the same researchers evaluated the influence of PEF pre-treatment and extraction temperature on the
recovery of carotenoids from tomato peels in 2019. Different PEF treatment conditions were applied with field
strengths, E, in the range 0.5-5 kV/cm and energy input, Wr, in the range 0.5-20 kJ/kg, and the effects of different
temperatures (20 to 50 °C) on lycopene extraction yield were assessed by using acetone as solvent. The optimal
PEF processing conditions were E = 5 kV/cm and Wt = 5 kJ/kg, which resulted in an extraction yield of total
carotenoids that was 47% higher than that obtained from untreated peels, and the antioxidant power of the extract
was 68% higher than that of the untreated tomato peels. Moreover, regardless of the PEF treatment, increasing the

extraction temperature from 20 to 50 °C increased the lycopene extraction yield by about 22% [56],

https://encyclopedia.pub/entry/39923 8/22



Tomato Processing By-Product Valorization | Encyclopedia.pub

Industrial tomato by-products provided by a canning company were used by Pataro et al. (2020) to investigate the
effect of PEF pre-treatment on the recovery yield of lycopene from industrial tomato peels. PEF processing was
carried out at different field strength (E= 1-5 kV/cm) and energy input (Wt = 5-10 kJ/kg), and ethyl lactate and
acetone were used as solvents. In line with the study previously discussed, the results demonstrated that the
application of PEF pre-treatment (5 kV/cm, 5 kJ/kg) considerably increased the lycopene extraction rate (27-37%),
the antioxidant power of the extract (18.0-18.2%), and the lycopene recovery yield (12—18%) with respect to the
untreated samples. Moreover, acetone allowed to extract a higher amount of lycopene (17.5 mg/g dw) with respect
to ethyl lactate (10.14 mg/g dw), indicating a higher ability of this solvent to penetrate into the plant cells, enabling a
higher amount of intracellular lipophilic compounds to dissolve in it 1. The application of PEF technology for
carotenoid extraction from tomato wastes was also investigated by Luengo et al. (2014). The researchers applied
PEF pre-treatment of different intensities (3—7 kV/cm and 0-300 ps) and used a mixture of hexane: acetone:
ethanol (50:25:25) as solvent, with the aim of improving extraction yield and reducing the total amount of solvent in
the extraction step. PEF pre-treatment (at 5 kV/cm and 90 ps) on tomato peels increased carotenoid extraction by
39% compared to the untreated samples. More importantly, RSM results showed that the application of PEF

reduced the hexane consumption from 45 to 30% at the same extraction yield 48],

4.3. Ultrasound Technology

Ultrasound-assisted extraction (UAE) is an alternative process to CSE that is able to induce cell wall disruption,
principally attributed to acoustic cavitation. Cavitation is produced by the interaction between the liquid, the
ultrasonic waves, and the gas dissolved in the liquid. As presented in Figure 6, UAE creates cavitation bubbles
using high frequency pulses, and local hotspots at the macroscopic scale with high shear stress and temperature.
The penetration of the solvent into the plant cells is favored, as well as the release of intracellular compounds 27,
Low-frequency ultrasound (16-100 kHz) can be applied for the extraction of valuable compounds such as
hydrophobic carotenoids (lycopene, beta-carotene, capsaicin, and lutein) and hydrophilic flavonoids (anthocyanins,
tannins) from agricultural by-products B8, In general, the application of relatively mild ultrasonic conditions
stimulates the release of the compounds entrapped in the intracellular and extracellular spaces of the plant tissues,
allows increasing the mass transfer rate and decreasing the extraction temperature and time, and, consequently,
improves the extraction efficiency. However, US is a non-selective extraction method, and its application could

damage thermolabile compounds due to the local increase in temperature [2215][60][61]
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Figure 6. Schematic representation of ultrasound technology and its effect on plant cells.

Kumcuoglu et al. (2013) investigated the application of ultrasound technology for lycopene extraction from tomato
paste processing by-products. The researchers compared the recovery yield of lycopene obtained with UAE and
conventional organic solvent extraction (COSE) 48l using as solvent a mixture of BHT (butylated hydroxytoluene)
0.05% (wlv), hexane, acetone and ethanol (2:1:1). The maximum extraction yield was obtained by applying
ultrasounds at a power of 90 W, a liquid/solid ratio of 35:1 (v/w), and an extraction time of 30 min, while the
processing conditions for COSE were a liquid/solid ratio of 50:1 (v/w), a temperature of 60 °C, and an extraction
time of 40 min. Results revealed that UAE could extract about 80% of lycopene after 10 min of treatment, whereas
the extraction time was at least 20 min using COSE. Overall, the comparison between COSE and UAE revealed
that UAE is a more efficient method that requires a lower amount of solvent (a reduction of about 30%) and a
shorter extraction time than COSE [48],

Silva et al. (2019) investigated the application of UAE for the extraction of lycopene from tomato wastes using a
mixture of eco-friendly solvents, namely ethyl lactate and ethyl acetate, to increase the sustainability of the
process. The highest amount of lycopene (1.33 mg/g dw) was obtained in the optimized UAE processing
conditions. The extraction yield of lycopene obtained utilizing the same solvents without sonication was 1.209 mg/g
dw, thus 9.4% lower than that obtained upon UAE. By coupling less harsh solvents, such as ethyl lactate and ethyl
acetate, with ultrasound technology, the lycopene extraction yield was enhanced, this representing a greener
approach for the lycopene recovery in comparison to organic solvents 2. In 2019, the same researchers studied a
sustainable method for lycopene extraction from tomato processing waste by applying UAE and hydrophobic
eutectic solvents (HEMs), namely lactic acid as hydrogen-bond donor (HBD), and DL-menthol as hydrogen-bond
acceptor (HBA). The extraction conditions that maximized the lycopene content in the extract (1.45 mg/g dw), as
determined by RSM, were 120 mL/g solvent-solid ratio, 70 °C, and 10 min [,

In order to improve the extraction of lycopene from tomato waste, the combination of sonication and edible solvents
(sunflower oil) was exploited as a green extraction strategy by Rahimi et al. (2019). Response surface
methodology (RSM) was used to select the best experimental conditions, including the solid to oil ratio (S/O),
ultrasonic intensity (W/m?), and extraction time (min), that maximize the lycopene yield. Results showed that, while
the ratio of solid to oil had a slight impact on the yield of extraction, the time and ultrasonic intensity significantly
affected the total lycopene recovery. The maximum lycopene yield (81.57%) was achieved using an ultrasonic
power of 70 W/m?2, a solid-to-liquid ratio of 20 (v/w), and an extraction time of 10 min. The proposed approach
complies with the concept of green processes since it permits the use of renewable resources, ensures product
safety and quality, and allows to obtain pigmented oils that can be used as sources of lycopene in a variety of
products [64],

Similarly, Pettinato et al. (2022) focused on the UAE optimization using ethanol as solvent, analyzing the effects of
the different variables involved on the lycopene extraction yield from tomato waste. The optimal extraction
conditions were 65 °C, 20 min, liquid-solid ratio of 72 mL/g, US amplitude of 65%, and 33 s for pulse duration,

resulting in a lycopene yield of 1.54 + 0.05 mg/g dw 3. However, a slightly lower temperature and a longer
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extraction time were required to obtain lycopene extraction yields comparable to those reported by Silva et al.
(2019).

Said et al. (2020) investigated the lycopene extraction from both lab-prepared and industrial tomato wastes by
using US (45 min at 50 Hz) and freeze drying. US, freeze-drying, and the combination of the two processes
resulted in a recovery of 45.51 + 1.84, 104.10 = 1.23, and 138.82 + 6.64 pg lycopene/g fresh tomato waste, with an

increase of the lycopene extraction yield from industrial tomato waste of 0.8, 2.8, and 4.12 folds, respectively 68,

Sonication can also be applied for pectin recovery from tomato by-products. It has been demonstrated that US
intensifies the extraction process, avoiding the long extraction times (12—24 h) required with the most common
conventional methods B9, Grissino et al. (2016) explored the possibility of using UAE (at 37 kHz) and CSE (by
ammonium oxalate/oxalic acid in two steps) for the recovery of pectin from tomato residues. The highest pectin
yields in the first step were 18.5% and 21.1% for UAE and CSE, respectively. However, for rich similar pectin
extraction yields, CSE required 1440 min, which is two orders of magnitude higher than that required for UAE (15
min). Moreover, the second extraction step was ensuring higher pectin yields compared to the first step not only for
CSE (31.2%), but also for UAE (36%). Therefore, the researchers concluded that the main advantage of UAE was
to considerably shorten the extraction time, making the process more environmentally friendly (7. In another study,
Singh Sengar et al. (2020) studied pectin extraction from tomato peels by using five different extraction methods,
namely UAE, MAE, ohmic heating-assisted extraction (OHAE), ultrasound-assisted microwave extraction (UAME),
and ultrasound-assisted ohmic heating extraction (UAOHE) at different power levels. According to their results, the
yield of extracted pectin ranged from 9.30% for OHAE to 25.42% for MAE. They reported that although MAE led to
a higher yield, UAME can be regarded as a greener extraction method with respect to the other extraction

processes tested, allowing for comparable extraction yield as well as higher pectin quality B2,

US technology has also been proposed to increase the oil extraction yield from tomato seeds. Aarabi Arabani et al.
(2015) applied sonication as a pre-treatment stage of tomato seeds to extract oil. Results demonstrated that the
particle surface bonds can be weakened by combining US pre-treatment with other physical techniques, effectively
enhancing the extraction yield. Immersion of tomato seeds in water for 24 h at 40 °C, followed by grinding and
sonication (at 550 W and 37 kHz for 90 min), resulted in about 28.11% vyield in oil extraction from tomato seeds. In
fact, soaking the seeds in water before milling provided the needed texture of the lignocellulosic samples and
prevented them from absorbing nonpolar and hydrophobic solvents or effusing the oil. Additionally, the milling
process led to better penetration of the solvent into the sample. Overall, using combined pre-treatment processes
(Hot water + Grinding + US) increased the oil extraction yield by 15.91% with respect to that obtained from

untreated samples 69,

4.4. Supercritical Fluid Extraction

Supercritical fluid extraction (SFE) is an environmentally friendly method operated at the pilot and industrial scales.
The schematic of the process is shown in Figure 7. This method is based on the increased solvating power of

gases beyond their critical point [68]. Currently, one of the most frequently used supercritical fluids is carbon dioxide
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due to its beneficial characteristics, including low critical temperature and pressure, high purity, and low cost. More
importantly, carbon dioxide can be applied for the extraction of compounds that are thermally unstable and cannot
be purified by steam distillation. Since lycopene is a high-added-value bioactive compound and degrades easily
when subjected to thermal processing, supercritical carbon dioxide-assisted extraction (SFE-CO,) can be applied
as a green extraction process to recover tomato oleoresin rich in lycopene. Moreover, the selectivity of the

extraction process can be increased by adjusting and monitoring the pressure and temperature of the system (2
[70]
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Figure 7. Schematic representation of a supercritical carbon dioxide extraction system.

Mihalcea et al. (2021) studied the application of SFE-CO, to tomato peels for lycopene-enriched oleoresin
extraction and its microencapsulation to produce high-added-value ingredients with several potential applications.
The optimization step of the processing conditions showed that SFE-CO, carried out for 155 min at a pressure of
400 bar and a temperature of 74 °C resulted in the recovery of oleoresin form tomato peels with the highest
lycopene content (5.28 mg/g dw) . To evaluate the effect of SFE-CO, on the extractability of intracellular
bioactive compounds from industrial tomato residues, also Kehili et al. (2017) investigated the recovery of lycopene
and [-carotene from tomato peels obtained in tomato industrial processing. The results showed that SFE
conducted at the optimal operating conditions, namely 400 bars, 80 °C, 105 min, 4 g CO,/min, and 0.4 g CO,/g
peels, led to a maximum lycopene recovery of 0.73 £ 0.03 mg/g dw. Moreover, these results were compared to
those obtained by applying the conventional extraction methods (overnight at 200 rpm and 25 °C) using ethanol,
ethyl acetate, and hexane as solvents. Interestingly, the SFE-CO, extraction technique resulted in a higher yield of
lycopene in comparison with conventional methods (+156%, +128%, +20%, by using ethanol, ethyl acetate, and
hexane, respectively) 2 Additionally, Hatami et al. (2019) evaluated, both experimentally and by applying

mathematical modeling, the lycopene recovery yield by SFE-CO, from tomato pomace, demonstrating that the
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greatest effect on lycopene recovery is related to the peel/seed ratio, followed by pressure, and temperature .
Considerably, the combination of pressure—temperature showed a positive synergistic effect on the lycopene
recovery. Pressure affected lycopene recovery more effectively at higher temperature. Due to the higher availability
of lycopene in the peels compared to the seeds, the optimized experimental conditions (80 °C, 500 bar, and a
peel/seed ratio of 70/30) resulted in the highest lycopene recovery (0.358 mg of extract/kg of raw material) 4. The
effect of these parameters on lycopene extractability from tomato peels under SFE-CO, was also investigated by
Pellicano et al. (2020). The researchers stated that applying SFE-CO, at 550 bar for 80 min resulted in the highest
oil extraction yield (79%), being the oil rich in lycopene (8.6 mg/kg dw) and B-carotene (15 mg/kg dw) 8],

Adapting to the zero-emission process concept, the application of SFE-CO, technology for the extraction of high-
quality oil from tomato processing by-products (seeds and peels) was also investigated by Lisichkov et al. (2011).
The researchers evaluated the effects of different parameters on the oil extraction yield. The maximum solubility of
oil was obtained at operating pressures ranging from 210 bar to 280 bar at 40 °C for 2.5 h, which resulted in 0.25

g/g tomato seeds and peels with a solubility of 14 mg/dm3s [Z4],

4.5. Microwave Technology

Microwave technology consists of an indirect way of heating materials by means of electromagnetic radiation at
wavelengths comprised between ordinary radio waves, and infrared radiation in the frequency range between 300
MHz and 300 GHz, although in most common applications the frequency range is comprised between 1-40 GHz.
This process leads to the evaporation of moisture inside the plant cells, which in turn causes an increase in the
pressure exerted on the cell wall. Subsequently, modifications of the physical and biological characteristics of the
vegetable tissue occur, leading to improved penetration of the extracting solvent into the biomass and increased
extraction yields of the target intracellular compounds 2. A schematic of MAE is reported in Figure 8. A large
variety of factors can affect MAE, such as frequency, time and microwave power, moisture content and size of the
sample, solvent type and concentration, solid/liquid ratio, extraction time as well as the number of extraction cycles
(571, The MAE process has been shown to be an environmentally friendly technology that enables greater extraction
yields in shorter time and energy usage than traditional processes, and that can even be carried out without the
use of solvents. However, this technology also has some drawbacks that need to be monitored, such as poor
selectivity, non-uniform heating, and limited penetration of the microwaves, which could lead to reduced extraction
efficiencies. In addition, thermal degradation of phenolic compounds and changes in the chemical structure of the

target compounds due to overheating might occur, causing undesired effects on their bioactivity and hindering their
usability BABLISI76]
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Figure 8. Schematic of microwave technology and its mechanism.

Lycopene and beta-carotene, the main polyphenols in tomato wastes, are very thermosensitive compounds that
can be detrimentally affected by the extraction conditions. Lasunon et al. (2021) evaluated the effectiveness of
MAE at different processing conditions to extract bioactive compounds from tomato processing by-products.
According to their results, the higher the microwave power and the extraction time, the greater the degradation of
bioactive compounds would occur. Furthermore, bioactive compounds extracted under MAE processing conditions,
which allowed the highest recovery yield, showed low antioxidant activity, indicating that degradation phenomena
were likely to occur. Moreover, the overall performance indicator showed that at the best MAE conditions, namely
300 W applied for 60 s at a temperature not exceeding 77 °C, the bioactive compounds were recovered with a high

yield and characterized by a high quality (lycopene: 5.74 mg/100 g dw and beta-carotene: 4.83 mg/100 g dw) 2.

With the aim of assessing the effect of MAE processing parameters, such as temperature, type of solvent, and
time, on total flavonoids (TF), total phenols (TP), and phenolic compound recovery, Tranfi¢ Baki¢ et al. (2019)
utilized this technology for tomato peel valorization [78] The researchers demonstrated that the extraction time had
a limited effect (p > 0.05) on TF, TP, and phenolic compound extraction, while temperature and type of solvent
significantly affected the polyphenols extraction yield. According to their results, the average TP content was 53.12
g/kg, and the highest recovery yields were obtained at 55 and 90 °C with the minimum processing time (5 min).
Interestingly, the use of pure water as a solvent, which is characterized by a higher dielectric constant than less
polar solvents and absorbs more microwave energy mainly in the low temperature range (25 °C-55 °C), resulted in

a better extraction efficiency of phenolic compounds (28]

4.6. Sequential Extraction of High-Added-Value Compounds

With the aim of adopting a circular economy approach and reaching near-zero discharge, many studies have

focused on the full valorization of tomato processing by-products through effective sequential extraction methods,
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consisting of the utilization of novel or conventional technologies in cascade, to recover the compounds of potential

interest for application in different sectors.

Ouatmani et al. (2022), to increase the sustainability of industrial tomato processing waste valorization, considered
the sequential recovery of oil from seeds and optimized antioxidant extraction by applying MAE. Soxhlet extraction
was used to recover the oil from tomato seeds, resulting in a product rich in unsaturated fatty acids (79.83%). MAE
was then applied to defatted tomato seeds to extract phenolic compounds. To identify the optimal operative
conditions (solid/solvent ratio, microwave power, and processing time), the researchers used RSM. The application
of microwaves at 700 W for 70 s with a 32.41% ethanol concentration resulted in an amount of total phenolic
compounds extracted of 268.47 mg GAE/100 g with an antioxidant activity of 84.27%. MAE enhanced the recovery
of phenolic compounds compared to conventional methods, including maceration and stirring, which led to the
extraction of 171.3 and 181.6 mg GAE/100 g, respectively [,

In addition, novel technologies can be utilized in combination with each other with the aim of achieving the

valorization of tomato processing by-products.

Grassino et al. (2020) investigated the combination of high hydrostatic pressure extraction (HHPE) and UAE to
improve the recovery of pectin, polyphenols, and fatty acids from tomato peels. The researchers reported that the
application of HHPE and UAE coupled with a conventional extraction method (Soxhlet) provided an appropriate
and effective solution for the successive extraction of pectin, polyphenols, and fatty acids from tomato processing
by-products. Pectin extraction yield by HHPE in 45 min was 9.2%, while conventional extraction in 360 min was
7.7%. Results showed that tomato peels, both with pectin or depectinized, subjected to UAE had a high content of
total phenolic compounds (TPC) (922.53-3643.88 mg/100 g), depending on the extraction time and solvent used.
However, although TPC is significantly lower in depectinized residues, suggesting that a part of the phenols
possibly migrated during HHPE and were released into pectin during nitric acid extraction, the amount remaining in
the residual biomass is still appreciable. Interestingly, the residues obtained after UAE had high saturated FA
content, such as lauric, palmitic, and stearic acids, indicating that UAE residues could be exploited for the recovery
of these compounds. The researchers concluded that HHPE and UAE allowed for a considerable decrease in the
extraction time, and the implementation of these technologies in the extraction process can be considered an

appropriate alternative to conventional methods B9,

Grassino et al. (2020) also studied other processing methods for the concurrent recovery of pectin, polyphenols,
and fatty acids from tomato peels, utilizing conventional extraction methods. Before extracting polyphenols and
fatty acids, pectin was recovered from tomato peels and tested as a potential tin corrosion inhibitor. The
researchers demonstrated that depectinized peels were effective bio-substrates for polyphenol extraction,
possessing higher amounts of total phenols (2485.68-4064.46 mg/100 g) in comparison with the samples
containing pectin. Additionally, depectinized samples contained more FAs (~45%) than those with pectin (~26%).
Therefore, the researchers demonstrated that depectinized tomato peels can be used to recover polyphenols and
fatty acids, and that the pectin recovered is a more effective and efficient tin corrosion inhibitor than the apple

pectin commercially available (+26%) [E1],
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