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Abstract: Ensuring a sustainable supply of food for the world’s fast growing population is a major
challenge in today’s economy, as modern lifestyle and increasing consumer concern with maintaining
a balanced and nutritious diet is an important challenge for the agricultural sector worldwide. This
market niche for healthier products, especially fruits and vegetables, has increased their production,
consequently resulting in increased amounts of agri-food surplus, waste, and loss (SWL) generated
during crop production, transportation, storage, and processing. Although many of these materials
are not utilized, negatively affecting the environmental, economic, and social segments, they are a
rich source of valuable compounds that could be used for different purposes, thus preventing the
losses of natural resources and boosting a circular economy. This review aimed to give insights on the
efficient management of agri-food SWL, considering conventional and emerging recovery and reuse
techniques. Particularly, we explored and summarized the chemical composition of three worldwide
cultivated and consumed vegetables (carrots, broccoli and lettuce) and evaluate the potential of their
residues as a sustainable alternative for extracting value-added ingredients for the development of
new biodynamic products.

Keywords: circular economy; Innovative products; surplus; waste and loss; sustainable agriculture;
vegetable

1. Introduction

Over the years, food has been one of the main concerns of man, as the methods of
search, production and distribution undergoes frequent changes, being closely linked to the
way humans eat [1,2]. In addition to its importance in satisfying basic needs, food is the key
factor in preserving human health [3,4], as the adoption of healthy eating habits is highly
reflected in the acquisition of essential nutrients, which reduce the risk of developing certain
diseases, improving longevity and promoting optimal physical and mental well-being [5].

Agriculture is one of the main activities practiced around the world and one of the
main economic processes on which the general prosperity of civilization is based [6,7].
In parallel, all over the world the increasing scientific and technological development,
alongside the exponential growth of the human population, create a large gap between the
demand and supply of food. With the advent of modern civilization and industrialization,
agriculture began to be commercialized and intensified on a larger scale, resulting in the
generation of huge amounts of agri-food SWL, putting the entire environmental balance
under threat [8]. However, modern agriculture must be able to address a wide range
of challenges by promoting environmental conservation and the effective management
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of natural resources, ensuring food security and sustainability. Consequently, in recent
years, researchers have been dedicated to the development of approaches that enable the
integrated management of agri-food SWL, preventing them from accumulating in nature
and, consequently, negatively affecting the environment.

Agriculture SWL are one of the most abundant and renewable sources of compounds of
interest on the planet (e.g., oils, proteins, fibers, phenolics and other bioactive compounds)
which have the potential to be used in secondary processes, serving as food, feed, fuel,
and/or as a source of a wide range of chemicals [7–9], thus being identified as number
one priority for the application of European Circular Economic Strategy by the European
Commission [10]. According to FAO [11], about a third of the food produced worldwide
is lost or wasted every year, with about 22% of this loss consisting of agri-food SWL
from fruits and vegetables. These residues are responsible for 8 to 10% of greenhouse gas
emissions, 23% of fertilizer consumption, 25% of fresh water used in agriculture and for
the use of arable land [6,12].

In this review, the foundations of sustainable agriculture and the efficient management
and recovery of SWL derived from this activity will be explored, emphasizing their reuse
for the development of new biodynamic products/formulations. In particular, the potential
functionalities of agri-food SWL obtained from some of the most consumed vegetables
in the world, namely carrots (Daucus carota L.), broccoli (Brassica oleracea L.) and lettuce
(Lactuca sativa l.), will be explored, as well as their composition in bioactive compounds,
with the ultimate goal of providing information for the development of new bio-based
products and promoting the circular economy concept.

2. Food Security

The use of the term food security began after the end of World War I, a period in which
food was a powerful weapon against countries/communities with insufficient capacity to
produce their own food [13]. Its application assures the safe consumption of food within
the scope of public health, suggesting its nature free from chemical, biological, and physical
substances that may endanger human health. On the other hand, this term guarantees the
availability, accessibility, and proper use of food, encompassing the entire set of needs to
obtain a nutritious and balanced diet [14–16].

Currently, food security is often threatened due to the shortage of natural resources,
population growth, volatile food prices, restraints in consumption habits, climate change,
and food loss and waste [16]. Despite the sharp increase in food production resulting from
the exponential increase in the world’s population, about one in nine people is food inse-
cure [17]. Therefore, it has become a high priority to meet the growing world agricultural
demand in a sustainable way, an objective being defined as the “Grand Challenge” of food
security [18], which recognizes that sustainability, especially at the environmental level,
must be considered as an explicit dimension of food security to ensure the availability,
accessibility, use and stability of food [19]. Thus, food safety programs must provide
effective quality control of the entire food chain, from production, storage, distribution to
consumption of fresh or processed foods, as well as the necessary handling processes [20].

Recently, people have become more aware of the extent of food loss and waste along
the entire food supply chain, while the reduction of these residues represents an essential
measure within the structure of the sustainable food system to face the Grand Challenge
of food security [19]. Now, and as part of the food security solution, it is well established
that the use of advances in the agriculture sector, combined with the reduction of agri-food
SWL and changes in daily eating habits, can double agricultural production and reducing
environmental impacts [18]. One way to increase food safety without compromising
the environmental burden of the agricultural process is to reduce agri-food SWL from
farm to consumer. Here, the recovery of wasted food presents a great opportunity to
reduce production demand, given that around 1.6 billion tons of food are wasted every
year [21]. In this field, food science and technology play a leading role in improving food
and nutrition security through the development of technologies capable of the preservation
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and stabilization of food products which, along with other features, allow the extension of
its shelf life. Some of the agri-food SWL and secondary processing streams are directed to
different uses, such as animal feed, chemical production, composting and energy, or are
just dumped into landfills. However, the preferred strategy to improve food security is
performed through the valorization and recovery of agri-food SWL, and its use as food,
feed, fuel, and others [22], thus preventing their accumulation and consequent harmful
effects on the environment.

3. Agriculture and Food Sustainability

Currently, the establishment of an agricultural sector capable of continuously sup-
plying food and other essential resources for a world population in constant growth is of
critical importance for the existence and preservation of any human activity. However,
the ability of agriculture to meet the current and future human needs is threatened by a
number of issues that include climate change, loss of biodiversity, soil degradation and
pollution, rising production costs and poverty, among others [23,24].

According to the United Nations [25], agriculture production is expected to reach
8.5 billion people by 2030, rising further to 9.7 billion by 2050. However, intensive agricul-
ture is associated with several problems such as the depletion of non-renewable natural
sources, soil damage, adverse effects of agricultural chemicals on human health and the
environment, and poor food quality [26–28]. At the same time, the availability of arable
land also becomes a major issue, with the demand of greater volumes of production in
shorter periods of time, resulting in serious problems of global pollution [29]. Thus, the
implementation of sustainable approaches becomes of vital significance, with the ultimate
purpose of addressing climate adaptation and mitigation, reduction of greenhouse gas
emissions, prevention of natural disasters and maintenance of soil health [30]. Here, sus-
tainable agriculture is presented as an ecosystem-oriented approach that involves the use
of biological resources to increase production, avoiding the risk of pests and diseases, and
taking into account the base of natural resources and their conservation [6].

According to FAO, sustainable agriculture is defined as a system that improves the ef-
ficiency of the use of natural resources, while preserving, protecting and improving natural
ecosystems, sustaining rural livelihoods and social well-being, and increasing the resilience
of people, communities and ecosystems [31]. One of the main challenges agriculture is
facing around the world is reconciling growing food production with more sustainable agri-
cultural practices. The growing concern about the harmful effects resulting from increased
production has promoted changes in the paradigm of how agricultural systems can be used
more efficiently, both in food production and in reducing environmental impacts, trans-
lating into many calls for a more sustainable agriculture [32]. Three transactional phases
for sustainability in the agricultural environment have been proposed (Figure 1), among
them efficiency, replacement and redesign. The first two, while crucial, are not sufficient for
maximizing the co-production of favorable agricultural and environmental outcomes [33].
In the efficiency stage, a more sustainable use of existing agricultural resources is promoted,
since many of these are wasted, culminating in the degradation of the farm’s natural capital
or the flight of agrochemical products, which entails increased costs for the said farm
and associated branches [33]. An example of this is post-harvest losses, which reduce the
availability of food, directly contributing to the loss of efficiency and income generated
by other means. Rationalizing the use of fertilizers, pesticides and water, on the other
hand, promotes efficiency gains on the farm, causing less impact on the environment and
human health [34–36]. In the replacement phase, the development of new crop varieties
and livestock species allows for the replacement of less efficient components of the system
with more efficient ones, such as certain plant varieties with greater capacity to convert
nutrients into biomass, that are drought tolerant and/or resistant to salinity changes and
are resistant to specific pests and diseases. Other substitution strategies focus on the use of
biological control agents to the detriment of synthetic agrochemicals [1]. The third phase,
the redesign, is fundamental for achieving sustainability on a larger scale, given that the
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redesign of ecosystems is essential in taking advantage of ecological processes, such as
predation, parasitism, N fixation, and trophic dependencies, among others [37,38]. At
this stage, the main objectives are modulating greenhouse gases, providing clean water,
maximizing carbon sequestration, promoting biodiversity and dispersing pests, pathogens
and weeds. The redesign phase is likely to be the most transformative, presenting social,
institutional, and agricultural challenges [37–40].
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The food supply chain begins with the production of food in the agricultural sector,
from which large amounts of waste or by-products are produced. These can be organic or
derived from agri-food SWL, as is the case of low quality fruits and vegetables, damaged
and/or unharvested products in the fields, by-products of low or zero commercial value,
among others [41]. From an environmental point of view, the generation of agri-food
SWL contributes to the upsurge of greenhouse gas emissions by its final discarding in
landfills and during activities related with the production, processing, manufacturing,
transportation, storage and distribution of food. Moreover, the generation of SWL also
potentiates the lessening of natural resources in terms of soil, nutrients, water and energy,
the disruption of biogenic cycles due to exhaustive agricultural activities and all other
impacts typical of any stage of the food supply chain. At the economic level, the expenses
related to food waste negatively affect the income of farmers and end users (consumers)
and, socially, endorse greater food insecurity worldwide [42,43]. Hence, the reduction
of food waste through the recovery of its valuable constituents presents an important
approach towards increasing the overall sustainability of food systems, which gathers all
the elements (environment, people, inputs, processes, infrastructures, institutions, etc.), the
events linked to the production, processing, distribution, preparation, and consumption of
food, and their socioeconomic and environmental outcomes [44,45].

4. Agri-Food Surplus, Waste and Loss

Every year, billions of tons of agri-food SWL are produced along the entire food supply
chain, including all segments of waste management from collection to disposal [41,46].
The terms “food loss” and “waste” are usually used to identify materials intended for
human consumption that are later discarded, degraded or contaminated [47]. However,
the divergence between the different types of food waste and its appropriate categorization
is of underlying importance so that they can be linked to a corresponding hierarchy, which
represents a challenge for its prevention and for the maintenance of a sustainable system
of management in the emerging circular economy. In recent years, the concepts applied
in this hierarchy have not provided a clear and coherent scope of the different types of
food waste, following in erroneous and broad estimates [48]. Different terms have been
used to describe food waste, including “food loss”, “food waste” and “food surplus”. In
defining these terms, five main stages in the food supply chain were considered, namely
agricultural production, post-harvest activities, processing and manufacturing, retail and
wholesale, consumption and services [47]. Although the term “food loss” generally refers to
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the post-harvest and processing stage, it can also include the loss of food suitable for human
consumption but not marketable for aesthetic reasons [49,50]. Additionally, this term may
as well be applied to unintentional losses of quantity or quality of the food products and, in
this case, may overlap with that of food waste [51,52]. In turn, all edible leftovers produced,
manufactured, retailed or served, suitable for human consumption, are part of the food
surplus, thus referring not only to the retail and consumption phase of the food supply
chain [53], but also to agricultural overproduction (e.g., primary phase) [43]. Ultimately,
food waste includes foods that cannot be consumed by humans due to their natural
inedibility or food handling along the entire food supply chain [48,54]. This category may
include food originally produced for human consumption, but which has been discarded
or not consumed, including food that is still edible and deliberately discarded.

The main reasons related to agri-food SWL during food processing and production
activities are associated with damage caused through improper transport and storage of
products, losses in processing or contamination, and improper packaging. Additionally,
retail methods and markets also impact the generation of these food residues, mostly
due to conservation or handling issues and lack of adequate storage facilities [41]. At the
consumer level, the generation of food SWL is mainly due to food purchases above factual
needs, excessive preparation of food amounts for consumption, poor storage conditions,
and confusion between the terms “consume before” or “use until” [43]. Moreover, the
production of these residues is influenced by the sociodemographic characteristics of the
households, consumption behaviors and dietary patterns [55]. Although contradictory, the
agri-food SWL generation is not limited to developed countries. Interestingly, reports from
different countries around the world indicate that the generation of SWL has similar values
in both industrialized and undeveloped countries, despite having different etiologies. In
the latter, more than 40% of food losses occur in the post-harvest and processing stages,
while in developed countries, the greatest losses occur at the retail and consumer level,
with more food per capita being wasted in high-income countries [16].

According to Galanakis [56], waste arising from different segments of the food industry
can be grouped into two main categories: plant origin (cereals, root and tubers, oil crops
and pulses, fruit and vegetables) and animal origin (meat products, fish and seafood and
dairy products). Depending on their source (except in the case of meat/fish), agri-food
SWL may be less prone to spoilage when compared to waste produced at the end of the
food supply chain (e.g., individual households), which tend to be widespread, making it
challenging to recover their constituents due to the need for an additional step of collection
and reduction of biological stability [56]. Specifically, agricultural residues from fruits and
vegetables are the result of mechanical damage and/or spillages during harvesting and
separation of post-harvest products to meet the quality standards of markets/consumers.
According to FAO [16], about 42% of the fruits and vegetables produced worldwide are lost
or wasted even before reaching the consumer, with a large sum being disposed in landfills
or rivers, representing a threat to the environment due to their high biodegradability,
leachate, and methane emissions [57]. These residues have a huge potential to be used for
the recovery of value-added constituents, since they are a rich source of nutrients (minerals,
phenolic compounds, sugars, proteins, fibers, and others) available for the production of
new bio-based products [58–60]. Depending on the raw material, the waste generated
during the processing of fruits and vegetables may contain peels, seeds, fruit, leaves, straw,
stems, roots, or tubers [61]. Also, depending on the plant species and tissues, these residues
may hold different properties, including flavoring and preservation (shells and seeds) [61],
antioxidant and antidiabetic properties (tissues rich in carotenoids, vitamins and fibers),
among others, capable of preventing certain diseases [62,63]. Thus, these compounds are
of great relevance in human health and well-being [64], despite being often unstable when
in contact with environmental and industrial process conditions, making it necessary to
find a joint solution to the problems of waste management and resource depletion [65].
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The Particular Case of Carrots (Daucus carota L.), Lettuce (Lactuca sativa L.), and Broccoli
(Brassica oleracea L. var. italica)

Carrots, lettuce and broccoli are some of the most commonly consumed and produced
vegetables worldwide, mainly for their valuable nutritional and chemical characteristics,
thus resulting in great amounts of SWL generated through the entire food supply chain,
namely through cultivation, harvesting, storage, and processing, among others.

Carrots (Daucus carota L.) are one of the 10 most economically important and con-
sumed vegetables worldwide. The species belongs to the Apiaceae family and has gained
popularity for the nutritional composition of its edible taproots, positive health effects
and characteristic aroma. The annual production of carrots worldwide is approximately
36 million tons, the main producer being China, followed by Russia, USA, Uzbekistan,
Poland, Ukraine and the United Kingdom [66,67]. Nutritionally, carrot roots hold approx-
imately 88% water, 7% carbohydrates, 3% fiber, 1% protein and 0.2% fat. Also, they are
considered an excellent source of vitamins, biotin, minerals, phenolic compounds and
carotenoids (β-carotene, α-carotene and lutein) [67–69].

Traditionally, carrots are used as a medicine for liver and kidney failure, skin diseases
and burns, and hypotensive conditions [69]. Its beneficial effects on human health derive
from its composition rich in compounds of interest. For example, their structure rich in
carotenoids makes carrots an important food source in the prevention of diseases such as
atherosclerosis, UV-induced erythema and cancer, while fibers play a protective role against
coronary heart disease, diabetes, obesity and also some types of cancer. An adequate intake
of minerals and phenolic compounds with different bioactive properties is also associated
with the reduced risk of developing cardiovascular diseases and the modulation of several
acute and chronic diseases [68,70–72].

To harness the potential of valorizing any food to its fullest extent, its nutritional
composition must be known [73]. Thus, the range of values between which the energetic
value, proximate and chemical composition, and the arrangement in macro and micro
elements of Daucus carota L. are positioned are presented in Table 1. In the literature
reports, the moisture content of carrots varies from 69.06 to 90.87% among different va-
rieties. Carbohydrates were the most abundant macronutrient (up to 8.39 g/100 g fw),
7.18 to 8.87 g/100 g fw come from dietary fiber [74], followed by relatively high amounts
of protein (6.46–10.73 g/100 g fw) and ash (1.12 to 7.37 g/100 g fw), with lipids being the
least abundant (0.28 to 1.91 g/100 g fw) [68,74–79]. Glucose, fructose and sucrose were
the major sugars identified and reported in carrots, with sucrose standing out as the most
abundant one (2.663 g/100 g fw), followed by relatively low concentrations of glucose and
fructose (1.137 and 1.153 g/100 g fw, respectively) [75,80–82]. Regarding organic acids,
a study performed by Bonasia et al. [76] showed a total organic acids concentration of
333.5 mg/100 g fw in the variety “Carota a punta lunga”, with malic acid showing up as
the most abundant in this variety (133.9 mg/100 g fw). Regarding mineral composition,
Uzel et al. [83] report that potassium (K, 320 mg/100 g fw), sodium (Na, 69 mg/100 g fw),
phosphorus (P, 35 mg/100 g fw) and calcium (C, 33 mg/100 g fw) are the four prevail-
ing elements in black carrots, followed by magnesium (Mg, 12 mg/100 g fw), zinc (Zn,
0.24 mg/100 g fw), iron (Fe, 0.30 mg/100 g fw) and manganese (Mn, 0.143 mg/100 g fw).

Table 1. Energetic value, proximate and chemical composition, and micro and macro elements of
Daucus carota L. taproots.

Proximate Composition (g/100 g fw) References

Moisture (%) 69.06–90.87 [74,77]
Energy (kJ/kg) 552.7 [77]
Carbohydrates 0.6–8.39 [74,76]
Protein 6.46–10.73 [74]
Crude fat 0.28–1.91 [68,77]
Ash 1.12–7.37 [68,75,77,79]
Dietary fiber 7.18–8.87 [74]
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Table 1. Cont.

Proximate Composition (g/100 g fw) References

Sugars free (g/100 g fw)

Glucose 0.02–1.7
[75,76,81,82]Fructose 0.05–1.5

Sucrose 0.5–3.3

Organic acids (mg/100 g fw)

Quinic Acid 13.3–64.7

[76]
Malic Acid 26.0–266.2
Ascorbic Acid 2.6–11.1
Oxalic Acid 5.2–5.4

Macro and micro elements (mg/100 g fw)

Ca 29–37
[83,84]Mg 6–12

Zn 0.24–1.0
Na 69

[83]
K 320
Fe 0.30
Mn 0.143
P 35

Ca—Calcium; Mg—Magnesium; Zn—Zinc; Na—Sodium; K—Potassium; Fe—Iron; Mn—Manganese; P—
Phosphorus. For uniformity reasons, some values were converted from a dry weight basis or other units
presented in the original source to a fresh weight basis.

Carotenoids are important secondary metabolites to which particular health related
properties have been attributed. The carrot root, mainly the orange root variety, is one of the
main sources of these pigments, which includes α- and β-carotenes and lutein. According
to published data, the most abundant carotenoid found in D. carota is β-carotene, whose
concentration may vary between 0.392 to 29.0 mg/100 g fw, followed by α-carotene (0.091
to 26.3 mg/100 g dw), and finally lutein (0.145 to 3.2 mg/100 g fw) (Table 2) [68,71,82,85–87].
Overall, phenolic compounds are important as they may hold antioxidant capacities, capa-
ble of increasing the oxidative stability of foods. Some of the phenolics identified in D. carota
(Table 2) include 3-caffeoylquinic, 5-caffeoylquinic, feruloylquinic, and 5-feruloylquinic
acids, as well as caffeic and di-caffeic acid derivatives. Specifically, p-hydroxy benzoic
and salicylic acids together accounted for nearly 80% of the total phenolic acids in fresh
carrots [4]. Similarly, lower amounts of gentisic; 2,4-dihydroxy benzoic; protocatechuic;
p-coumaric; o-coumaric; vanillic; ferulic; syringic; chlorogenic; gallic and trans-cinnamic
acids were acknowledged [88,89]. Ranjitha et al. [88] also reported the occurrence of total
flavonoids (2.401 mg/100 g fw) and total phenolic acids (3.042 mg/100 g fw). Regarding its
bioactive properties, D. carota showed good antioxidant [4] and anti-inflammatory activities,
with purple carrots in particular inhibiting COX-1 and COX-2 in the range of 31 and 44%,
respectively [78]. In addition, a total of 154.44 mg/g dw in anthocyanin compounds were
quantified, with the acylated forms standing out as the most prevalent structure (83.0%
of total anthocyanins) [78]. The analysis of phenolic compounds in purple carrots also
allowed the identification of compounds belonging to the group of hydroxycinnamic acid
derivatives (HCA, 133.72 mg/g dw), being present as esters, glycosides and glycoside-ester
forms (Table 2) [78].
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Table 2. Carotenoids, phenolic compounds, antioxidant and anti-inflammatory activities of Daucus
carota L. taproots.

Carotenoids (mg/100 g fw) References

α-carotene 0.091–26.3
[68,71,82,85–87]

β-carotene 0.392–29.0
Lutein 0.145–3.2 [68,71,86,87]
Total carotenoids 0.628–58.5 [68,81,82,85–88,90,91]

Phenolic compounds (mg/100 g fw)

3-caffeoylquinic acid 4560

[67]

5-caffeoylquinic acid 579
feruloylquinic acid 670
5-feruloylquinic acid 89
caffeic acid derivative 216
di-caffeic acid derivative 3977

p-Hydroxy benzoic acid 1.143
[88]Salicylic acid 1.212

Ferulic acid 0.112–0.475
[88,89]Syringic acid 0.21–0.807

Chlorogenic acid 0.008–4.658

Anthocyanins (mg/g dw) *

Cy 3-xyl-glc-gal 8.77

[78]

Cy 3-xyl-gal 17.43
Cy 3-xyl-sin-glc-gal 8.63
Cy 3-xyl-fer-glc-gal 97.62
Cy 3-xyl-p-coum-glc-gal 19.63
Pg 3-xyl-fer-glc-gal 1.98
Pn 3-xyl-fer-glc-gal 0.37
Total Anthocyanins 154.44

HCAs derivatives (mg/g dw) *

5-CQA 80.17

[78]
4-CQA 19.86
CAD 12.64
Total HCAs derivatives 133.72

Antioxidant activity (mg/100 g fw)

FRAP 10.40 [88]

Anti-inflammatory activity (%)

Anti-inflammatory COX-1 31
[78]Anti-inflammatory COX-2 44

* Could not convert results to fw; HCAs—Hydroxycinnamic acids derivatives; FRAP—Fluorescence recovery after
photobleaching; COX—Cyclooxygenase-1 or 2. For uniformity reasons and when possible, values were converted
from a dry weight basis or other units presented in the original source to a fresh weight basis.

Large amounts of carrots are discarded every year because they do not meet market
standards due to quality defects, with about 20–30% being thrown out due to irregular
size, shape, or color [92]. Additionally, the carrot-processing industry (puree and juice)
produces great amounts of waste and by-products, such as peels, that could be recovered
and used as a source of valuable biochemical compounds [93]. Carrot pomace, for example,
is the main by-product resulting from the extraction of carrot juice. During juice extraction,
carrot pomace undergoes extreme mechanical stress. Moreover, plant tissues may respond
to abiotic stresses, such as ultraviolet C (UVC) radiation, through the accumulation of
bioactive compounds. In this sense, a study carried out by Sánchez-Rangel et al. [94]
investigated the effects of UVC light on the accumulation of phenolic compounds and in
the antioxidant activity in this residue. Their results showed that, in the untreated carrot
pomace, there was an increase of 709.5% in total phenols and a good correlation of these
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with antioxidant activity. On the other hand, the residue treated with this type of radiation
showed an increase of 143.6% in the concentration of chlorogenic acid after irradiation for
48 h, while the presence of protocatechuic and 3,5-dicapheoylquinic acids was confirmed;
however, neither compound was detected in the control (untreated) group. This study
allowed for the validation of the valorisation of carrot pomace through UVC radiation,
enhancing its concentration in specific antioxidant compounds. Likewise, Chiboub et al. [95]
investigated the chemical composition and antibacterial activity of essential oils extracted
from the green tops (aerial parts) of D. carota (yellow and orange root varieties). The
results showed the presence of large amounts of essential oils, mainly sesquiterpenes,
which could inhibit Gram-negative bacteria. From this study, the potential of valorising
essential oils from carrots by-products (green tops) was proven, which can be promoted
as natural antimicrobials in food preservation systems, as well as the possibility of using
these essential oils in the flavouring industry.

Broccoli (Brassica oleracea L. var. italica) is a vegetable that belongs to the Brassicaceae
family, whose main edible parts are the shoots and immature inflorescences. The main pro-
ducing countries of this vegetable are China, India, the USA, Spain, Italy, France and Mex-
ico [96,97]. The edible portion of broccoli is characterized by its high water (89%) and low
fat content (0.37%), as well as lower amounts of proteins, dietary fibers and carbohydrates.
Broccoli is also a valuable source of minerals such as potassium, phosphorus, calcium
and sodium, vitamins (especially vitamin C, A and folic acid), glucosinolates, polyphe-
nols (flavonoids and hydroxycinnamic acids), among others [96–100]. Therefore, eating
habits that include broccoli in the regular diet are important in the prevention of chronic
diseases, such as cardiovascular diseases and cancer, as they may perform antioxidant,
antimicrobial, and other bioactivities that prevent oxidative stress related to different con-
ditions [96,101–103]. The nutritional assets of broccoli, as well as its fatty acids profile and
micro/macro elements composition are presented in Table 3. The analysed reports showed
that broccoli may hold a moisture content ranging from 6.93 to 9.59 g/100 g dw [104]. In
different varieties and/or cultivars, the protein content of broccoli may show great vari-
ation with values between 4.39 to 28.99 g/100 g dw [101,105–108], the same happening
with fat and ash contents (4.38 to 10.01 g/100 g dw and 6.85 to 15.74 g/100 g dw, respec-
tively) [101,104,105,108,109]. Moreover, according to Shi et al. [108] this vegetable has about
55.7 g/100 g dw of carbohydrates, of which 8.85 to 55.34 g/100 g dw may be attributed
to dietary fiber [105,107–109]. The fatty acids composition is quite diverse, with erucic
acid (C22:1n9) appearing as the major compound (32.40–48.00 g/100 g dw), and stearic
acid (C18:0, 1.3 g/100 g dw) as the less abundant one [105]. According to several authors,
the most abundant mineral in broccoli is potassium, (K, 13.04 to 182.0 mg/g dw) and the
least abundant is selenium (Se, 0.00016 to 0.00023 mg/g dw) and copper (Cu, 0.00021 to
0.00029 mg/g dw) [105,110]. The variability of results in all parameters is mainly due to
differences between samples, namely country of origin, growing conditions, and different
cultivars and/or varieties analysed.

Table 3. Energetic value, proximate composition, fatty acids, and micro and macro elements of
Brassica oleracea L. var. italica.

Proximal Composition (g/100 g dw) References

Energy(kcal/100g dw) 341.68–347.85 [105]
Moisture 6.93–9.59 [104]
Protein 4.39–28.99 [101,105–108]
Crude fat 4.38–10.01 [104,105,108,109]
Ash 6.85–15.74 [101,105,108,109]
Carbohydrates 55.7 [108]

Fiber 8.85–55.34 [105,107–109]
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Table 3. Cont.

Proximal Composition (g/100 g dw) References

Main fatty acids (%)

C16:0 4.30–6.90

[105]

C18:2n6c 12.20–13.00
C18:3n3 1.50–2.20
C18:1n9c 8.90–10.50
C18:0 1.3
C20:1 13.10–22.80
C22:1n9 32.40–48.00

Macro and micro elements (mg/g dw)

P 0.01–8.17 [105,109,110]
Na 0.39–6.43 [110]
K 13.04–182.0 [105,110]
Ca 0.01–28.99 [105,109,110]
Mg 1.33–5.47

[105,110]Fe 0.02–2.11
Zn 0.02–0.067
Mn 0.01–0.03

[110]Cu 0.00021–0.00029
Se 0.00016–0.00023 [105]

C16:0 (palmitic acid); C18:2n6c (Linoleic acid); C18:3n3 (α-Linolenic acid); C18:1n9c (oleic acid); C18:0 (stearic
acid); C20:1 (eicosenoic acid); C22:1n9 (erucic acid); P—Phosphorus; Na—Sodium; K—Potassium; Ca—Calcium;
Mg—Magnesium; Fe—Iron; Zn—Zinc; Mn—Manganese; Cu—Copper; Se—Selenium.

The bioactive compounds, glucosinolates composition, as well as the antioxidant
and antitumor activities of broccoli are described in Table 4. Regarding carotenoids,
only β-carotene and lutein are described by various authors [111], in a concentration
of 9.06 mg/100 g dw and 0.6795 mg/100 g dw, respectively. Over the years, different
phenolic compounds have been described in broccoli. However, the phenolic compound
with the highest concentration described in the reported data is 3-caffeoylquinic acid (2.5 to
11.51 mg/100 g dw), whereas Q-3,7-O-digluc (0.011 mg/100 g dw) was detected in the low-
est concentration [100,112]. According to Thomas et al. [100], the total polyphenols content
may vary between 7.45 to 25.04 mg/100 g dw. As for the content of proanthocyanidins and
total ascorbic acid, a concentration of 125 and 95 mg/100 g dw, respectively, was identi-
fied [107]. Chemically, broccoli contains various glucosinolates, and several authors have re-
ported the composition in these compounds in different varieties and/or cultivars. Here, the
major compound reported is glucoraphanin (0.083–6.004 mg/100 g dw) [101,110,113–116],
followed by 3-methylsulfinylpropyl and 4-methylsulfinylbutyl. Regarding the content of
total aliphatic and total indolic glucosinolates, the authors reported values ranging from
0.08 to 1.52 mg/100 g dw and 0.17 to 6.54 mg/100 g dw, respectively [113,114,116]. The
content of total glucosinolates is reported by several authors with values from 0.75 to
9.12 mg/100 g dw [111,113,114,116,117]. The antioxidant activity of broccoli has also been
evaluated using the DPPH, FRSA, total phenolic, total polyphenols, and total flavanols
assays, with reported results showing its bioactive potential [100,102,107,118,119]. Ad-
ditionally, Bachiega et al. [120] evaluated the antitumor activity of B. oleracea var. italica,
against U251, MCF-7, 786-0, NCI-H460, HT29, and the HaCaT cell lines, which presented
IC50 values indicative of a good performance in these fields.

Table 4. Carotenoids, phenolic and other bioactive compounds of Brassica oleracea L. var. italica.

Carotenoids (mg/100 g dw) References

β-carotene 9.06
[109]Lutein 0.6795

Total Carotenoids 46 [105]
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Table 4. Cont.

Carotenoids (mg/100 g dw) References

Chlorophylls (mg/100 g dw)

Chlorophyll a 14.37–447.79
[105,108,111]Chlorophyll b 2.22–78.09

Total chlorophylls 16.58–525.88

Vitamins (mg/100 g dw)

Total ascorbic acid 95 [105]

Phenolic compounds (mg/100 g dw)

Kaempherol-3-O-sophoroside 0.37–3.94
3-Caffeoyl quinic acid 2.50–11.51 [98]
5-Cafeoyl quinic acid 1.70–2.44
Sinapic acid 2.13–5.43
Sinapic acid 1.289
Neochlorogenic acid 1.162
Chlorogenic acid 1.209
1,2-Diferuloylgentiob 2.597
1-Sinapoyl-2-feruloylgentiob 8.684
1,2-Disinapoylgentiob 6.198 [110]
1,2′-Disinapoyl-2-feruloylgentiob 1.917
1,2,2′-Trisinapoylgentiob 3.191
K-3,7-O-digluc 6.032
K-3-O-gluc-7-O-sophor 1.248
K-3-O-sophorotri 9.278
K-3-O-sophor-7-O-sophor 11.126
K-3-O-feruloyldigluc-7-O-gluc 2.913
Total polyphenols 7.45–25.04 [100]

Proanthocyanidins 125 [105]

Antioxidant activity (mg/100 g dw)

DPPH 40.81–181.49 [100,116]
FRSA 65.6 [117]
Total phenolic 94.65–1310.00 [98,100]
Total polyphenols 553.20–1502.00 [105,117]
Total flavanols 19.0

[105]Total phenolic acids 389

Antitumor activity (GI50 µg/mL)

U251 61.7–>250

[119]

MCF-7 68.1–>250
786-0 12.0–>250
NCI-H460 94.9–>250
HT29 178.1–>250
HaCaT 58.4–>250

Glucosinolates (mg/100 g dw)

Glucoraphanin 0.08–6.00 [99,105,109,111–114]
3-Methylsulfinylpropyl 2.377

[115]4-Methylsulfinylbutyl 4.769
Total AGS 0.08–1.52

[111,112,114]Total IGS 0.17–6.54
Total Glucosinolate 0.75–9.12 [108,112–115]

DPPH—2,2-diphenyl-1-picrylhydrazyl; FRSA—Free Radical Scavenging Assay; U251—Human glioblastoma;
MCF-7—breast cancer; 786-0—renal cancer; NCI-H460—lung carcinoma; HT29—colorectal adenocarcinoma;
HaCaT—aneuploid immortal keratinocyte; AGS—Aliphatic glucosinolate; IGS—Indole glucosinolate.

Throughout the broccoli supply chain, there are many losses of plant materials gen-
erated during agricultural production, processing, distribution and consumption [119].
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Broccoli flowers typically represent 10 to 15% of the total plant biomass that are consumed
or used in large-scale preparations of pre-cut and frozen vegetables. The residues are in
the form of leaves and stalks that are usually discarded, and flowers that are too mature
or with some yellow spots. The highest percentage of residues occurs at the post-harvest
stage due to the high quality standards established, with losses in the range of 45 to 50%
of total harvested broccoli [120,121]. Moreover, around 20 to 25% extra losses happen
in the field, producing large amounts of florets, stems, and leaves as crop residues [121].
Landin-Sandoval et al. [122] showed the potential of using broccoli stalks, resulting from
the processing of the food industry, as adsorbents for heavy metals and/or their trans-
formation into carbon-based materials to control environmental pollution. These were
prepared from pyrolysis and carbonization processes and showed to be promising adsor-
bents in the removal of metal cations/heavy metals from aqueous solutions. Other studies
highlighted the use of different agri-food SWL from broccoli as antimicrobial agents [123],
phytonutrients [124], and in the extraction of bioactive compounds for incorporation into
food products [125].

Lettuce (Lactuca sativa L.) belongs to the botanical family Asteraceae, being one of
the most consumed salad vegetables worldwide. Its main producers are China, USA,
India, Spain, Iran, Italy and Japan [126–128]. Lettuce is mainly consumed for its whole
tender leaves or as a minimally processed product [129], being known for its high content
in macronutrients (K, Na, Ca and Mg) and trace elements (Fe, Mn, Cu, Zn and Se) that
are essential for human’s health and nutrition. This vegetable is also known as a good
source of photosynthetic pigments (chlorophylls and carotenoids), vitamins (B, A, C and K)
and phenolic compounds that benefit nutrition and play a significant role in preventing
various diseases [126,127,129,130]. Its polyphenolic profile is mainly composed of hydrox-
ycinnamic acids, represented by derivatives of caffeic acid and flavonols, rarely found
in its free form (glycosylated derivatives of quercetin and kaempferol) [129,131]. From
traditional knowledge, lettuce is often used in the treatment of a variety of disorders, such
as insomnia, dry cough, rheumatic pain, anxiety, inflammation and stomach problems,
being also recognized for its antioxidant, neuroprotective, antiproliferative and antitumor
properties [129,132–134].

According to the reported data (Table 5), the moisture content of different varieties of
L. sativa may range from 91.6 to 96.1 g/100 g of fw [135,136], as well as proteins (0.004 to
1.90 g/100 g fw) [135–142], and fat (0.20 to 0.49 g/100 g fw) [135,136,138]. Ramos-Sotelo
et al. [135] found that the ash content in L. sativa var. tropicana M1 was 0.88g/100 g fw. In
turn, the carbohydrate, energy and dietary fiber content was reported to be 0.83 g/100 g
fw, 11.5 Kcal/100 g fw and 1.18 g/100 g fw, respectively [136]. Again, the variability of the
results in all parameters is due to differences in the country of origin and year in which the
samples were produced, growing conditions, and the different cultivars and/or varieties in
each study. The fatty acids composition of lettuce was reported by Kim et al. [143], who
studied three different varieties, L. sativa L. var. capitata, L. sativa L. var. crispa and L. sativa
L. var. longifólia. According to this study L. sativa L. var. capitata was the one with the
highest levels of palmitic (C16:0, 15.71%) and α-linolenic acids (C18:3n3, 61.77%), with
L. sativa L. var. crispa presenting the highest amount of linoleic acid (C18:2n6c, 15.69%).
Regardless of the studied variety, lettuce may present a quite diverse mineral composition,
with zinc (Zn, 0.047 to 27.4 mg/100 g fw) appearing as the most prevalent mineral in this
species, followed by phosphorous and magnesium [129,143–149].
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Table 5. Energetic value, proximate composition, and free sugars of Lactuca sativa L.

Proximate Composition (g/100 g fw) References

Moisture (%) 91.60–96.10 [135,136]

Protein 0.004–1.90 [135–142]

Crude fat 0.20–0.49 [135,136,138]

Ash 0.88 [135]

Carbohydrates 0.83
[136]

Dietary fibre 1.18

Energy (Kcal/100 g fw) 11.5 [136]

Fatty acids (%)

Palmitic (C16:0) 14.25–16.77

[143]

Linoleic (C18:2n6c) 13.12–17.87
α-Linolenic (C18:3n3) 56.17–64.44
SFA (saturated fatty acids) 18.75–23.03
MUFA (Monounsaturated
fatty acids) 8.97–3.34

PUFA (Polyunsaturated fatty acids) 73.87–77.94

Macro and micro elements (mg/100 g fw)

C 5.89–5.93 [129]
N 0.28–5.56 [129,144,148]
Mg 0.047–27.4 [129,139,144–149]
P 0.033–29.5 [129,139,144–146,148,149]
Ca 0.083–26.6 [129,139,144–149]
Zn 0.0003–101.6 [129,144–148]

SFA—Saturated fatty acids; MUFA—Monounsaturated fatty acids; PUFA—Polyunsaturated fatty acids. C—
Carbon; N—Nitrogen; Mg—Magnesium; P—Phosphorus; Ca—Calcium; Zn—Zinc. For uniformity reasons and
when possible, values were converted from a dry weight basis or other units presented in the original source to a
fresh weight basis.

The content in carotenoids, vitamins, phenolic and bioactive compounds of L. sativa
L. are described in Table 6. Regarding carotenoids, the authors reported the presence of
β-carotene in this species in the range of 0.51 to 30.61 mg/100 g fw [144,149]. Also, its
composition in vitamins, especially vitamins A, B and C was also described. According to
Yoshida et al. [136], the concentration in vitamin A in this vegetable was 59 mg/100 g fw,
with vitamin B1 appearing with the lowest concentrations (0.03 mg/100 g fw). As for the
phenolic compounds described in lettuce, the most abundant compound identified was
isorhamnetin (1.77 to 6.17 mg/100 g fw) [129], followed by significant amounts of quercetin
(0.04–5.23 mg/100 g fw). Also, the total flavonoid content of L. sativa ranges from 1.44 to
6.0 mg/100 g fw, total phenolic acids from 0.001 to 18.70 mg/100 g fw, and finally total
phenols from 0.001 to 25.50 mg/100 g fw [129,142,144,149–152]. Moreover, the anthocyanin
content was reported to vary between 0.001 to 16.0 mg/100 g fw, depending on the varieties
under investigation [141,142,144,149]. The antioxidant activity has been evaluated using
different assays, namely DPPH, ABTS, FRAP and AA. According to several authors, the
DPPH method comprised values between 0.003 and 54,760 mg/100 g fw, the ABTS method
values between 0.005 and 6.05 mg/100 g fw, FRAP with values ranging from 15.590 to
127.57 mg/100 g fw and AA with 22.30 a 96.90 mg/100 g fw [129,134,139,143–145].
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Table 6. Carotenoids, vitamins, phenolic and bioactive compounds of Lactuca sativa L.

Carotenoids (mg/100 g fw) References

β-carotene 0.51–30.61 [144,149]

Carotenoids 0.05–0.46 [142,143]

Clorophylls (mg/100 g fw)

Chlorophyll a 0.92–27.40 [142,144]
Chlorophyll b 0.33–11.08 [142,144,148]

Vitamins (mg/100 g fw)

Total ascorbic acid 0.44–19.4 [136,142,150–153]
Vitamin A 59

[136]
Vitamin B1 0.03
Vitamin B2 0.04
Vitamin E 0.35

Phenolic compounds (mg/100 g fw)

Chicoric acid 0.022–4.249 [129,131,145,149,150]
Quercetin 0.04–5.23 [129,131,144]
Isohamnetin 1.77–6.17 [144]
Caffeoyl-meso-tartaric acid 0.11–1.92 [149]
Total flavonoids 1.44–6.00 [141,150]
Total Phenolics 0.001–18.70 [129,141,149,150,152]
Total Phenols 0.001–25.500 [129,144,151]

Anthocyanin Phenolic Compounds (mg/100 g fw)

Anthocyanin 0.001–16.0 [141,142,144,149]

Antioxidant activity (mg/100 g fw)

DPPH 0.003–54.760 [134,143,144]
ABTS 0.005–6.05 [134,143–145]
FRAP 15.590–127.570 [144,145]
AA 22.30–96.90 [139]

DPPH—free-radical scavenging activity; ABTS—2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonate; FRAP—ferric
reducing ability of plasma; AA—Total ascorbic acid. For uniformity reasons and when possible, values were
converted from a dry weight basis or other units presented in the original source to a fresh weight basis.

Annually, about 93% of lettuces are intended for fresh use, and only 7% are intended
for processing purposes [154]. Lettuce residues are comparatively low, because when
they do not meet specifications or are unsuitable for fresh markets, the crops are mainly
used in the processing industry. According to research data, only 5% or less of lettuce is
directly wasted, and the core and outer leaves represent about 10% of the waste that is
used as green manure or animal feed [154]. These cannot be used for other purposes due
to their high water content and low nutritional value. On the other hand, the packaging
produces large amounts of waste, namely leaves and stems, among others, which can reach
about 50% of the material harvested during lettuce production, and which are extremely
perishable. Llorach et al. [155] showed that the by-products of three different varieties
of lettuce are excellent carriers of phenolic compounds with antioxidant capacity, and
therefore these residues can be used, from an industrial point of view, as a rich and cheap
source of antioxidant compounds capable of functionalizing foods.

5. Efficient Management and Valorization of Agri-Food SWL

The sustainable management and valorization of food SWL worldwide is mainly
triggered by environmental legislation, the need for sustainable use of natural resources
through technological development, and by the high costs of waste disposal and man-
agement. Yet, disposing of agri-food SWL is often a challenge, as these residues can be
difficult to manage. Here, different sorts of food waste can be altered by the microbiological
activity of the microorganisms they have, becoming biologically unstable and propitious to
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the development of pathogens. If these wastes are not properly processed, unacceptable
hygienic conditions may result, with the growth of larvae, microorganisms and fungi,
which further generate strong odors. Similarly, fat-rich agri-food SWL are more prone
to oxidation, leading to the release of foul-smelling fatty acids, and the acceleration of
decomposition due to continuous enzymatic activity [156]. The management of agri-food
SWL may involve several methods of physical, chemical, thermal and biological treatments,
with the main strategies to promote its minimization and valorization being incineration,
anaerobic fermentation, composting, landfill, or its use as animal feed or fertilizers [157].
Some reports about potential applications of agri-food SWL in the development of new
value-added food products are presented in Table 7.

The utilization of food SWL as animal feed is one of the most common conventional
practices, as these residues are rich in fat and proteins, suitable for feeding omnivorous
animals [158]. Specifically, the valorization of fruits and vegetables as animal feed has
been considered a traditional practice worldwide [158]. As an example, the utilization of
vegetable waste as feed on lactating cows improved the amount of α-linolenic acid and
cis-9, trans-11 CLA in milk [159]. However, the potential presence of toxic compounds with
anti-nutritive effects and an unbalanced nutrient composition must be considered, as it may
lead to harmful effects for both humans and animals [157]. Hence, efficient pre-treatments
should be performed to ensure quality, feasibility, and low cost for a potential scale-up of
this practice [160].

On the other hand, food SWL resulting from food processing may hold large amounts
of organic substances that can be converted into energy which, ultimately, can be recovered
in the form of heat or electricity. Particularly, fruit and vegetable residues are considered
an underexplored resource with high potential for energy production [161]. Here, the
main biofuel conversion methods are anaerobic digestion and thermochemical treatments,
employed according to the moisture content of the used residues [157]. For example,
through incineration, heat was produced over the oxidation of combustible material from
agri-food SWL. However, this results in high emissions of gases into the atmosphere,
causing negative and costly environmental impacts [157]. In anaerobic digestion, a wide
range of microorganisms are used to stabilize food residues in the absence of oxygen. This
technique has gained special attention as an effective pretreatment in the valorization of
fruit and vegetable wastes under controlled conditions [162].

Table 7. Potential applications of agri-food SWL in the development of new value-added food products.

Agri-Food SWL Application Added-Value on Functional Foods Reference

Seed, pomace, and grape peal Baked products and pasta Boost of functional ingredients
without quality depletion of products [163]

Watermelon seeds Biscuits Quality and protein
content improvement [164]

Passion fruit pulp and pomace Fermented and
non-fermented beverages

Source of probiotic
food carriers; increased shelf-life of

the final product
[165]

Pigeon pea cotyledons Biscuits Protein and fiber
content enhancement [166]

Grape seeds Cereals, pancakes and noodles Improved antioxidant activity [167]

Sugar beet pulp Foods, beverages Flavoring agent [168]

Grape peel, seeds, and
remains of the pulp Biscuits

Flour with physicochemical
characteristics within the

nutritional standards
[169]

Pineapple peels Cereal bars Increased fiber content and [170]

Plum Foods and beverages High concentration in polyphenols
and flavorant agent [171]



Molecules 2022, 27, 5200 16 of 30

Table 7. Cont.

Agri-Food SWL Application Added-Value on Functional Foods Reference

Grape pomace Biscuits Increased protein, fiber, and
ash content [172]

Apple pomace Sorghum and corn extrudates
Improved phenolic content,

antioxidant activity, textural, and
functional properties

[173]

Pomegranate, grape, and
rosehip seeds Turkish noodles Increased antioxidant activity by 5.7

to 8.4 times [174]

Tomato skin Foods and beverages
Reduces browning and increases

shelf-life up to 9 days; presence of
bioactive compounds

[175]

Olive pomace Oat and rice extrudates
Advantageous effect on the physical
characteristics; high content of fiber,

protein, and polyphenols
[176]

Apple pomace and
sugarcane bagasse

Corn extrudates (high
fiber croquettes)

Extrudates with considerable
expansion, with comparatively lower

energy contributions and high
fiber content

[177]

Carrot pomace Cookies Increased total carotenoids content
and total dietary fiber [178]

Artichoke and broccoli Cheese Improved total phenolic and total
flavonoids content [179]

Pumpkin pomace Bread Total carotenoids improvement [180]

Here, the degradation of organic substrates occurs, and the residual slurry can be
used in the biopolymer industry and as fertilizer [181], while biogas is produced and used
to generate electricity through thermal energy [182]. In addition, a study performed by
Bres et al. [183] showed that the co-digestion of poultry manure using plant residues in
a semi-continuous manner resulted in the production of 31% more biogas and methane
compared to the individual digestion of the former. However, it must be taken into account
that an appropriate control and optimization of the treatment of fruit and vegetable wastes
must be provided, namely variations in pH, temperature, alkalinity, moisture content, and
dosage of microorganisms to obtain the desired efficiency [184].

Composting, in turn, results from the aerobic degradation of organic materials into
relatively stable products, by the action of fungi, bacteria and protozoa [185] to produce
manure or fertilizers. Additionally, a biomass capable of improving soil structural proper-
ties, water and nutrient capacity, the maintenance of living soil organisms and the return
of organic materials into the soil is also generated [186]. Reactions derived from the
catabolism of hydrolysis and oxidation of the carbonic substrate produce CO2 and heat,
which enhance microbial growth and suppress their metabolic needs [187]. This process
is affected by physicochemical parameters such as pH, humidity, C/N ratio, temperature,
aeration and partial size [188]. Over the years, different composting methods have been
developed, making this a viable technology for the treatment of fruit and vegetable waste.
Here, one of the most used techniques is vermicomposting, which uses different species of
earthworms to convert organic matter into compost [189]. This can be efficiently used to
sequester CO2 as soil carbon, thus reducing greenhouse gas emissions from the soil into
the agricultural ecosystem.

Various commonly used enzymes, such as amylase and cellulase, have been gaining
attention given its ability to break down into β-glucose, and its high efficiency in bio-
fuel production [190]. These biofuels can be an efficient option as a source of petroleum
fuel while lowering greenhouse gas emissions and causing less damage to the environ-
ment. For example, the efficient application of cellulase has been conducted to generate
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bioethanol using sugarcane bagasse [191]. Similar studies using a mixture of fruit wastes
and Saccharomyces cerevisiae post-acid hydrolysis [192], showed that this pre-treatment
might improve conversion of waste into a fermented sugar, such as the aid of the enzyme
in producing ethanol.

One of the cheapest techniques for disposing of food waste is in water courses, which
represents a major threat not only to marine life but also, indirectly, to human life. In
this field, adsorption is considered an efficient technology in the treatment of effluents.
However, traditionally, this technique uses activated carbon, clay or silica for this purpose,
causing great increasing its cost. Therefore, fruit and vegetable residues, which have
a high porosity, have been studied as an effective alternative in the implementation of
this technique without resorting to the aforementioned compounds [61,193]. Fibers from
fruit and vegetable residues have also been used to remove heavy metals, pesticides or
pollutants, a capacity that comes from their constitution in functional compounds, such as
aldehydes, alcohols and ketones, which are associated with the surface of the adsorbate,
removing contaminants [194].

Given the exponential increase in CO2 emissions during fuel combustion, techniques
for compacting and binding bulky food waste as a fuel resource have been studied by
several researchers over the years. In this field, and given the current assumptions for
valuing food waste, these have been used as a resource for briquetting [195]. Among
the common types of briquettes, mixtures of agro-waste and coal-agri-waste have gained
prominence due to their high thermal efficiency. Since plant residues ignite at lower
temperatures compared to coal, less smoke and more heat are released [196]. In addition,
the lignin present in the residue provides high calorific value and assists in the binding of
particles leading to the formation of briquettes or pellets. Despite the good results resulting
from the valorization of food waste in the production of briquettes as an energy resource,
techno-economic factors, the availability of necessary material and marketing strategies
must be taken into account [184].

Compared to conventional methods of managing food waste, in which large volumes
are required for the production of value-added products, emerging techniques aim at the
production of these same compounds starting from green extraction processes and with the
need for smaller volumes of waste [184]. The current demand for food supplements has
become an increasing reality with the rise of health problems related to food. In this field,
fruits and vegetables emerge as important products that contain essential compounds to
promote health. A nutraceutical can be defined as a compound derived from a food or part
of it capable of providing benefits to human health, classified as antioxidant, dietary fiber,
fatty acids, or polyphenols, among others [161], to which different promising bioactivities
in the nutraceutical industry are attributed [193,197–199]. These bioactive ingredients can
be extracted from different agri-food SWL, such as fruits and vegetables, and integrated
into different food products, thus providing biodynamic attributes.

Over several decades, plastic has been an integral part of various human activities,
given its lightweight nature, low-cost, and high durability compared to other materials.
However, its non-biodegradable nature has negatively affected all ecosystems [200], driving
the shift towards more ecologically acceptable materials or biocomposites made by different
mixtures of agri-food SWL. In this field, food residues from fruits and vegetables, as
potential films for the production of biopackaging, have been explored as an alternative to
plastic. By presenting good mechanical properties and environmental benefits at low cost,
cellulose nanocrystals and chitosan extracted from different plant residues (e.g., mango
residues) and incorporated with polyvinyl alcohol proved to be efficient as an active
film in edible packaging [201]. Also, cassava peel starch and chitosan (shrimp waste)
seem to provide the correct packaging of smoked products [202]. Thus, the production of
bioplastic from agri-food SWL, mainly vegetables and fruits, can be considered a sustainable
technique in the management and recovery of food waste due to its biodegradability and
carbon neutrality [203].
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The exploration of agri-food SWL from fruits and vegetables as possible flavoring
agents is still a little explored area. Flavor is an essential characteristic in the acceptance of
food, and those of natural origin present in various plants and flowers can be applied in
different sectors (cosmetics, perfumes, surfactants and the food industry as additives), to
the detriment of artificial ones [204]. Fruit and vegetable residues are excellent candidates
for flavoring other foods, as is the pineapple canned waste, which is a source of ferulic acid
and aromatic compounds, such as vanillic acid and vanillin [205]. The yeast Saccharomyces
cerevisiae is also used in the fermentation of orange peel residues, resulting in the production
of flavoring compounds (α-terpineol and limonene) [206]. Despite the promising results
in the isolation of different ingredients, their volatility and sensitivity to environmental
conditions must be explored.

Nanoparticles have been effectively explored in different medicines, electrocatalysis,
sensing, and drug delivery, given their small dimensions and larger surface area that give
them high reactivity and porosity, as well as cellular barriers. Its synthesis can be carried
out through different physico-chemical methods. However, these have a high cost and
negative environmental and safety effects [207]. Therefore, in recent years, different agri-
food SWL have been used in the green synthesis of nanoparticles [208]. For example, gold
nanoparticles have been studied for their biomedical, cytotoxicity and biocompatibility
applications [209]. The antibacterial properties of gold nanoparticles from the leaves of
Pergularia daemia have been proven, presenting resistance to bacteria such as Escherichia
coli, Pseudomonas aeruginosa, and Bacillus subtilis [210]. Similar effects were seen in the use
of mint leaves in cotton fabric, where the synthesized gold nanoparticles provided UV
protection and antibacterial sensitivity against food pathogens (E. coli and Staphylococcus
epidermidis). Thus, the production of gold nanoparticles may bridge large gaps in medicine
regarding the bacteria that colonize and damage medical devices.

Despite the relative effectiveness of applying these agri-food SWL minimization and
valorization approaches, the “Community Strategy for Waste Management” stated that
waste prevention is the best option for its minimization, followed by reuse, recycling and
energy recovery. Furthermore, according to this directive, landfill disposal and incineration
with low energy rescue are considered the worst strategies from an environmental point
of view.

6. Recovery of Agri-Food SWL

Until very recently, the potential of food waste to generate new opportunities and
markets was misjudged. Nevertheless, consumers’ perception about environmental issues
and legislation has increased the demand for new methodologies for waste recovery
instead of disposal. Thus, over the last few years, new methods have been developed and
implemented, aiming at recovering and reusing valuable components of these types of
residues, as conventional methods only contribute to their partial utilization [159].

The recovery of compounds of interest from agri-food SWL and by-products is reg-
ulated by advanced analytical chemistry standards, which comprise the stages of macro-
scopic pre-treatment, macro- and micromolecules separation, extraction, isolation and
preparation, and product formation (Figure 2). Depending on the matrix, one or two steps
can be withdrawn and/or change order [56].

In the macroscopic pre-treatment phase of agri-food SWL and/or by-products, the
water, solids and fat content is adjusted, enzymes are activated or deactivated, the microbial
load is managed, and an increase in permeability is promoted. Depending on the nature
and structure of the substrate, that is, whether it is solid, sludge or wastewater, various
processes may be implicated. Thermal concentration is applied, for example, to fruit and/or
vegetable pulps and apple pomace, while the thermal dehydration, through mechanical
pressing or lyophilization, is only used to avoid the loss of thermolabile compounds and
functionality. The disadvantage of this in relation to the former is related not only to
the increase in cost but also to the lack of microbial pasteurization which, consequently,
ends in a low shelf-life of the matrix being treated. Therefore, new techniques, such as
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foam mat drying, have been implemented to remove water from viscous and thermosen-
sitive matrices (e.g., mango stern or apple puree) [211], given their lower requirements
in terms of temperature and drying time [212]. Other techniques, such as centrifugation
and microfiltration can be applied at this stage, given their competence to remove solids,
oils and fats, which can inhibit mechanical managing and cause substrate degradation by
auto-oxidation [213,214]. Regarding by-products derived from fruits and vegetables, wet
grinding can be accomplished to improve the diffusion of extractants within the matrix.
In the case of the recovery of compounds with particular characteristics (retake of phytos-
terols), an additional step of hydrolysis at high pressure and temperature, or saponification
with alkaline solution is required [215].
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Regarding the second stage of recovery of agri-food SWL and by-products, the most
important concern is the effective separation of the matrix compounds from the agri-food
residues, which can be accomplished by separating them from macroscopic to macromolec-
ular and finally to micromolar size [56]. Small compounds (e.g., antioxidants, acids and
others) are detached from macromolecules, such as proteins or dietary fibers, through
the precipitation of the insoluble residue in alcohol. However, this technique is not ca-
pable of separating the complexes between smaller and larger molecules. Thus, more
efficient approaches, such as membranes and ultrafiltration techniques [216,217], are re-
quired. Likewise, the isoelectric precipitation allows the selective precipitation of proteins,
altering the pH into their isoelectric point [218]. These can also be separated by sonocrys-
tallization, which promotes faster and more uniform crystalline growth compared to other
conventional methods. This technique has been used to speed up the removal of whey
protein during lactose recovery [219,220]. More recently, the implementation of colloidal
gas aphrons with cationic and non-cationic surfactants has been investigated, with a view
to selective separation of reverse-charged macro and micromolecules from residual liq-
uids. On the other hand, pressurized microwave-assisted extraction has been indicated
for accelerating the recovery of metabolites such as terpenes, flavonoids or pectins from
orange peels, although this technique is difficult to control and causes the degradation of
thermolabile ingredients [221].

The extraction phase is the most relevant in the food waste recovery process, aiming
at the solubilization of free molecules and the dissociation and subsequent solubilization
of bound compounds [221]. Generally, different solvents are used in the separation of
target compounds from the pre-treated residual matrix. Pressurized processes are used to
improve the extraction of compounds (e.g., phenols and carotenoids), while distillation is
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used to recover aromatic molecules. Given its effectiveness, easy handling and moderate
amounts of solvent required, the ultrasound-assisted extraction has captured the interest of
researchers in the last decade. This, when applied in association with other techniques, such
as steam diffusion or hydrodistillation, increases the ability to extract volatile compounds
or essential oils from citrus products [222]. Additionally, through this technique, phenols
can be extracted from grape seeds, betalains from red beetroot and pectin from apple
pomace [56,223,224]. The supercritical fluid extraction, in turn, is an emerging technique
applied to more arduous separation processes of compounds present in low concentrations
in food waste, requiring low amounts of solvent for this purpose [225]. Also, the photo-
dynamic effect induced by laser irradiation to food residues has been shown to promote
minimal heating and enhance the extraction of aromas, anthocyanins, polysaccharides
and proteins. This methodology does not require the use of solvents and is automated.
However, it appears to be too sophisticated a technique to be implemented in this extraction
phase [226].

The fourth stage of recovery includes the clarification of target molecules from the
concomitantly extracted impurities, in which the adsorption process is used. Through
this, specific low molecular weight compounds, such as antioxidants, are isolated from
dilution solutions with a high capacity for this effect, as well as insensitivity to toxic
substances [227]. This, however, is a time-consuming process, which uses high amounts
of solvents, and requires a greater study of the sorption behavior of each component
individually [228–230]. The aqueous two-phase separation, in turn, has been shown to be
effective in the isolation of proteins and enzymes from crude cell extracts, and has recently
been used in the fractionation of β-lactoglobulin and α-lactalbumin from whey [231].
This is an appropriate technique for the isolation of labile compounds, despite having
long separation times and several processing steps. Furthermore, membrane processes
are able to perform direct separations between compounds of different nature through
reverse osmosis and nanofiltration techniques; this technique has been used to purify
lactic acid in the recovery of whey proteins. Also, Bhattacharjee et al. [232] were able to
purify whey proteins up to 90% using two-stage ultrafiltration coupled with ion-exchange
chromatography, a very selective technique but much slower compared to the previous one.

The last recovery phase must necessarily involve the encapsulation or drying process,
since extracts, residues and enriched elutions cannot be released on the market without
guaranteeing the preservation of the properties of the compounds of interest. Through
encapsulation, valuable compounds are trapped inside a coating material that guarantees
their stability and masks unwanted organoleptic characteristics, protecting them against
different environmental stresses and non-functional interactions with food matrices. Some
polysaccharides (e.g., starch, cellulose, inulin, pectin, etc.) and proteins are commonly
used as coating materials in these types of processes. When the compounds of interest are
macromolecules, encapsulation is switched by a direct drying process such as spray drying,
a well-known technique in the food industry for being easy to handle, continuous and
economical [221]. However, it promotes the thermal destruction of labile antioxidants and
low molecular weight volatile phenols. Recently, carotenoids (lycopene, α-carotene and
β-carotene) and phenolic compounds (e.g., quercetin, caffeic acid and coumaric acid) from
tomato residues and wine lees have been effectively encapsulated [56]. Lyophilization, on
the other hand, is a more tenuous process that allows the preservation of labile antioxidants,
spending more time and energy compared to the previous technique. In turn, melt extrusion
is used to increase the palatability of polysaccharides, such as starch, and encapsulate
flavors or nutrients. This requires less consumption of chemicals and water, and generally
results in low yields. Liposomes and emulsions are also widely used to entrap compounds
of a lipophilic nature or hydrophilic antioxidants (potato peel phenols) prior to their
inclusion in rapeseed oil blends [232]. More advanced techniques perform encapsulation
through the use of nanoemulsions, which are quite stable and provide a monitored delivery
triggered by moisture and pH [233]. Reports have shown that nanoemulsions improve the
ability to diffuse fat-soluble β-carotene in water and boost its intestinal bioavailability [234].
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Furthermore, the formulations obtained can be used as natural coloring in water-based
foods or as a mask to hide the taste and odor of tuna oil [235].

7. Conclusions

The rapid depletion of natural resources, environmental pollution and global warming
have encouraged countries around the world to implement circular economy principles,
given that humanity has always had linear economic systems characterized by the exacer-
bated consumption of resources beyond the capabilities of planet Earth. The agri-food value
chain can be widely changed to achieve more sustainable agriculture practices, with natural
resources recovery being one of the most relevant aspects. In this field, the valorization
of agri-food SWL and by-products through its recovery and reuse is a challenge all over
the world and, mainly, in developing countries, where techniques to add value to these
wastes using only available resources may be explored. Currently, several food companies
are implementing agri-food SWL biomass sustainable recycling systems, producing food,
medicines, biologically active compounds, biomaterials and promoting sustainable energy
generation. The agri-food residues are valuable sources of compounds of interest, such
as proteins, phenolic compounds, and vitamins, among others, known for their beneficial
effects in human health and well-being. Fruits and vegetables are one of the main sources
of nutrients and bioactive compounds, from which huge amounts of waste are generated
every year. Therefore, different strategies for reuse and development of new products have
been developed, promoting their reuse in the food, pharmaceutical and environmental
sectors. Lettuce, carrots and broccoli are among the most consumed vegetables in the world,
from which large amounts of waste are generated along the food supply chain. However,
carotenoids, phenolic compounds, and dietary fiber, among others, can be recovered from
their residues and by-products, aiming at their reintroduction into food industry and in
other sectors.

Thus, this review summarizes the foundations of sustainable agriculture practices
through the efficient management of agri-food SWL, empathizing in the available con-
ventional and emerging techniques to recover these type of residues, which is of vital
significance in the maintenance of ecosystems. Moreover, we provide a full nutritional and
chemical assessment of three worldwide consumed vegetables, namely carrots, broccoli,
and lettuce, and the potential utilization of their SWL in different processes and formula-
tions. Therefore, more studies that allow the sustainable recovery and reuse techniques of
various types of food waste through different techniques should be conducted, with the
ultimate goal of protecting our planet from the irrational use of natural resources exercised
by man.
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