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| 1. Introduction

Food waste (FW) is already acknowledged as a major global issue that threatens the long-term viability of the food supply
chain [, FW in the European Union is estimated to be at 89 million tonnes per year. This is expected to rise by 40% in the
next four years [2. According to the Food and Agriculture Organization of the United Nations ! and the International Food
Policy Research Institute 4 estimated one-third of food produced globally, or 1.3 billion tonnes, is thrown away each year.
Over half is generated at the final consumption stage in food services (e.g., restaurants, school canteens) and households
(B8], The Sustainable Development Goals (SDGs) recognize the importance of this issue. By 2030, SDG Target 12.3 calls
for the reduction by half of the per-capita global FW at retail and consumer levels, diminishing food losses in production
and supply chains, including post-harvest losses 4. The call was agreed to by all 193 UN member states, which comes as
no surprise.

Every year, more than 1748 million tonnes of fruit and vegetable waste (FVW) are produced worldwide €. Due to rapid
economic growth, FW generation in Asia is predicted to increase by 278 to 416 million tonnes [, resulting in an increase
in world anthropogenic (carbon) emissions 9. Malaysia is expected to produce 6.7 million tonnes of FW per year by 2020
(21 |n the EU, households account for over half of all FW 2. Around 12 percent of the total EU food production is wasted
in the United Kingdom 3], while the United States recorded the highest FW rates per capita at 278 kg 4. FVW is a major
component of FW, particularly in industrialized countries 13I8l Figure 1 shows the FW management practices and the
novel or emerging valorization approaches 14,
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Figure 1. Food waste management practices and the novel or emerging valorization methods. Reproduced with

permission from Ref. 7. Copyright 2021 Elsevier.

According to Fabi et al. 28], median losses are estimated to be higher than 10 percent in Africa and Latin America for fruits
and vegetables. In comparison, they range between 4 and 7 percent in Europe and North America. Figure 2 depicts the
amounts of fruits produced globally, including 124.73 million metric tonnes (MMT) of citrus, 114.08 MMT of bananas,
84.63 MMT of apples, 74.49 MMT of grapes, 45.22 MMT of mangoes, mangosteens, and guavas, and 25.43 MMT of
pineapples. Besides the production of potatoes, which was recorded at a considerable 3820.00 MMT, other vegetables
are also shown in Figure 2, including tomatoes (171.00 MMT), cabbages and other brassicas (71.77 MMT), carrots and
turnips (38.83 MMT), cauliflowers, broccolis (24.17 MMT), and peas (17.42 MMT) 19, Due to losses in sales and



transportation costs, such wastage, including subsequent generation of FVW, raises market operation costs, resulting in
higher inflation.
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Figure 2. A significant amount of fruits and vegetables (in MMT) are produced globally.

The dairy, meat, fishery, and seafood processing sectors are the primary contributors of trash from animal wastes.
Numerous types of residues can be identified from vegetable wastes, including grains, roots and tubers, oil crops and
pulses, and fruits and vegetables, depending on the source 29, Typically, FVW is characterized by a high water content
and a high concentration of biodegradable organic substances (e.g., carbohydrates, lipids, and organic acids) 2. As a
result of these varied organic wastes, typical solid waste management systems (such as landfills and incineration) may
cause serious environmental impacts, such as the discharge of leachate and the production of greenhouse gases 22,

FVW is generated in large quantities in open markets, but little information is available on the actual volume of waste
generated. Since significant amounts of waste are produced by the fruit and vegetable value chains, biorefinery concepts
have been developed to valorize these wastes 23], Waste from the FVW can be reused or recycled, which is more
environmentally beneficial than disposal through open dumpsites or incineration 24, Wholesale marketplaces,
supermarkets, and agricultural activities are the traditional sources of FVW. Fruits and vegetables produce FVW at every
stage of the chain, including production, transportation, storage, distribution, and consumption (22, The valorization of
FVW and potential products are shown in Figure 3.
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Figure 3. Valorization of FVW and potential products.



There are several reviews on the applications of fruit and vegetable wastes. A review conducted by Bayram et al. [28
focused on the potential applications of fruit- and vegetable-based by-products such as biopolymers, biocomposites,
active or intelligent packaging, and edible films and coatings. The authors discussed the advantages, disadvantages, and
applications of these by-products as well. Kadzifiska et al. 24 reviewed the role of specific chemical compounds found in
fruits and vegetables, particularly in designing the physicochemical and functional properties of edible packaging
materials. The advantages and disadvantages of using fruit and vegetables as components in matrix-forming solutions
and their potential applications, future trends, and issues to consider when commercializing these products were
discussed within the context of sustainable development.

In the fruit and vegetable processing industry, by-products such as peels, seeds, and shells are produced in large
quantities [28129 These by-products contain high concentration of bioactive components such as antioxidants
(polyphenols and dietary fibers), pigments and flavor compounds, proteins, essential oils, enzymes, and dietary fibers [,
Coman et al. B |ooked at the bioactive potential of fruit and vegetable by-products and how they could be used in the
food industry (functional foods) or the health sector (nutraceuticals). Several applications of food vegetable waste
incorporated into the meat and its derivatives were reviewed by Calderén-Oliver and Lépez-Hernandez 4. The peels and
seeds of fruits, such as grapes, pomegranates, avocados, and citrus, are the most commonly used vegetable by-products
because they help inhibit oxidation (lipid and protein) and the growth of pathogenic and deteriorating bacteria in the food
supply. Adding these by-products to meat products can sometimes improve the quality of the product while also extending
its shelf life. In food processing of waste and biomass by-products, pectin is one of the most common constituents;
therefore, improving pectin extraction and recovery is critical to completely valorize these significant feedstock resources
(291 As a result, it is crucial to investigate the composting process of FW, particularly FVW, within this framework.

Given the potential for the valorization of such organic waste, research on the proper use of waste materials obtained
from horticulture commodities may generate sustainable development initiatives to minimize environmental problems £,
Significant products can be produced from these organic wastes, including active packaging, biopolymers, biocomposites,
and other by-products.

| 2. Active Packaging and pH Indicator Film
2.1. Active Packaging

The integration of additives into the packaging system to maintain or enhance the quality of food products and shelf life is
referred to as active packaging 23l Active packaging concepts include moisture absorbers, gas scavengers, carbon
dioxide emitters, antioxidant, and antimicrobial-releasing and-containing systems. For example, the addition of
antimicrobial additives into the packaging materials can minimize the risk of food spoilage and contamination from
microorganisms B4, Several additives have been successfully incorporated into packaging materials, including organic
acids and their salts, bacteriocins, enzymes, chelators, and a range of plant extracts BIE8IE7, pye to concern about the
health hazards of synthetic additives, researchers have been implementing various natural plant extracts to the
biopolymers as active components 8. In addition, active ingredients from FVW have added another level to active
packaging systems as a solution for reducing FW. Several studies have focused on utilizing these wastes to make active
films and investigated their properties, as summarized in Table 1.

Table 1. Utilization of fruit and vegetable wastes in food packaging systems.

Film Type Polymers Fruit/Vegetable Waste Applications  Findings Ref.
Active film Hydroxypropyl high- Pomegranate peel ) PGP inhibited the growth of S. [34]
amylose starch (PGP) aureus and Salmonella bacteria.

Blueberry pomace BP improved the barrier
Active film Cassava starch yp - properties and released active [29]

(BP) compounds into acidic medium.

Improved light barrier
Sunflower properties; reduced the lipid [40]
oil oxidation of sunflower oil and
stability in antioxidant activity.

Fiber and ethanolic
Active film Gelatin capsule waste extract from blueberry
juice processing waste

Jackfruit skin and straw
resulted in higher tensile
strength with lower water L
solubility and water vapor
permeability.

Tapioca starch Jackfruit skin and Cherry

Active film thymol straw as filler tomato




Film Type Polymers Fruit/Vegetable Waste Applications  Findings Ref.

Poly (butylene adipate-
Active co-terephthalate) Cellulose nanofibers
packaging (PBAT) (CNF)
Cinnamon essential oil

High thermal stability,
Strawberry decreased water vapor E7
permeability.

AKEO improved water
resistance, water vapor barrier,
Bread slices and mechanical properties. [42]
Inhibited E. coli, B. subtilis and
fungal growth.

Active Chitosan Apricot kernel
packaging essential oil (AKEO)

BP reduced the mechanical and
Banana pseudostems

Biodegradable Tapioca starch - optical properties, improved the [43]

film (BP) barrier properties.
Mango kernel fat (MKF), Films exhibited
phenolic extract from antioxidant activity, UV-
Active film mango kernel (MKPE), Mango kernel - - R ¥ (a4
absorbing capacity, and good
mango kernel starch barrier properties
(MKS), properties.
. . Higher mechanical, barrier,
Pectin, sodium optical, and antioxidant
Biodegradable carboxymethyl Okara soluble dietary p ! o . [45]
- ) - properties. Antimicrobial
film cellulose (CMC- Na) fiber L K R
L activity against E. coli and S.
Thyme essential oil .
aureus was not significant.
Active edible Basil seed gum Efficient antimicrobial activit
; Zataria multiflora Basil seed gum (BSG) - . . y [46]
film against E. coli and B. cereus.

essential oil

For example, Luchese et al. B9 added blueberry pomace into cassava starch films. The aromatic compounds in blueberry
pomace improved the light barrier properties, indicating the films’ ability to preserve food against UV lights. At the same
time, the films were structurally stable when immersed in water for more than 24 h. The authors suggested the feasibility
of the films for packaging aqueous food products.

In another study, fiber and ethanolic extracts from blueberry juice from processing waste were used to make active films
from gelatin capsules wastes 2%, The study found that the films with fiber showed reduced tensile strength and increased
water vapor permeability with improved light barrier activity against UV light, which effectively reduced the lipid oxidation
of sunflower oil. Both films showed significant decreases in light transmission and stability in antioxidant activity over 28
days.

Ali et al. B4 ytilized pomegranate peel as a filler and an antimicrobial agent in developing films with hydroxypropy! high-
amylose starch. The results showed that the tensile properties of the films improved and the pomegranate peel inhibited
the growth of both Gram-positive (S. aureus) and Gram-negative (Salmonella) bacteria. On the other hand, research done
by dos Santos Caetano et al. “Z produced biodegradable films based on minimally processed pumpkin residue extract
(PRE) (0 to 6%) incorporated with cassava starch, glycerol, and oregano essential oil (OEO) (0 to 2%). The addition of
pumpkin residue is crucial, since it provides opacity to the films, but it was not effective in improving the antioxidant and
antimicrobial properties.

Other researchers also used pomegranate peel as an antibacterial additive with sodium caseinate powder 8. The peel
resulted in a decrease in tensile strength and increased water vapor permeability (WVP). The films showed profound
growth inhibition for Gram-positive (S. aureus) rather than Gram-negative (E. coli) bacteria. Shukor et al. 41 prepared
tapioca-starch-based films incorporating thymol, jackfruit skin, and straw. Improvement in mechanical and barrier
properties was observed for the films. The incorporation of skin and thymol retarded bacterial and fungal growth due to
the antimicrobial activity of the films.

2.2. pH Indicator Films

Researchers are currently attracted to intelligent packaging systems, whereby active ingredients such as dyes and
pigments are added into the film as pH indicators to trace and monitor food freshness throughout the storage period. This
is related to the interactions between the food and its environment and the packaging material 9. Table 2 shows some of
the fruit and vegetables used as pH indicators in packaging films.

Table 2. Utilization of fruit and vegetable wastes as pH indicator in packaging films.



Polymers Fruit/Vegetable Waste Applications Findings Ref.

Distilled water, sucrose, sodium
chloride, soybean protein, milk protein,
whole milk powder, orange juice, corn
oil, chicken meat

Blueberry residue (BR)
powder, two particle
sizes

BR films displayed changes in
color responding to the pH of 59
tested samples.

Cassava
starch

Blueberry iuice The blueberry residue film
Corn starch rocessiny lW aste - showed visual color differences [51]
p 9 in different pH ranges.

SPP reduced the mechanical and
Sweet

potato Sweet potato peel Chicken flesh . barrier properties, did not [52]
starch influence the color response of
the films.

The colorimetric pH indicator films display apparent color changes with alterations of the food pH due to food deterioration
and extrinsic environmental changes 53 thus, from these color changes, the consumers receive authentic information
regarding the food’s quality and its edibility, which is not achievable from the expiry date written on the package. As a pH
indicator dye replacing synthetic pigments, natural dyes are now used mainly in biodegradable packaging materials 241551,
Interestingly, the natural dyes and pigments from waste and by-products from fruits and vegetables have also been
implemented as pH sensing dyes into packaging films to ensure food safety (81,

A study was conducted by developing colorimetric indicator film from mulberry based on gelatin and polyvinyl alcohol
(PVA), whereby anthocyanin extract from the residue of mulberry processing was incorporated. This study showed that
the mechanical properties were improved and visible color changes were shown when monitoring fish spoilage B4, In
addition, an earlier study produced films from cassava starch and blueberry residue that were rich in anthocyanin.
Insertion of blueberry residue produced less compact films with high oxygen permeability. The films exhibited visual color
changes in the pH range of 2 to 12 58], uchese et al. 2% developed biodegradable pH indicator films based on cassava
starch, utilizing the blueberry residue obtained after juice processing. The researchers deliberated on two different particle
sizes for the blueberry residue powder for film preparation. They found that the films with smaller particles were more
uniform and homogenous in appearance and the color change with pH was more intense than films with large particles.

In addition, the tensile strength of the films decreased whereas elongation increased; simultaneously, the water vapor
permeability of the films increased due to the presence of the particles and their heterogeneity. In another study, blueberry
agro-industrial waste, a co-product from juice processing, was successfully used to develop pH indicator films based on
corn starch 52, The films changed their colors in response to different pH, and the color changes were visually perceptible
to the human eye.

Black chokeberry (Aronia melanocarpa) pomace extract (a residue material after juice pressing) was chosen as a pH
sensing dye of chitosan films. The addition of pomace extract reduced the solubility and swelling of chitosan, and these
indicator films maintained integrity in acidic pH environments 8. Sohany et al. B2 utilized sweet potato peel powder
(SPP) as a filler to develop sweet potato starch (SPS)-based pH indicator films incorporating purple sweet potato
anthocyanin. The films with peel exhibited reduced tensile strength with higher swelling and WVP values. Visually, the
films were dark maroon and changed their color in response to various pH buffers, as shown in Figure 4. The films
successfully indicated chicken freshness by changing their color with changes in pH of the deteriorated chicken.

SPS SPSCA 1% SPS CA 1.5% SPS CA 2%

-

SPS/SPP SPS/SPP CA 1% SPS/SPP CA 1.5% SPS/SPP CA 2%



Figure 4. Visual appearance of SPS and SPS/SPP films at CA of 0, 1, 1.5, and 2%. Reproduced with permission from
Ref. 22, Copyright 2021 Taylor & Francis.
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