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H I G H L I G H T S

• Combination of novel techniques modifies quality and extraction efficacy.
• Pectin recovery from food waste is sustainable approach for circular bio-economy.
• Pectin is a multifarious natural food additive.
• Nano-emulsion of pectin is useful for prolonged release drug delivery.
• Non-thermal techniques are preferential over thermal-extraction techniques.
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Globally the generation and mismanagement of waste from fruit processing and post-harvest impose a severe
burden on waste management strategies along with environmental pollution, health hazards. Citrus waste is one
of such worrying fruit waste, which is rich in several value-added chemicals, including pectin. Pectin is a pre
biotic polysaccharide possessing a multitude of health benefits. Citrus pectin has excellent gelling, thickening,
water holding capacity, and encapsulating properties, which pave its functionality in versatile industrial fields
including food processing and preservation, drug and therapeutic agents, cosmetics, and personal care products.
The utilization of citrus wastes to derive valuable bioproducts can offer an effective approach towards sus
tainable waste management. With the ever-increasing demand, several strategies have been devised to increase
the efficiency of pectin recovery from citrus waste. This review article discusses the sources, effect, and
technology-mediated valorization of citrus waste, the functional and nutritive application of pectin along with its
socio-economic and environmental perspective.

1. Introduction

bitter oranges (C. aurantium, C. seville), lemons (C. limon), pummelos
(C. grandis), and limes (C. aurantifolia and C. latifolia) (Chavan et al.,
2018). After processing citrus fruits, a voluminous processing waste,
nearly 50% of fresh fruit weight is obtained in the form of seeds,
pomace, and peel, which is discarded into the environment (Sharma
et al., 2021a; Shivamathi et al., 2019). Citrus waste contains a myriad of
active phytochemicals, vitamins, folic acid, potassium, etc. which can
help to protect human health from life-threatening illnesses (Rafiq et al.,
2018). In addition, it may have anti-inflammatory, antioxidative, antiinfective, neuro-protective effects, and anti-cancerous properties

Increasing demand for processed and ready-to-eat food is under the
obligation of the liberation of generous processing waste as well as the
synthetic food additives used while processing is sacrificing the health of
the consumers (Gaur et al., 2022a, 2022b; Sharma et al., 2020a, 2020b).
Citrus (Rutaceae family) is one of the most extensively produced fruit in
the world. India is the sixth-largest producer of citrus fruits varieties like
sweet oranges (C. sinensis), mandarins (C. tangerine, C. unshi, C. clem
entin, C. reticulate,), grapefruit (C. paradisi), sweet lime (C. limetta), sour/
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(Russo et al., 2021). Citrus waste is a repository of nutraceutical prop
erties due to bioactive compounds such as dietary fibers, pectin, etc, and
antioxidants like ascorbic acid, flavonoids, phenolic compounds (Mohan
et al., 2020; Song et al., 2021; Varjani et al., 2021).
Citrus peels and pomace are abundant in pectin content, which has
blood sugar and cholesterol-lowering qualities. Therefore, valorization
of Citrus waste towards increasing pectin recovery would be a long-term
strategy that may contribute to a circular bioeconomy and waste
reduction. A magnitude of value-added exorbitant products including
essential oil (limonene),antioxidants, phenolics, pectin, flavanoids,
ethanol, and organic acids, are obtained from crumbling citric waste
(Sharma et al., 2020).
Pectin is a ubiquitous heteropolysaccharide carrying around
3,001,000 saccharide units found in the primary cell wall of non-woody
plants. It is constituted of α-1,4-linked D galacturonic acid (GalA) in
conjugation with different acid groups like methoxy esters and some
neutral sugars such as glucose, rhamnose, xylose, galactose,mannose,
fucose, or arabinose in side chains (Ciriminna et al., 2016). Pectin has a
magnitude of nutritional and functional properties, therefore, is widely
popular in foods, drugs, textiles, cosmetics, and personal care products
due to its gelling, thickening, and stabilizing properties (Sharma et al.,
2021c). Pectin showcase a bountiful of physiological and biological
properties like immune modulation, colon cancer cell apoptosis induc
tion, mouthfeel improver, delayed gastric emptying for body weight
management, and cholesterol reduction thereby protecting from car
diovascular diseases (Sharma et al., 2021b). Pectin is among the few
emerging oligosaccharides fulfilling the criteria of prebiotics, it main
tains and regulates intestinal microbial flora composition and fecal
short-chain fatty acid (SCFA) production to evoke immune response
against chronic Pseudomonas aeruginosa infection (Zhang et al., 2017).
As compared to other pectin sources such as cereals, and soybean,
the pectinderived from citrus peel has more water-solubility, waterholding capacity (WHC), and viscosity; therefore, it forms a strong bond
with water present in the food matrix and reduces syneresis during food
storage. It was found that in yogurt, orange peel pectin stabilizes casein
networks as filler along with calcium and produces better texture and
shelf life. In food processing units pectin is a choice generally recognized
as a safe (GRAS) food additive for the preparation of salad dressings,
yogurt drinks, jellies, jam, bread, fruity milk drinks, and ice cream due to
its excellent emulsifying stability, moisture retention and cold disper
sion properties (Huang et al., 2020). Disposal of this voluminous citrus
waste into landfills and incineration leads to environmental pollution,
ultimately affecting human health due to pathogenic microbial load into
the air and other types of financial losses incurred due to mismanage
ment of a potential bioresource (Khanal et al., 2020). Citrus are the most
widely processed fruits leaving about 50 % of its portion as a waste,
valorization of this waste in high-end techniques could check the envi
ronmental pollution along with a myriad of functional and financial
benefits.
In this study, a comprehensive report of sources of citrus waste
generation, its impact on the environment, the various conventional and
novel techniques for sustainable recovery of pectin has been presented.
Additionally, the applications of pectin in various fields, industries, and
future directions are compiled for the first time to draw the attention of
researchers to a vulnerable, multivariate compound to answer the
challenges of environmental sustainability, waste mitigation, health
management, and circular bioeconomy.

output has risen dramatically in recent years, hitting 98 million tonnes
in 2020–2021. Citrus fruits account for 14% of all fruit crops cultivated
in India. Citrus juice is the most widely consumed fruit juice in the world
obtained from the processing of around one-fifth of all citrus cultivars
which ultimately yields about 120 million tonnes of industrial citrus
processing waste into the environment every year (Chavan et al., 2018;
Zema et al., 2018a). Mismanagement of this plethora of citrus waste
(disposal, combustion, incineration, landfilling, and dumping in water
bodies) imposes a great burden on the aquatic ecosystem by reducing
biological dissolved oxygen demand of water bodies and other types of
pollution, especially in developing countries, and its management shows
up at a significant environmental and economic cost (Mahato et al.,
2018; Zema et al., 2018a; Zema et al., 2018). Citrus by-products, such as
pressed pulp, exhausted peel, leaves, seeds, and secondary juice are a
good source of sugars (sucrose, fructose, glucose), polyphenols, pectin,
lipids (palmitic and linolenic acid), proteins, carotenoids, mono
terpenes, and vitamins C/B complex (Mahato et al., 2018) Therefore,
several alternatives for better management of citrus fruit wastes have
been proposed, including the production of fortified animal feeds,
incorporation as fiber-rich components in confectionery products, for
macro- and micronutrients extraction, as well as for the production of
organic fertilizers, biofuels, enzymes, and ethanol, which are used in the
pharmaceutical, food and cosmetic products (Chavan et al., 2018;
Muscat et al., 2021; Osorio et al., 2021). Astaxanthin (3,3′ -dihydroxyβ,β-carotene-4,4′ -dione; C40H52O4), a red carotenoid of terpene (iso
prenoid) class, is an antioxidant used in food, pharmaceuticals, and
cosmetics industries. It was reported to be recovered from ponkan peel, a
citrus waste, using Xanthophyllomyces dendrorhous, which utilizes
pentose and hexose sugar found in the waste (Hara et al., 2021). Citrus
peel waste (CPW) is promising lignocellulosic biomass for microbial
growth and a variety of value-added products were obtained in biolog
ical and non-biological processing as discussed in Table 1. The low lignin
content and soluble sugars content of CPW aids in its utilization for
simple and economic biofuel production. Hydroxymethylfurfural (HMF)
is an intermediate compound synthesized from CPW, which ultimately
leads to the production of dimethylfuran. The energy density of dime
thylfuran is 40% higher than that of ethanol (Jeong et al., 2021).
Citrus peel waste is the most common and primary waste reported
from citrus processing industries, as well as a rich source of many
beneficial substances such as pectin, limonene, and molasses (Rafiq
et al., 2018) After juice extraction, approximately half of the wet fruit
mass is dried, blended with dried pulps, and sold as cow fodder (Damian,
2018; Mahato et al., 2018; Sharma et al., 2017). Citrus fruit waste,
which includes peels, juice, and pulp, is mostly composed of pectin and
dietary fibers (Dimopoulou et al., 2019), and the physicochemical
composition of citrus waste peel is based upon fruit growing method,
ripening stage, harvesting time, as well as the procedures or techniques
used for juice extraction (Sharma et al., 2017; Zema et al., 2018b). For
citrus production, the weekly and seasonal fluctuations are major causes
of intra-annual production variability because more than 70% of citrus
output in the Mediterranean region occurs between February and April
(Zema et al., 2018a). Aside from it, the cost-effectiveness and storage
from a market and customer standpoint are other important factors in
citrus waste generation. As a result, eco-friendly, economically feasible,
and optimized citrus peel waste disposal methods are required (Zema
et al., 2018a) which might be strengthened by-product extraction to
ensure cascade utilization.

2. General of citrus peel waste

3. Environmental impact of citrus waste

The citrus processing industry is particularly important in the agroindustrial sector. The orange is among the most frequently cultivated
fruit in the world, accounting for roughly 50–60% of overall citrus
production; meanwhile, other species (such as grapefruit, lemon, man
darin, and lime) are also important in the industry (Satari and Karimi,
2018a). According to the USDA 2020 projections, worldwide citrus fruit

Citrus fruits are high in nutrition and beneficial for health, making
them globally the most consumed fruits. The fruit processing industries
utilize around 20% of the entire energy that is consumed in developed
nations adding a significant burden on the environment which is fol
lowed by improper waste disposal management leading to greenhouse
gas emissions. These two factors are the sole contributors of the fruit
2
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Table 1
Value-added products obtained from citrus waste.
Substrate

Method of valorisation

Bioproduct obtained from citrus waste

References

Citrus peel waste

Fermentation via Trichoderma sp, E. coli

Mucic acid

orange peel

Microwave Hydrodiffusion and Gravity (MHG) and Steam distillation
processing (SD)
Ultrasound Assisted Processing (UAP)

Essential oil

Ultrasound Assisted Processing (UAP) and Enzyme Assisted Processing
(EAP)

Polyphenols and flavonoids

(Jeong et al.,
2021)
(Boukroufa et al.,
2020)
(Boukroufa et al.,
2020)
(Kaur et al., 2021)

Enzymatic hydrolysis and fermentation
Conventional Processing
Pulse Electric Field Processing
Fermentation via Saccharomyces cerevisiae

Bioethanol
D-limonene
Naringin
Bioethanol

Microwave Assisted Processing (MAP)

Phenolic compounds

persian lemon waste

Ultrasound Assisted Processing (UAP)

Catechin, hesperidin, and naringenin

Citrus reticulate (kinnow)
peel waste
Citrus peel waste

Ultrasound Assisted Processing (UAP)

Lutein
Pectin

pomelo peel waste
orange peel waaste

Water-based processing such as hand-pressure processing, microwave
processing, and hand-pressure-cum-microwave processing
Solvent-free microwave processing (SFMP)
Ensiling

Citrus peel waste

Subcritical water extraction processing (SCWEP)

Citrus peel waste

Methanol based processing and HPLC

Total phenol contents and polymethoxylated
flavones
Naringin, hesperidin, didymin, tangeretin, and
nobiletin, d neohesperidin, diosmin,

orange peel
Citrus
sinensis cv. Malta peel
waste
orange peel waste
Citrus peel waste
Pomelo peels waste
Citrus peel waste
hydrolysates
chardonnay grape marc

industries towards global warming (Kim and Om, 2021a). It was re
ported that in the orange processing unit, for pasteurization and pack
aging unit operations, the total energy of 1.12 MJ per kg of orange juice
was consumed (Satari and Karimi, 2018b).
Another concerning factor is citrus solid waste management. Annu
ally, global citrus production ranges from 120 to 150 million tons
approximately of which 40–60% is discarded during processing as waste
comprising of peel, seeds, and pulp (Mahato et al., 2021; Nieto et al.,
2021). After processing, the citrus fruits produce approximately 50–60%
organic waste which is rich in organic matter (total solids 95%) and
water content (up to 90%) with an acidic pH (3–4). The citrus peel ac
counts for 40% to 55% of the processed fruit (w/w) (Lee, 2017). The
citrus peel waste is acidic and consists of organic compounds such as
protein, essential oils, fiber, polyphenols, and pectin such as D-limo
nene. Most of the fruit peel wastes easily decompose due to their
biodegradable nature but the presence of antimicrobial compounds such
as D-limonene in citrus peel makes its microbial digestion difficult. This
leaves with costly disposal methods which are avoided and improper
disposal is preferred through the traditional methods such as landfilling
and incineration which are neither energy-efficient nor environmental
friendly (Kim and Om, 2021b). Landfilling and incineration cause the
emission of toxic gases and greenhouse gases such as methane, and
damage to the nearby water bodies and soil due to the proliferation of
the landfill leachate (Chen et al., 2019; Zema et al., 2018b). Other
conventional methods for peel waste valorization include feed for ani
mals, agronomic use as a soil conditioner, and composting which are not
economically feasible (Satari and Karimi, 2018c). For animal feeding,
the citrus peel waste is not an ideal option due to its low nutrition and
bitterness; also it requires dehydration which is costly (Negro et al.,
2017a). In 2008, the EU in its directive made it mandatory to recover the
resources and energy for citrus peel waste before the disposal in landfills
(Negro et al., 2017b). The utility of citrus peel waste as an organic soil
conditioner enhances the organic content of soil and its fertility, but the
application is limited due to the high cost involved in the transportation
of the waste to the agricultural site and preparation of the suitable land
(Zema et al., 2018b).

Polyphenols

Essential oil
Lactic acid, acetic acid, and ethanol

(John et al., 2017)
(John et al., 2017)
(Kaur et al., 2021)
(Sharma et al.,
2017)
(Sharma et al.,
2021a)
(Sharma et al.,
2021a)
(Saini and Panesar,
2021)
Sharma et al.,
2017)
(Chen et al., 2016)
(Fazzino et al.,
2021)
(Sharma et al.,
2017)
Sharma et al.,
2017)

The negative impact of the citrus peels on the environment makes it
necessary to focus on the proper valorization of the peels to generate
value-added products aiding in sustainable management of the waste
and contributing to the formation of a futuristic bio-based economy.
With the use of different conventional and novel emerging technological
valorization methods, it is possible to reduce the environmental dam
ages caused by the citrus peels by transforming the waste into useful
derivatives such as pectin, essential oils, biofuels, fermentable sugars,
and antioxidants (Zema et al., 2018b).
4. Technology-mediated-valorisation of citrus peel waste
Waste valorization of citrus peels can be achieved through physico
chemical and biological methods. Processes involving the former
methods are at times time and energy-consuming, which adversely
affect the environment. Novel technologies termed ‘green’ methods
have emerged over the past decade for the recovery of pectin and other
valuable bioactives from citrus fruit waste without damaging the envi
ronment and giving higher yields in low reaction time. The most
commonly used technologies for citrus peel valorization are discussed
below and shown in Table 2.
4.1. Physico-chemical processing
4.1.1. Acid treatment
Acid treatment is a conventional method for pectin extraction. The
method can be also carried out in combination with novel technologies
to enhance the yield of pectin. Pectin extraction in industries is carried
out with strong dilute mineral acids such as nitric acid, sulphuric acid,
hydrochloric acid, and phosphoric acid to hydrolyze the cellulose
biomass, accompanied by heating followed by alcohol precipitation
using ethanol or isopropanol (John et al., 2017). Long heating hours
degrades and debranches the pectin yielding inferior quality. A pH of 1.5
to 3 and a temperature between 75 and 100 ◦ C is maintained while
extracting pectin in an acidic aqueous solution under continuous stirring
for 1–3 h. Acid utilization in pectin extraction harms the environment
3
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Table 2
Applications of pectin.
Application

Description

Procedure

Result

Reference

Therapeutic

Hydrogel
manufacturing
Biocomposite/wound
dressing

Development of theophylline-loaded pectin
hydrogels
Preparation of gelatin and pectin formulations
with curcumin and aloe vera

(Sarioglu et al., 2019)

Treatment of obesity

In acidic environments, a pectin-based gel forms
that can reach gastric fluid, expand, and adhere to
the walls
Because of its mucosal adherence, simple gelling
mechanisms, ease of dissolving in basic solutions,
gels forming ability in acidic media, non-toxicity,
and functional group modification
Attachment to the carbohydrate recognizing
domain in galectin-3, pectin decomposes into
smaller pieces (MP) that impede colon cancer cell
proliferation and migration (Gal3).
DOXORUBICIN (DOX) is a powerful
chemotherapy drug.
Pectin stimulates bile acid excretion
To encapsulate probiotic bacteria, internal
gelation procedures were applied, and acceptable
microbial viability findings were obtained under
simulated gastrointestinal conditions and food
matrix
Low-esterified pectin interacts with milk protein
to reduce syneresis and induce homogeneous
texture

Application as wound dressings and their
controlled release drug delivery
Biocomposite dressings: Wound therapy that is both
quick and effective (80 % of the healing in just 8
days)
Weight reduction and obesity
Drug degradation should be avoided, and regulated
release should be encouraged

(Tian et al., 2020)

This linkage can stop Gal3 from interacting with
other proteins and peptides, limiting apoptosis and
inhibiting cell adhesion and migration.

(Maxwell et al., 2016)

Drug delivery

Cancer therapy

Food
Processing

Cholesterol Reduction
Prebiotic agent

Food additive

Emulsifying agent

EncapsulationFood
packaging

Incorporation of low methoxy pectin-calcium
complex to potato chips
The oil/water-protein interface bonds, allows
pectin to form stabilizing barrier that protects
droplets from aggregation, resulting in increased
and improved emulsion stability
As a protective barrier, pectin can bond directly to
food constituents.
Edible pectin coatings alter the environment
around the fruits, altering oxygen levels and
preventing physiological breakdown.
Natural extracts and vitamins are incorporated
into pectin-based films.
Industrial citrus pectin solutions are utilized as an
edible covering for fresh strawberries.

Nanomaterial

Fabrication of 3D
printed foods

Using a mixture of raw materials to produce
personalized foods just before consumption based
on people’s physiological status and nutritional
requirements

Removal of oil and
organic solvent

Organic pollutants can be absorbed using
modified cellulose nanoparticles matrices.
Inserting both organic and inorganic groups into
cellulosic nanoparticles is possible.
Water contains volatile organic compounds
(VOCs)
, such as phenol, toluene, and xylenes, which are
used in adhesives, paints, detergents, and inks.

Pollutant
Remediation

(Martau et al., 2019)

Oncology treatment
Lowering the risk of heart disease and stroke
Probiotic bacteria development is aided by
stimulation

(Naqash et al., 2017)
(Raddatz et al., 2020)

Commercial low-fat yogurt production

(Khubber et al., 2021)

When compared to a control employed as a
texturizer, fat uptake in fried goods was reduced by
more than 30%, and improving moisture retention.

(Hua et al., 2015)

Application in production of low-fat and/or lowsalt products using emulsified pectin oils as a fat
substitute, hence enhancing food nutritional
quality
Eco-sensitive components should be protected

(Chen et al., 2016)

Reduces the amount of degradation caused by fruit
ripening in terms of bioactive chemical and texture
loss during storage.

(Mendes et al., 2020);
Muñoz-Labrador et al.,
2018)

Increased the antioxidant capacity while preserving
the quality packaged goods.
Pectin coatings have a good effect as a selective
barrier, protecting the fruit from being exposed to
ambient oxygen and reducing probable oxidation
reactions.
Adults with swallowing disorders, military rations,
and space cuisines.
In
terms of mechanical properties, pectin-based
honeycomb structures were found to be a good fit
for the model.
With a capacity of 80–90% vol/vol and a capacity
of 20–40 g/g, absorb oil and various organic
solvents from the water’s surface.

(Vancauwenberghe et al.,
2017)

(Nasrollahzadeh et al.,
2021a)

Toluene degradation in ambient air under UVirradiation circumstances, with maximum
photodegradation abilities towards toluene
pollutants of 87.79 % and 76.87 %, respectively,
after 40 min of UVC and UVA irradiation.

Heavy metal
adsorbents

Trimetallic oxide contains pectin, which absorbs
water fluoride.

This adsorbent is cost-effective and introduces a
new family of fluoride-removing adsorbents.

Removal of dyes

Carboxylated or COO-modified CNCs are made by
hydrolyzing microcrystalline cellulose with
ammonium persulfate (APS), which allows
carboxyl groups to be added to their membrane
during the cellulose hydrolysis.

Application in the absorption of Methylene blue
dye
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hence before discarding, the acidic medium need to be neutralized
which increases the cost. The emergence of green technology has
brought the focus on organic acids such as acetic acid, citric acid, and
oxalic acid but the hydrolytic ability of the organic acids is lower than
the mineral acids.
Mineral acids cause demethylation and polygalacturonan fragmen
tation, hence extracts pectin of low molecular weight, whereas, organic
acids have less degrading and depolymerization effect so high molecular
weight pectin is obtained. Grapefruit (Citrus paradisi) peels were pre
treated with HCl at 80 ◦ C for 90 min at pH 1.5 through conventional
heating extraction (CHE) followed by ultrasound-assisted processing
(UAP) to get 23.5% pectin yield (Wang et al., 2015a). Pomelo (Citrus
maxima) peels gave 23% pectin yield through CHE using HNO3 at 90
o
Cfor 90 min at pH 2 (Pasandide et al., 2018). Citrus peels were sub
jected to citric acid treatment at 95 ◦ C for 95 min at pH 1.5 to give a
28.3% pectin yield (Methacanon et al., 2013). A comparative study of
HCl and citric acid treatment of lime peel using conventional heating at
95 ◦ C for 60 min gave pectin yield of 23.23% (1:40 peel: acid) and 20%
(1:40 peel: acid) respectively. HCl treatment increased the yield of
pectin but the environmental damage caused by mineral acids cannot be
obliterated. Such environmental concern can be addressed using organic
acids that do not degrade the valuable extracts and volatile compounds
(Rodsamran and Sothornvit, 2018a).

through the sample leading to varying yield of pectin in different batches
and also decreaing the uniformity of pectin (Mao et al., 2019).
4.1.3. Microwave-assisted processing
Microwave-assisted processing (MAP) is based on heating the sample
using microwaves (0.3–300 GHz frequency range) that cause the cell
wall matrix to degrade under intense heat and pressure causing the
outflow of the bioactive constituents of the cell into the extracting sol
vent. MAP involves the induction of dipole moment which works better
on polar compounds. It was suggested that any conventional method of
waste valorization can be made efficient and quick if aided by micro
wave energy (Kaur et al., 2021b). Microwave-assisted processing
method significantly reduces the extraction time, uses less solvent, and
gives a higher yield of the bioactive compounds in comparison to the
conventional methods (Sharma et al., 2021b). Pectin retrieval from fruit
wastes aided by MAP is favoured now due to the above-mentioned
features. The efficiency of MAP depends upon the solvent in use,
extraction time, and microwave power. Pectin increases with an in
crease in microwave irradiation exposure time and power, but excess of
both can be detrimental for the yield and quality of the pectin. So,
optimization of microwave-assisted processing method is substantial in
obtaining better pectin yield (Marić et al., 2018). Sweet lemon (Citrus
limetta) peels were used for pectin retrieval through the MAP process. A
maximum yield of 25.31% at pH 1.5, 700 W power, and extraction time
of 3 min was obtained. The extracted pectin retained its structural
characteristics with Galacturonic acid (60%) and Galactose (27%) and
high antioxidant potential (Rahmani et al., 2019a).
A study reported pectin retrieval from pomelo peels using conven
tional processing as well as MAP as a two-step process. In the first step,
the essential oils were extracted followed by extraction of pectin in the
second step using hot solvent microwave processing (HSMP) and
compared to pectin retrieval by conventional acidic solution processing
(CASP). HSMP took 5.6 min while CASP gave the pectin in 90 min. A
significant reduction of recovery time was observed in the case of HSMP.
The yield also increased by 3.3% in HSMP at optimal conditions of 520
W power and 2.0 pH, in comparison to CASP (Marić et al., 2018). Rapid
recovery of pectin from orange peels through MAP was observed with a
pectin yield obtained was 24% in 3 min in comparison to the conven
tional method that gave 18% pectin in 120 min (Boukroufa et al., 2015).

4.1.2. Ultrasound-assisted processing
The application of ultrasound in waste valorization is an efficient
example of using green technology. The ultrasound-assisted processing
(UAP) method uses high-frequency ultrasound waves (20–100 kHz) to
extract the bioactive compounds from the citrus peels. It is a solid–liquid
processing technique where a high-frequency wave generates bubble
cavitation that produces micro-jets on the tissue surface, disrupting the
cellular matrix and allowing the movement of the processing solvent in
the cell and extraction of bioactive components (Kaur et al., 2021a;
Patience et al., 2021a). UAP is relatively a simple, efficient, low-cost
method with less reaction time which amplifies the selectivity and en
hances mixing at the micro-level without hampering the structural
integrity of the compounds to be extracted (Kaur et al., 2021b; Patience
et al., 2021b; Sharma et al., 2021b).
Studies have reported that with the utilization of ultrasound, the
processing time and temperature, were reduced, thus reducing energy
consumption. A comparative study was done to determine the yield of
pectin from grapefruit peels through conventional and technology-based
processing methods. Ultrasound-assisted processing (UAP), Ultrasoundassisted heating processing (UAHP), room temperature processing,
conventional heating processing (CHP), and heating processing (HP)
methods were performed, where pectin yields obtained were 18.1%,
27%, 11.4%, 19%, 23.4%, and 19% respectively for these methods. It
was observed that UAHP required less extraction time (52 min), lower
temperature (62 ◦ C), and gave a better yield than CHP (72 min and
80 ◦ C) (Wang et al., 2015b). Low-methoxyl pectin (LMP) was extracted
from sour orange (Citrus aurantium L.) peel through UAP at 1.5 pH,
extraction time of 10 min, and 150 W power to obtain a yield of 28.07 ±
0.67% (Hosseini et al., 2019). Two-stage acoustic cavitation assisted
processing (ACAP) process was devised to extract 23.5% pectin from
grapefruit (Citrus paradise Macf. cv. Changshan huyou) peels. ACAP gave
fourfold enhanced yield with lower energy consumption in comparison
to CHP (Wang et al., 2017a).A comparative study of UAP and conven
tional processing (CP) using citric acid was done for pectin extraction
from tangerine (Citrus reticulata) and grapefruit (Citrus paradisi) named
CRP and CPP respectively. The pectin yield was higher for UAP in a
shorter duration; 13.46% CRP yield in 15 min and 26% CPP yield in 30
min. The yield and duration were also affected by the source of pectin. In
CP, the CRP yield was 10% while the CPP yield was 24.08% (Polancolugo et al., 2019a).The above cited studies emphasis the efficient role of
ultrasonication in pectin extraction but the decrease in the ultrasonic
wave intensity with distance causes improportional spread of the energy

4.2. Biological processing
4.2.1. Enzymatic processing
Citrus peel is rich in organic compounds which can act as substrates
for enzymes releasing the bioactive components such as pectin,
fermentable sugars for biofuel production, biosurfactants, and essential
oils to name a few. The bound compounds in the fruit waste can easily be
released by the degradation of the bonds by the enzymes. Several en
zymes such as cellulases, xylanases, hemicellulases, proteases, pro
pectinases, pectinesterases, and polygalacturonases are involved in
enzyme-assisted processing (EAP) of pectin. Enzymes bring specificity
and selectivity to the retrieval process. The concentration of the enzyme,
recovery time, pH, temperature, and particle size of the material are the
important factors for efficient enzymatic processing (Roselló-Soto et al.,
2016).
EAP is an eco-friendly method as it does not utilize organic chemicals
like solvents, gives high yield with low energy consumption, and oper
ates at low temperatures. But the high cost of enzymes is a major setback
for utilizing EAP at an industrial scale. In addition, the cell walls of the
plant do not get hydrolyzed completely by a single type of enzyme,
hence purification of pectin becomes tedious (Saha et al., 2018). Enzyme
assisted processing lacks uniformity in the pectin yield and process pa
rameters as it depends on the source material for pectin isolation, type of
the enzyme involved in catalysis, and generally requires longer incu
bation durations (up to 30 hr)(Mao et al., 2019).
Commercial enzymes Celluclast (cellulase), Econase (β-xylanase),
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and Viscoferm (cellulase, xylanase, and β-glucanase) have been utilized
for pectin extraction from fruit wastes (Mao et al., 2019). Commercial
cellulase Laminex C2K from Penicillium funiculosumwas used in EAP of
pectin from the lime peel. The pectin yield was 23% w/w with a high
degree of esterification of 82% and the enzyme was found to be a good
substitute for conventional acid-based processing. Cellulase hydrolyzed
the cellulose matrix, aiding the release of pectin adhered to the matrix.
Pectin extracted through the enzymatic process exhibited less branching
in comparison to the conventional methods of pectin extraction (Dom
iniak et al., 2014a). Pectinase from Aspergillus niger, majorly comprised
of polygalacturonase, was reported to give a yield of 1.58% pectin
(56.98% degree of methylation) from the citrus peel when incubated for
30 hr at pH 4.0 and 50 ◦ C (Ma et al., 2016).

methods needs to be further studied and optimized for proper experi
mental design and scale-up process. This will aid in protecting the
environment and extraction of qualitatively superior pectin with a
higher yield which is highly demanded in food preservation and pro
cessing, nutraceuticals, drugs, and cosmetics.
5. Functional and nutritive applications of pectin
5.1. Pectin in food processing
Pectin has multifarious potential in the food processing sector due to
its prosperous features of being a GRAS food additive (Table 2).
Commercially citrus pectin is being used in jams and jellies as a gelling
agent. It was also reported to reduce the sugar content of strawberry
jam. Wang et al. (2013) observed that consumption of sugar in jam
preparation can be reduced from 650 g L-1 to 350 g L-1 in a strawberry
jam after incorporation of pectin methyl esterase treatment of high
methoxy pectin. Citrus pectin obtained from Citrus junos had success
fully replaced up to 10% shortening in cake batter and exhibited higher
viscosity and lesser shear-thinning behaviour (Lim et al., 2014). In
conjugation with different fat replacers (maltodextrin, inulin, oligo
fructose, and microparticulated protein) pectin can replace up to 65% of
fat in cake batter with a very little compromise in quality attributes like
elasticity, hardness, volume development (Psimouli and Oreopoulou,
2013). Incorporation of 0.72% pectin (w/w) in ice cream mixture as fat
replacer/ mimetics was successful in reducing 45% of the fat content of
the final product without significantly influencing its flavor, appear
ance, and taste. low-fat ice cream lower mouth-coating and greater
smoothness scores as compared to control (Zhang et al., 2018).There
fore, the substitution of pectin gel with shortening facilitates the crea
tion of ’healthy’ foods with fewer fat calories and more soluble dietary
fiber. These characteristics of pectin facilitate consumers with additional
opportunities to adopt a functional diet that is favorable to their health
(Lim et al., 2014).
Citrus pectin enzyme hydrolysate (PEHs) was found to promote the
growth of two probiotic microorganisms’ populations more significantly
as compared to other commercial prebiotics. This is evident that citrus
pectin-derived PEHs help enhances the growth of probiotic microbes in
acidic medium and their survival in non-fat milk (Ho et al., 2017). Along
with gut microbiota regulation, citrus pectin is promising in the reduc
tion of blood cholesterol levels up to 3–7% in humans. The Higher DE
and molecular weight of citrus pectin reward it with cholesterollowering properties in a safe manner (Brouns et al., 2012). Pectin is
used in a variety of food processing applications due to its dynamic
properties as described in Fig. 2.

4.2.2. Hybrid technologies
In recent years, the fruit processing industry is focused to find a
technological green method for sustainable use of fruit wastes, but this
involves huge capital. With this, a reduction in the cost of production
with an increase in the yield or decrease in the recovery time becomes a
priority. The techniques discussed in the previous sections cannot be
termed as perfect green technologies; hence, it is desired to have a
balanced approach for determining the usage of solvent, incurred cost,
and yield of the recovered product to get the desired result in less capital
investment. The energy-efficient novel techniques such as ultrasound,
microwave, and enzyme-assisted processing could be used in combina
tion to get a better product with a good yield in less time, and the cost is
depicted in Fig. 1.
Sequential ultrasound-microwave assisted processing (UMAP) tech
nique is one such method that could provide better yield without
consuming much time. A study reported the pretreatment of grapefruit
peel with ultrasound for 30 min through sonication, followed by acid
treatment (HCl), and heated with microwave energy for 10 min with
450 W power to extract the pectin. The yield of pectin was 32% for
UMAP method (82.6% DE), 28% for MAP (79% DE), 18% for UAP (75%
DE), and 19% for conventional method (75.6% DE). In addition, the
structural integrity and characteristics of the pectin were better pre
served in UMAP than in the other methods (Bagherian et al., 2011a).
Sequential UMAP method aided with citric acid as solvent was used
for pectin recovery from pomelo (Citrus grandis) peels giving a yield of
38% with a degree of esterification of 56.88%, at 643 W power and
recovery time of 27 min for sonication followed by irradiation of the
peels with microwaves for 6.4 min (Liew et al., 2016a). Pectin recovery
from orange peel was reported through MAP with a significant yield of
181.3 mg/g of peel (Müller-maatsch et al., 2016). The novel techniques
for pectin retrieval from citrus peels give a promising result in better
yield with minimum damage to the environment. More research is now
focussed on the combination of these novel green techniques which give
higher yield in much reduced time. But the utility of the combined

Fig. 1. Schematic representation of different pectin recovery methods.
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Fig. 2. Potential features and applications of citrus pectin in food processing and preservation.

5.2. Pectin as a therapeutic agent

vascular tissue engineering (Li et al., 2019).

Apart from its application in the food industry, it can also provide
health benefits through its therapeutic effects on human health. Pectin is
a prebiotic directly or indirectly helps gut microbiota to flourish. Pro
biotics feed on pectin and the secondary metabolites produced by the
degradation of pectin also support their growth over other microbes. It
was reported that the addition of 2% citrus pectin hydrolysate having
the low molecular weight and high carbohydrate had significantly
promoted the growth, fermentation, and acid tolerance (up to pH 2)
of Bifidobacterium bifidum and Lactobacillus acidophilus (Ho et al., 2017).
Another study showed that pectic oligosaccharides extracted from
lemon peel and sugar beet pulp enhanced the mixed microbial cell
population of bifidobacteria and lactobacilli from 19% to 29% and 34%
respectively (Gómez et al., 2016). Pectin is also found to control obesity
and lower cholesterol levels by modulating gut microbiota and their
metabolites. The citrus pectin oligosaccharides affect Bifidobacterium,
Lactobacillus, and Bacteriodes that in turn regulate LDL-C, serum TC,
short-chain fatty acids, fecal bile acids, and liver cholesterol (Hu et al.,
2019; Zhu et al., 2020). Citrus pectin also has the potential to regulate
type-2 diabetes. Reports suggest that it decreases glucose level in blood
and insulin resistance, increases glucose tolerance, blood lipid level, and
liver glycogen content by regulating PI3K/Akt signalling pathway (Liu
et al., 2016). A study shows that aqueous extract of four different citrus
fruits peel reduces cholesterol level by 59.3%, triacylglyceride by 36%–
80.6%, and glucose by 71.1%–82.8% (Fayek et al., 2017). Pectin is also
identified as a potent antimicrobial agent. It is reported that lemon peel
pectin extracted by hydrodynamic cavitation restricts the growth of
Staphylococcus aureus, a renowned food contaminant. Commercial
pectin (6 mg mL− 1) decreases the log10 (CFU) from7.2to7.1 whereas
lemon peel pectin extract drastically declines the viable bacterial cell
count from 6.8 to 6.2 (Presentato et al., 2020). It is also explored in the
field of regenerative medicine. Citrus pectin hydrogel nanofibers with
50% oxidation induce mesenchymal stem cells that pave paths for

5.3. Pectin amalgamation with nanomaterials
Pectin due to its stability, flexibility, non-toxicity, biocompatibility,
and biodegradability is a suitable choice for designing and creating
nanomaterials with unique properties to be used in the environment
sector, food, pharmaceutical, and biomedical industry. Pectin nano
composites/nanoemulssions are prepared by the ionic gelation method
to carry bioactive material. These nano-emulsion/materials can be used
for drug delivery, as an antimicrobial agent, food coating, food pack
aging, emulsifying agent, pollutant adsorbents., waste water treatment
(Freitas et al., 2021).
6. Market opportunities and environmental and economic issues
The global demand for pectin was $1 billion in 2019 and is predicted
to climb to $1.5 billion in 2025 as a result of its usage as a technical
adjuvant in a variety of industries (Petkowicz and Williams, 2020a).
Pectin is a structural heteropolysaccharide that exists as rhamnoga
lacturonan I, homogalacturonan, and rhamnogalacturonan II and is a
useful biomaterial in a variety of industries including food processing,
food packaging, nutraceuticals, pharmaceutics, and cosmetics (Binod
et al., 2021). It is extracted in a wide variety of concentrations from
plant cell walls, ranging from 0.1 to 30% depending on the recovery
process (Munarin et al., 2012; Patsalou et al., 2020; Tovar et al., 2019;
Tsouko et al., 2020). The pectin market is quickly developing in both
traditional and new application areas due to its flexible hydrocolloid
polymer nature. On one side, the industry is quickly expanding, owing to
rising consumer demand for low-calorie, high-quality food. Pectin pro
vides firmness to many food items used regularly, in addition to its ad
vantages in the food sector (yogurt, jam, gravy, salad dressing, ice
cream, and so on). Several technological and health-related activities of
pectin have been explored in the last decade, resulting in the creation
7
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and marketing of various products, despite constraints connected to raw
material availability and pricing (Petkowicz and Williams, 2020b). The
cost-effectiveness of this multifunctional biopolymer in comparison to
other currently utilized biopolymers has made it a viable future alter
native. To increase the overall sustainability of the valorization of citrus
leftovers, it is necessary to investigate how other processes might be
linked with the existing pectin manufacturing process under the bio
refinery concept (Durán-Aranguren et al., 2021). Other chemicals
employed in the process should also be carefully selected and evaluated
since they may influence the desired result, pose environmental diffi
culties, or impair the method’s economic feasibility. Finally, to ensure
the quality and yield of the various products, the technical factors of
each phase should constantly be considered. Traditional procedures,
which use organic solvents, need extensive extraction durations, a lot of
energy, and other resources, and hence represent a significant envi
ronmental concern (Chemat et al., 2019) as citrus waste currently does
because of its biodegradability (Siles et al., 2016). Furthermore, it is
required to maintain very acidic conditions during the recovery of
pectin, which is a severe environmental hazard; it also causes reactor
corrosion (Satari et al., 2017). Another issue with this approach is its
negative environmental effect, which limits its utilization because it
generates dangerous chemicals during treatment (Mohanty et al., 2022;
Yaashikaa et al., 2020). In addition, while a modern method for recov
ering pectin that combines supercritical fluid extraction with subcritical
water hydrolysis is appealing and environmentally friendly, it has
drawbacks, such as bonding between the cell wall composition and its
monosaccharide structure, and slow biomass hydrolysis rates (Freitas
et al., 2020; May 1990). In response to these shortcomings, consumer
demand has recently shifted to so-called “green-labeled” pectin (Zyk
winska et al., 2008). Therefore, enzymatic processing methods have
been widely employed as an environmentally benign means to extract
green-labeled pectin, notwithstanding their possible expenses (Satari
and Karimi, 2018a).The techno-economic assessment of green tech
niques involved in pectin extraction revealed that the selling price of
pectin (USD $13.6/kg) is higher than the production cost of pectin
($9.8/kg) involving the cost of raw material ($13.6/metric ton),
chemicals involved, machinery used (165 kJ energy for 5 min Micro
wave pretreatment at 550 W and 36–135 kJ energy for grinding), NPV
($3.2 million), and environmental consequences (Benassi et al., 2021;
Nadar et al., 2022).

there is still a need to investigate the possibility of different non-solvent
advanced technologies in the degradation and oriented modification of
pectin to generate this polysaccharide. This might lead to the develop
ment of novel bioactive structures and functionalities for use in a wide
range of sectors, including food, pharmaceuticals, and others. Because of
the growing demand for ready-to-eat foods, pectin is always the
preferred choice of food manufacturers as a fat or sugar replacer in lowcalorie foods. As a result of carbon catabolite repression (CCR) regula
tion, the presence and simultaneous consumption of several sugars in
pectin hydrolysates is a significant challenge (Gao et al., 2019; Kayikci
and Nielsen, 2015). This regulatory system restricts the effective use of
numerous carbon substrates in biotechnological procedures such as
those designed to valorize pectin-rich residues. As a result, for
biotechnological valorization, yeasts may be able to efficiently use the
mixes of sugar monomers present in hydrolysates formed from pectinrich residues.
In addition to these points, the future of pectin-based hydrogels in
water remediation is bright; nevertheless, it will take joint efforts from
both non-government and government agencies to extend and scale up
some sustainable and contemporary techniques to provide clean water
to society. Despite widespread interest in pectin-based hydrogels, the
present methods for their effective use are somewhat limited (Thakur
et al., 2019). Therefore, the global research community should investi
gate a variety of novel ways for the effective and efficient use of pectinbased hydrogels for water treatment due to their easy accessibility, nonhazardous nature, and environmental friendliness. Meanwhile, owing to
a myriad of issues, including the perishable nature of the waste source,
logistical constraints arising from widely dispersed manufacturing, and
the composition of waste, which often comprises complicated blends
that are difficult to process, pectin production costs remain high
(Jiménez-Moreno et al., 2020). As a consequence, selective separation
and collection at the places of citrus waste generation are found to be
essential components in making waste valorization possible in this sit
uation. Therefore, industry and academics are both interested in this
material because of its high added value and distinct behavior.
8. Conclusions
Valorization of fruit waste is an effective and efficient waste man
agement strategy. Citrus fruit wastes are rich in bioactive compounds.
Recovery of these phyto-constituents through novel green techniques is
a demand of time to answer the environmental and human health con
cerns incurring due to mismanagement of this waste. Pectin extracted
from citrus peel has a greater potential of gelling, thickening, water
trapping, etc. which makes it versatile in various industrial, food, and
non-food applications. Waste-derived pectin is a waste to wealth and
health-promoting sustainable idea which holds the potential to replace
synthetic additives in an eco-friendly manner.

7. Constraints and perspectives
The use of organic waste residues as feedstock to produce valueadded products is an ecologically beneficial strategy that conserves
and reuses sources. Fruit wastes are a well-known feedstock that has
been employed for economic purposes. However, there have been
several challenges in isolating, extracting, characterization and modi
fying the product to meet the requirements. Many developments have
been made in terms of raw materials, processing procedures, structural
modifications, and end-usage of pectin since its discovery in 1825
(Marenda et al., 2019). Pectin can be extracted from a wide variety of
plant tissues, yet the current market demand cannot be met with con
ventional approaches. Pectin extracted from different sources differs in
its structural configurations, carbohydrate, and methyl ester groups
distribution (Bouyer et al., 2012a). Although, pectin may be modified to
serve new functions, either alone or in conjunction with other bio
polymers, because of its ability to change its structure. The functional
qualities of structurally varied pectin is challenging, as different struc
tures modify the gelling, stabilizing, and emulsifying properties. The
assessment of pectin structures and bio functionality from various
sources is still in its early stages and requires refinement (Bouyer et al.,
2012b; Vanitha and Khan, 2020a). In addition, there is a significant gap
in understanding the structural–functional interaction and its influence
on pectin interactions with various dietary components (Vanitha and
Khan, 2020b). Apart from the technologies discussed in this review,
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