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Abstract: Citrus contains a range of highly beneficial bioactive compounds, such as polyphenols,
carotenoids, and vitamins that show antimicrobial and antioxidant properties and help in building the
body’s immune system. On consumption or processing, approximately 50% of the fruit remains as inedible
waste, which includes peels, seeds, pulp, and segment residues. This waste still consists of substantial
quantities of bioactive compounds that cause environmental pollution and are harmful to the ecosystem
because of their high biological oxygen demand. In recent years, citrus cultivation and the production of
processed foods have become a major agricultural industry. In addition to being a substantial source of
economy, it is an ideal and sustainable and renewable resource for obtaining bioactive compounds and
co-products for food and pharmaceutical industries. In the present article, the various methods of
extraction, conventional and modern, as well as separation and isolation of individual bioactive
compounds from the extraction mixture and their determination have been reviewed. This article presents
both aspects of extraction methods, i.e., on a small laboratory scale and on an industrial mass scale. These
methods and techniques have been extensively and critically reviewed with anticipated future
perspectives towards the maximum utilization of the citrus waste.

Keywords: citrus waste; citrus byproducts; essential oils; waste management; limonene; phenolics;
flavonoids; citric acid; environment friendly extraction; phytochemical extraction and purification

1. Introduction

Citrus is cultivated as one of the largest fruit crops across the globe and has been known to humans for
thousands of years due to its health benefits. The center of origin of citrus species has been discovered to be
the southeast foothills of the Himalayas, Meghalaya, eastern areas of Assam, India, Northern Myanmar,
and the Western Yunnan province, China, on the basis of genomic, phylogenetic, and biogeographic
research on citrus fruits [1,2]. Citrus belongs to the Rutaceae family and comprises 140 genera and 1300
species. The origin, geographical spread, and popular varieties of citrus fruits cultivated across the globe
are shown in Figures S1 and S2a-d (Supplementary Information), and the main citrus growing regions in
the world map along with their annual productions are shown in Figure 1 [3,4]. The cross between the native
varieties and the evolution of popular hybrid variants in citrus fruits and the list of main citrus varieties
cultivated widely across the globe has been presented in Figure S3a-b (Supplementary Information) [5]. The
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global citrus production in the year 2016 was ~124.3 million tons [3], with oranges being the largest among
all citrus crops. The global orange production of oranges for the year 2018/2019 has been estimated to
increase by ~6.3 million to 54.3 million tons [4]. The important varieties cultivated commercially are oranges
(61% of total), mandarin (22% of total), lime and lemon (11% of total), and grapefruit (6% of total) [3].

The citrus processing industries have been focusing on the production of juices and essential oils for
many years. It is estimated that 33% of the total harvest in the world is used for juice production [6]. A high
percentage of orange production (70%) is consumed for the production of commercial derivative products,
such as fresh juice, dehydrated citrus products or marmalades, jams, and flavoring agents for beverages [7].
Approximately 50%—60% of the fruit parts remaining after processing are converted to citrus wastes (peels,
seeds, and membrane residue) [8]. Accordingly, the built-up amount of semisolid and solid citrus waste is
alarmingly huge. Annually, the citrus waste created by processing industries is estimated to be over 60
million tons worldwide [9]. The bioactive molecules obtained from citrus waste have been reported to
exhibit antimicrobial, antiallergic, anticancer, and antidiabetic properties and hence have been promoted as
dietary supplements for nutrition and health. The various health benefits and applications of bioactive
molecules in neutraceutical/pharmaceutical/therapeutic applications and food preservation have been
extensively reviewed in our previous publications [10-14].
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Figure 1. Climate sustainability and the annual production of citrus fruits in different geographical regions
across the globe [3,4,15].

1.1. Anatomy and Waste Composition

A typical citrus waste is composed of semisolid residue composed of endocarp residual membranes,
vesicles, pith residue, and, to a large extent, albedo and exocarp or flavedo. A typical composition of citrus
wastes acquired from juice-producing industries is presented in Table 1. The overall composition also
depends on the citrus species, variety, and the harvesting season. The compositions of typical citrus waste
(peel and rag) and dried citrus pulp are shown in Figures 2 and 3.

Table 1. The composition of citrus wastes acquired from juice-producing industries; Units are expressed in
(8/100g).
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Composition Citrus Byproduct Peel Pulp
Moisture content 85+0.202 75.3+10.20 ¢ 85.7+0.00 ¢
Crude protein 12.5+0.87" 10.2+3.70 ¢ 8.6+0.004
Crude fiber 7572102 57.0+10.0 ¢ 73+0.80¢
Crude fat 0.5+0.02" 22+6.10¢ 49+0.00¢f
Total ash 8.1+0.41V 3.3+0.50 ¢ 6.5+0.004

Reference: 2 [16]; ® [9]; < [17]; 4 [18]; ¢ [19]; f [20].
Whole fruit Juice Peel (Flavedo and Albedo) Rag and Pulp Seeds

Percentof  Total solids Percentof  Total solids Percentof Total solids Percentof Total solids Percentof Total solids

whole fruit (%) whole fruit (%) whole fruit (%) whole fruit (%) whole fruit (%)
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Figure 2. The main citrus varieties and its physical composition in terms of edible juice and inedible waste
part, which consists of peel (flavedo and albedo), rags (pith, pulp residue, and segment membrane), and

seeds [10,13,21].
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Figure 3. (a) The composition of typical citrus waste (peel and rag); (b) the composition of dried citrus pulp
[9,22-27].

The waste is rich in sugars, fibers, organic acids, amino acids and proteins, minerals, essential oils
(mainly d-limonene), lipids, and large amounts of polyphenolic compounds and vitamins [28]. The physical
and chemical composition of citrus waste varies in different fractions of the fruit, such as juice, albedo,
flavedo, rag and pulp, or seeds [29]. This, in turn, depends on different methods/techniques employed for
the juice and pulp extraction [30]. The citrus waste constitutes ~5%-70% of the fruit—of which, ~60%-65%
is peel, ~30%-35% is internal tissues, and up to 10% is seeds by weight [31]. The composition of dried citrus
pulp waste is different according to the relative proportions of skins and seeds.

1.2. Why Is Dumping Untreated Citrus Waste Risky?

Mostly, organic wastes originating from the fruit processing and food industries are dumped on barren
grounds because it is believed that they add organic humus and minerals to the deficient soil and are
converted into fertile soil. An important aspect regarding this fact is that if the nitrogen content in the waste
material is below a certain level (<0.14%), it cannot support the decomposition process by microbes, e.g.,
bacteria. This has serious implications, as this condition creates a further challenging situation by using the
existing nitrogen in the soil, rendering it deficient. Citrus canning plant wastewaters contain high
concentrations of detergents and alkalis or bases and fermentable sugars, such as glucose, fructose, and
sucrose, accounting for approximately 70% of the biological oxygen demand (BOD). The BOD content in
different sections of industrial citrus wastes created during different operations is displayed in Table 2 [32].

Table 2. The biological oxygen demand of citrus wastewaters generated during different processing
operations [32].

Operation in Citrus Industry Biological Oxygen Demand (mg/L)
Fruit washing 500
Juice extraction 500-1500
Juice evaporator condenser water 0-500
Molasses evaporator condenser water 0-500
Sectionizing 5000-10,000
Essential oil recovery 20,000-45,000
Peel bin drip 60,000-120,000
Pressed liquor 60,000-120,000

This situation is often seen in the case of citrus waste dumping into the ground. Moreover, the sugars
present in the waste attract flies, and there is a bad smell (odor) at the dumping site. It is only possible to
improve this situation by supplementing the dumping area with nitrogenous supplements, i.e., chemical
fertilizers containing cyanamide to the ground. This can be done systematically by adding 100-200 kg of
calcium cyanamide to every ton of ground waste, mixing thoroughly and allowing it to dry. Additionally,
nitrates, ammonium sulphate, and superphosphates can also be added to facilitate the bacterial
decomposition of waste and humus addition to the soil [27]. Alternately, these wastes can be utilized in the
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fermentation process to yield organic acids. The main challenge is the removal of oils (d-limonene) from the
waste which possesses antimicrobial properties. With the increasing risks towards the environment and
restrictions imposed by government laws, the citrus waste processing industries have to consider waste
management as a total financial liability. In this direction, developing a zero-waste citrus industry concept
appears to be an economically profitable as well as environmentally-friendly resolution. On the one hand,
the wastes can be converted into useful salable products and, on the other hand, an appreciable part of the
BOD in citrus wastes can be removed, easing the disposal problem [32]. A schematic diagram illustrating
the risks and potential threat of pollution to soil and aquatic ecosystems and the overall environment
because of untreated waste disposal is presented in Figure 4. Alternately, the citrus waste can be utilized
for obtaining valuable bioactive compounds, such as phenolic compounds, pigments, oils (limonene), lipids,
etc.,, employing extraction and purification techniques, and the remaining residue may be subjected to
anaerobic digestion to produce biomethane and alcohol. The resultant digestate post fermentation can be
utilized for the production of soil compost [33].

Citrus processing Industrics

Figure 4. Schematic diagram illustrating the risks and potential threat of damage to soil and aquatic

ecosystems and the overall environment by the disposal of untreated citrus wastes.

2. Extraction Methods

Citrus has been a most extensively researched subject in the category of fruit crops in the last hundred
years. Research began during the post-industrial revolution. In the last few decades, there has been a
quantum leap in the research after the inventions of advanced techniques for the extraction, identification,
characterization, and authentication of extracted compounds to spot adulteration and modern equipment
for designing and manufacturing various commercial products. In recent years, extraction techniques for
the chemical, food and pharmaceutical industries have received a lot of attention because of the increase in
energy prices, COz2emissions, and other environment-related problems. Furthermore, tremendous growth
in the production, processing, and consumption of citrus fruits has created a lot of challenges for
researchers. One of the most crucial topics in this regard is the development of methods and techniques to
achieve the maximum extraction of the valuable compounds and byproducts at a low cost [10]. This section
gives a comprehensive outlook and collection of scientific reports on the progress of the development and
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modernization of equipment and extraction methods, techniques, and their relative merits. Some of the
popular methods for the extraction of industrially important valuable compounds from citrus peels include
reflux distillation, shaking, stirring, microwave, ultrasonic extraction, and so on [19,34—42]. Supercritical
fluid extraction, ultrasound extraction, the controlled pressure drop process, and subcritical water
extraction are modern and rapid methods that consume less solvent and energy. Supercritical fluids have
several advantages, such as nontoxicity, nonflammability, no chemical residue, and low/moderate
operating temperatures and pressures [43]. Microwave hydrodiffusion and gravity (MHG) [44] is
advantageous in comparison to conventional methods, as it requires shorter extraction periods and
consumes smaller amounts of solvent and works under the effect of microwaves and the earth’s gravity at
atmospheric pressure without using any solvents [45]. In this process, a mass of 500 g of fresh plant waste
is heated under microwave at a certain temperature. No solvent or water is used. The direct interaction of
microwaves with the cells causes rupture of the cell wall and heating the water in cytoplasmic contents sets
off their release. These compounds then diffuse out and settle down naturally under the effect of gravity on
a spiral condenser outside the microwave cavity. The crude juice is collected continuously in a graduated
cylinder. The extraction process is continued until no more juice is extracted or overheating is detected [44].
Essential oils are one of the main byproducts of citrus peel wastes and are used extensively in several
commercial products due to its characteristic pleasant aroma. Citrus essential oils possess antimicrobial,
antibacterial, and anti-insect properties. Due to adulteration by other essential oils, the quality degrades.
Commercial manufacturers utilizing essential oils need quality control checks in this regard in order to spot
adulteration and to ensure authentic products. Mahato et al. reviewed different methods for the extraction
of citrus essential oils and modern authentication techniques and the application of essential oils in the
preservation of fruits and vegetables as well as processed foods [12]. A list of various extraction methods,
conventional and modern, and separation, isolation, and purification techniques have been summarized in
Figure 5. The conventional and modern (nonconventional) extraction methods and their working principles
have been summarized in Table S1 (Supplementary Information). Furthermore, schematic diagrams
illustrating the experimental apparatus set-up are presented in Figure 54 (Supplementary Information).

The extraction of compounds results in obtaining a mixture of many compounds. It is then processed
for the isolation of individual compounds by purification methods. This is followed by the identification of
compounds, and characterization and authentication. A summary of the methods employed for the
estimation of isolated and purified compounds obtained from extractions is listed in Table S2
(Supplementary Information). Chromatographic and spectroscopic techniques are discussed later in this
article. The classification of major and important bioactive compounds extracted from different parts of
citrus wastes has been listed in Figure S5 (Supplementary Information).
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Figure 5. The steps involved in the extraction, separation, isolation, and purification of important compounds
from citrus waste and techniques employed for determination and structural elucidation.

2.1. Polyphenols

Polyphenolic compounds are generally present in the outer surface of citrus fruits, such as peels, shells,
and hulls, and protect the inner tissues from harmful UV and IR rays of the sun as well as microbial
infections. Their extraction is dependent on the kind of solvent selected and the type of treatment during
the extraction process chosen. For example, phenolic compounds, such as p-cinnamic acid, ferulic acid,
isoferulic acid, 5-hydroxyvaleric acid, vanillic acid, and 2-oxybenzoic acid, are generally detected in citrus
peel extracts, but a difference has been found when heat treatment is employed during the extraction
process. In ethanolic extraction (with 70% ethanol) along with heat treatment for 30 min at 150 °C, 2,3-
diacetyl-1-phenylnaphthalene, ferulic acid and p-hydroxybenzaldoxime were detected. On the other hand,
in a similar process without heat treatment, 2-oxybenzoic acid and 2,4-bis-hydroxybenzaldehyde were
detected. Alternately, in water extracts, with no heat treatment, p-cinnamic acid and isoferulic acid were
detected, whereas post-heat treatment, 5-hydroxyvaleric acid, 2,3-diacetyl-1-phenylnaphthalene, vanillic
acid, and ferulic acid were detected. Furthermore, it was also found that a simple heating process can release
several bound phenolics into the extraction solution and increase the overall resultant antioxidant activity
of citrus peel extract [35]. Polyphenolic compounds are extracted as total polyphenolic content. The extract
is a mixture of several compounds in different proportions. A comparison of solvent type-yield amounts
and the effect of the extraction method on the yields and antioxidant activity exhibited have been listed in
Table 3.
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Table 3. Polyphenol content in different citrus varieties across the globe and the effect of parameters involved in the extraction process.

8 of 79

Total Phenolic

Antioxidant Activity Extraction Method Ref.
Content
Pulp Peel Pulp Peel
Orange (Orlando, Citrus sinensis, Saudi Arabia) 123.02 178.90 69.31 67.58 Ethanol (80%), solvent extraction,
Lemon (Eureka, Citrus limon, Saudi Arabia) 98.38 61.22 59.60 68.57 70 °C,3h
TPC—mg GAE/100 g [46]
Mandarin (Kinnow, Citrus reticulata, Saudi Arabia) 104.98 169.54 62.82 46.98 Antioxidant activity —antiradical
activity against DPPH radicals (%)
Seeds Peel Seeds Peel
_ a1.37 25.76 ‘
Lemon (Guangzhou, China) 13.58 1.99 - b 5.06 THF (nonpolar)/methanol-acetic
1281 29.99 acid-water (polar) (50:3.7:46.3, v/v);
Mandarin (Guangzhou, China) 2.77 3.64 b 435 v 8.61 Solvent extraction 37 °C, 30 min
- 2 16.83 TPC—mg GAE/g of peel/seed [47]
Green pomelo (Guangzhou, China) 3.16 425 b16.40 b91.98 Antioxidant activity —
. . A 11.49 +14.99 * FRAP (pmol Fe(Il/g)
Tangerine (Guangzhou, China) 3.02 3.52 b7 67 b14.08 TEAC (umol Trolox/g)
Navel orange peel (Coles Broadway, Sydney) 5.00 1290.00 Deionized water, Soxhlet extraction,
Mandarin peel (Coles Broadway, Sydney) 7.30 880.00 Spray drying
Lemon peel (Coles Broadway, Sydney) 6.00 890.00 TPC—mg GAE/g [48]
Lime peel (Coles Broadway, Sydney) 6.00 740.00 Radical scavenging activity against
’ ) ) DPPH-SCso (ug DM/mL)
Grapefruit peel (Israel) 155.00 1667.00 Ethanol (95%), solvent extraction,
Sweet orange peel (Israel) 179.00 3183.00 Boiling in water bath
TPC—mg CAE/100 g
(mg of chlorogenic acid per 100 g of  [19]
Lemons peel (Israel) 190.00 6720.00 fresh fruits)
Antioxidant activity — TRAP
(nmol/mL)
White grapefruit peel (Citrus paradisi, Israel) 8.40 26.31,14.50 MeOH (80%)
Jaffa sweetie grapefruit peel (Citrus grandis x C. 13.90 +8.52,519.30 Solvent extraction; 90 °C; 3 h [49]

paradisi, Israel)

TPC—ug GAE/g fresh weight
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Antioxidant activity —
aTAA (mM TE/g FW)
®*NO (AE x 10?)
Lemons (cv. Meyer) peel (New Zealand) 59.77 0.58 EtOH (72%), solvent extraction, 3 h
Lemons (cv. Yenben) peel (New Zealand) 118.95 1.28 TPC—mg GAE/g of fresh peel
Grapefruit peel (New Zealand) 161.60 1.72 Antioxidant activity [50]
Mandarin (cv. Ellendale) peel (New Zealand) 121.14 1.27 FRAP assay (mM FeSOs
Sweet orange (cv. Navel) peel (New Zealand) 73.59 0.85 equivalent/100 g fresh peel)
211.50-13.30
Lemons peel (Citrus meyeri, Mauritius) 1882.00-2828.00 v 21.20-26.70 )
< 10.70-14.36 Solvent extraction; MeOH (80%)
o T
Mandarins peel (Citrus reticulate, Mauritius) 2649.00-6923.00 »20.90-81.30 [51]
¢ 3.70-14.24 a TEAC (umol Trolox/g FW
b FRAP (umol Fe?t/g FW)
o o *21.60-31.20 ¢ HOCI (ICx) mg FW/mL
Sweet orange peel (C. sinensis, Mauritius) 4509.00-6470.00 b 37.60-56.70
©3.98-6.57
Acetone in water (20-80%),
microwave-assisted extraction
33716 (MAE), 90-240 s
Citrus sinensis peel (Algeria) 12.09 b 48D 07 TPC—mg GAE/g dry weight
Antioxidant activity —
a DPPH radical scavenging assay
® ORAC assay DPPH radical
. ) ) . 2433.08 . .
Citrus sinensis peel (Algeria) 10.35 b 456,94 Acetone in water 76%, UAE, 8.33 min  [52]
1 g peel powder placed in two layers
of diatom earth and extracted with
. ) ) . 2450.44
Citrus sinensis peel (Algeria) 6.26 b337.97 50% acetone
Accelerated solvent extraction (ASE);
120 °C
. ) ) . 2358.45
Citrus sinensis peel (Algeria) 10.21 b 523,04 50% agq. acetone; CSE; 60 °C, 2 h
Citrus juice byproduct (Industry, Brazil) 386.00 211,035.00 [53]
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»91,570.00 Aqueous ethanol solution (1:1);
Ultrasonication, 30 °C, 15 min
TPC—mg GAE/100 g dry matter

Citrus pectin byproduct (Industry, Brazil) 170.00 . 327?5 81 80(())0 R DPPI—? ?;Zﬁﬁi:;j:g;;yg activity
(umol TE/g DM)
* ORAC (TE/g DM); TE—Trolox eq.
Lemon peel (Sarajevo, B&H) 0.48 20.30 Ethanol, ultrasonication
Orange peel (Sarajevo, B&H) 0.45 19.15 TPC—mg GAE/mL
Mandarin peel (Sarajevo, B&H) 0.33 9.13 Antioxidant activity —
Red grapefruit peel (Sarajevo, B&H) 0.28 24.52 ICs0—concentration of the extract [54]
that reduces 50% of Molebdenum
White grapefruit peel (Sarajevo, B&H) 0.19 30.93 ions (total antioxidant capacity

spectroscopic method)

The subscripts (3,  and ©) are denoted for the different antioxidant activity methods employed —these exhibit antioxidant properties. TPC-Total Phenolic Content;
GAE-Gallic Acid Equivalent; DPPH-2,2-diphenyl-1-picrylhydrazyl; THF-Tetrahydrofuran; FRAP-Ferric Reducing Ability of Plasma; TEAC-Torlox Equivalent
Antioxidant Capacity; DPPH-SCso-(otherwise called the ICs0 value), the concentration of the antioxidant causing 50% DPPH* scavenging, or as %scavenging of
DPPH" at a fixed antioxidant concentration for all the samples; TAA-Total antioxidant activity; ORAC-oxygen radical absorbance capacity; CSE-cigarette smoke
extract; TE-Trolox Equivalents.
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The steps involved in the different extraction methods reported on total polyphenolic content
from citrus peels are shown in Figure S6 (Supplementary Information) [55-57]. The composition of
total polyphenol content, antioxidant properties in different citrus varieties across the globe, and the
effect of the treatment and different parameters involved during the extraction process are
summarized in Table 3. Phenolic components are most commonly collected by the solvent extraction
method. Here, the citrus waste is treated with solvents and soaked for a defined time, centrifuged,
and then the supernatant is filtered. Following the filtration, the aliquot of the filtrate is concentrated
through the evaporation of the solvent. The yield of the recovered various phenolic compounds also
depends on the nature of solvents used for extraction. A comparison of solvent type-yield amounts
is illustrated in Figure 6.

92 1200 35000
80 ® Methanol 30000
70 = DMSO 1900
25000

g 60 Ethanol 800

o0 20000
50

3 600

g 40 15000

5 30 400

B 10000

5 20

2 200 5000

£ dl
0 0 - 0
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‘#‘& ‘\{y Q’Poa (i 0‘)& <<e. > ¥
& o ~
& © q
4)
&
R

Figure 6. Effect of the nature of solvents on the yield of total phenolics by the solvent extraction
process [58].

The extract was then re-dissolved in distilled water and stored at 4 °C prior to the purification
step. During purification, sugars and organic acids were removed from the crude extract using the
column chromatography technique. Finally, the phenolic compounds were collected. Sophisticated
methods for the extraction of phenolics and flavonoids include optimized microwave-assisted
extraction (MAE) [59,60], ultrasound-assisted extraction (UAE) [61], pulsed-electric field extraction
(PEF), pressurized liquid extraction (PLE) [62], supercritical fluid extraction (SFE), and so on [63]. The
method showed better performance in terms of higher yields than conventional techniques and was
confirmed by different antioxidant assay systems. It is worth mentioning that the long procedural
times of extraction required by conventional methods render phenolic acids susceptible to
degradation. Therefore, the application of MAE for the extraction of biologically active compounds,
in particular, some unstable phytochemicals, has an edge over conventional methods. The total
phenolic contents in the citrus extract were evaluated using the Folin—Ciocalteu assay [50,58,64—67].

2.2. Flavonoids

Flavonoids are the largest group of polyphenolic compounds consisting of a common benzo-y-
pyrone structure [68]. Flavonoids are basically 3-ring structures, with two of them being aromatic
benzene rings (rings A and B) connected by an oxygen pyrane ring (ring C) and varying numbers of
hydroxyl groups in different positions on the ring (Figure 7). There are mainly three groups of
flavonoids found in citrus fruits, viz. aglycons, glycosylated flavones (luteolin, apigenin, and diosmin
glucosides), and polymethoxylated flavones [34]. The molecular structures of the major flavonoids
are shown in Figure S7 (Supplementary Information). Flavonoids constitute 10% of the dry weight of
the citrus fruit. These take part as precursor molecules or intermediate metabolites in the formation
of a variety of constituents, e.g., pigment (anthocyanidins); and regulate photosynthesis and redox
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reactions. The main flavonoids found in the citrus fruits are hesperidine, narirutin, naringin, and
eriocitrin [10,69]. Hesperidin and narirutin are found mainly in the flavedo part of the peels and other
solid residues, whereas naringin and eriocitrin are predominant in liquid residues [70]. Hesperidin
concentration has been found to be higher in peels than in juice or seeds, probably responsible for
fruit coloration. Ruby red grapefruits contain the highest percentage of naringin. The rind core and
segment membrane contain 75%-90% of the total flavonoids. Approximately 90% of the naringin is
found in peels, rags, and pulp, 0.02%-0.03% in juice, whereas the hesperidin content in the juice is
0.015%-0.025% [22]. Peels and seeds are rich sources of phenolic compounds, which include both
phenolic acids and flavonoids. The phenolic contents were found to be more concentrated in the peels
than seeds [71,72]. The composition of the seeds and peels is not always the same. For instance, in
lemons, the seeds principally contain eriocitrin and hesperidin, and the peel contains higher amounts
of neoeriocitrin, naringin, and neohesperidin. The concentrations of different glycosylated flavanones
have also been observed to vary. For example, neoeriocitrin and naringin were found in almost equal
concentrations in the peel, whereas eriocitrin was found to be 40 times more abundant in the seeds
compared to naringin [34]. Some minor flavones, namely, apigenin, luteolin, and diosmetin-derived
compounds and flavanones, namely, eriodictyol, naringenin, and hesperetin-derived compounds,
are found in bergamot peels [10,73]. Flavonoids were commercially produced from citrus waste for
the first time in 1936 and reported for activities resembling those of vitamins (Vitamin-P) [22]. Later,
some more physiological activities other than vitamin were reported which include antioxidant
activity, antimicrobial properties, etc. The first flavonoid commercially produced was hesperidin. The
process included liming of ground orange peels which coagulates the pectic materials present in the
peel waste, leaving behind hesperidin chalcone in the solution. The peels are further subjected to
powerful presses to obtain the maximum yield. They are filtered and acidified with hydrochloric acid
to a pH of 6.0. The solution is then heated and allowed to stand overnight, which yields crystals of
hesperidin from its chalcone. Hesperidin is filtered and dried to obtain “cakes”. Another flavonoid
naringin (flavanone glycoside) was first separated from grapefruit peel and commercially used to
induce a bitter taste in beverages, confections, marmalades, and as a raw material to produce
rhamnose, p-coumaric acid, phloglucinol, and dyes [27].

The extraction of flavonoids from citrus waste requires preconditioning of the raw materials.
The raw materials are either taken in fresh or frozen or in dried form. In frozen or dried form, they
can be milled, ground, and homogenized easily in an appropriate solvent for extraction. It has been
observed that freeze-dried samples retain higher amounts of flavonoids than air-dried samples [74].
This might be attributed to a thorough rupture of cell walls to facilitate extraction. The solvent
extraction method is considered to be the simplest method for extraction of phytochemicals. The yield
of the extracted phytochemicals, however, depends on the properties of the solvent employed, e.g.,
polarity, extraction duration, temperature, sample to solvent ratio. In addition, the yield also depends
on the physical characteristics and pretreatments employed for the sample. The sample is dried and
ground into small particles to facilitate extraction of phytochemicals from that concentrated in solid
form into the liquid solvent media. This method is preferred so as to avoid or shorten the additional
steps of evaporation or decantation of the water content in the extracted amount. In general, organic
solvents are used for the extraction of most of the phytochemicals. The process includes two main
operations, viz. a simple maceration process in which the phytochemicals diffuse out into the solvent
medium from the citrus matrix [75], and a centrifugation process in which the aqueous phases can be
separated out of the extracted phytochemicals [76]. The main steps involved in the different
extraction methods reported for flavonoids are shown in Figure S8 (Supplementary Information).
The commonly used solvents in flavonoids extraction are methanol, ethanol, acetone, ethyl acetate,
and their combinations. The solvent ratios can be adjusted according to the sample type, peel waste
or pulp waste, depending on the water content in the sample. Methanol has been found to be more
effective in extracting flavonoid compounds of low molecular weight and aqueous acetone in
extracting high molecular weight flavonoid compounds [77].
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Figure 7. Classification of citrus polyphenols [11].

Other conventional methods of extraction using solvents are Soxhlet extraction, vortexing,
centrifugation, and hydrodistillation. Hand pressing and cold pressing methods do not involve
solvents. A pictorial representation of the experimental set-up of these methods has been illustrated
in Figure $4 (Supplementary Information). In recent years, a number of modern methods of extraction
have been developed which include microwave-assisted extraction, ultrasound extraction, and
techniques based on high pressure or temperature application and compressed fluids, e.g., high-
pressure solvent extraction, subcritical water extraction, supercritical fluid extraction. These
nonconventional methods consume less solvent, time, and energy. Methods involving microwave
and ultrasound employ wave energy to heat solvents, ensuring less time, solvent, and energy
consumption, and efficient extraction. Additionally, they facilitate a better yield at a lower cost
[10,11]. Lo Curto et al. introduced an innovative process for simultaneous production of pectin along
with hesperidin from citrus wastes. In this method, the orange peel waste is first pretreated with
calcium hydroxide, hydrochloric acid, etc., followed by extraction of the compounds via the solvent
extraction method. Alkaline treatment or pretreatment with calcium hydroxide induces the
insolubilization of pectin present in the complex mixture of citrus waste under an extraction process.
The insoluble pectin is now easy to filter out, leaving behind flavonoids in the solution. The pectin
otherwise remains as a hydrosoluble entity in the solution and hampers the process of crystallization
of flavonoids and separation of the same. Furthermore, liming facilitates isomerization of the
flavonoids and solubilizes the derived chalcones. The filtered liquid is then acidified with
hydrochloric acid to facilitate the inverse reaction and separation of soluble flavonoids. Ethanolic
extracts carry larger quantities of hesperidin compared to water extracts. The yield of hesperidin from
the pretreated and dried orange peels is greater (3.7%—4.5%) compared to that from fresh orange peels
(1.8%—2.3%). The better yield is attributed to the solubilization of pectin during pretreatment [18,78].
Enzyme-assisted extraction method has also been tested for extracting phenolic compounds and
flavonoids from citrus wastes [64]. The efficacy of this method depends on the activity of the enzymes
on the degradation of the cell wall. These include glucanases and pectinases, which break down the
proteins and carbohydrates present in the cell walls. This allows exposure of intracellular materials
to the solvent media and the compounds accessible for extraction. The composition of major
flavonoids determined from methanolic extraction of peels of different citrus fruits cultivated in
Taiwan is presented in Table 4.
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Table 4. Composition of major flavonoids determined from methanolic extraction of peels of different citrus fruits cultivated in Taiwan [36].

C. reticulata  C. tankan C. reticulata x C. grandis C. grandis C. microcarpa C. sinensis (L.) C. limon
Composition Blanco Hayata C. sinensis Osbeck Osbeck CV iKumquat) Osbeck (L.) Bur
(Ponkan) (Tonkan) (Murcott) (Wendun) (Peiyou) (Liucheng) (Lemon)
Total . 49.20+£1.33  39.60+0.92 39.80 +1.02 46.70 +1.51 48.70 +1.53 41.00 +1.37 35.50 + 1.04 32.70 +1.06
Flavonoid
Flavanone (mg/g, dried base)
Naringin 0.54 £0.02 0.58 £0.01 0.54 £0.02 23.90 +0.32 29.80 +0.20 0.21+£0.01 0.36 £0.00 1.51 +0.05
Hesperidin 29.50+0.32 23.40+0.25 0.93 £0.04 0.32£0.00 0.34+£0.01 0.10£0.00 20.70 £ 0.38 9.42 +0.41
Neohesperidin ~ 0.11+0.00 0.06 +0.00 0.13+0.00 0.34 +0.00 0.09 +0.00 0.02+0.00 0.09 +0.00 0.16 +0.00
Flavone (mg/g, dried base)
Diosmin 0.36 +0.01 0.33£0.01 0.40 +0.01 0.16 £ 0.01 0.12+£0.01 1.12+0.03 0.17 £ 0.00 0.13 £0.00
Luteolin 0.21 £0.01 0.19£0.01 0.20 £ 0.01 nd nd nd 0.11 £ 0.00 0.08 £ 0.00
Sinensetin 0.29 +0.01 0.41 £0.01 0.30 £ 0.01 0.02 +£0.00 0.06 +0.02 0.01 +0.00 0.42 +0.01 0.22 +£0.01
Flavonol (mg/g, dried base)
Rutin 0.29 +0.00 0.26 +0.01 0.25 +0.00 0.18 +£0.00 0.17 £ 0.00 0.09 +0.00 0.23 £0.00 0.29 £0.00
Quercetin 0.47 +0.00 0.26 +0.02 0.15+0.00 0.23+0.00 0.19+0.00 0.78 +0.00 0.14 +0.00 0.21+0.00

Kaempferol 0.38 £0.00 0.27 £0.00 0.20 +£0.00 0.33+0.00 0.13 +£0.00 0.15+0.00 0.32 +£0.00 0.31£0.00
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The enzyme concentration of 1.5% (w/w) of the peel sample size is reported to be optimum for
the highest extraction [64]. The steps involved in the different extraction and purification techniques
for flavonoids from citrus peels are summarized in Figure S8a—m (Supplementary Information). Total
flavonoids are calculated as hesperidin or naringin. Flavonoids along with polyphenols can be tested
qualitatively using (a) the ferric chloride test [79], (b) cyanidine reaction [80,81], (c) borocitrate
reaction [82], and (d) the alkali test [80,83,84]. Quantitatively, it can be estimated by conventional
methods, such as filter paper chromatography [85-88] and modern chromatographic and
spectroscopic techniques, viz. HPLC-DAD (diode array detection), LC-MS/MS, and GC-MS [11,27].

Flavonoids possess versatile properties, such as antioxidant, anti-carcinogenic, anti-
inflammatory activities, as well as the ability for lipid antiperoxidation [89,90]. Generally, seeds have
been found to possess greater antioxidant compounds than those obtained from peels [34]. The
compounds in the flavonoids group of compounds possess unique identification/detection patterns
specific to each species, which make them very good markers to spot adulteration in commercial fruit
juices [91-93]. Due to their ability to protect against peroxidation of oxygen sensitive foods, these
compounds are also used in food stabilization. Some of the citrus-derived flavonoids are known to
be very effective as repellents or toxins and utilized in plant improvement experiments to obtain
more resistant crops. In addition to this, flavonoids have also been researched extensively in the field
of food technology, for their known properties to provide a bitter or sweet taste and as bitterness
inhibitors [68]. Some glycosylated flavanones are easily converted into corresponding
dihydrochalcones, which are potent natural sweeteners [94,95]. According to Sanfélix-Gimeno et al.,
an average European spends up to €454.7 annually in flavonoids containing cardiovascular drugs
[96].

2.3. Phenolic Acids

Phenolic acids are aromatic secondary plant metabolites, possibly the precursors for vinyl
phenols, and off flavors formed in citrus products during storage [97]. Phenolic acids consist of two
prominent categories based on their structural carbon frameworks, (i.e.,, number and positions of the
hydroxyl groups present on the aromatic ring), viz. hydroxycinnamic acid and hydrobenzoic acid
(Figure S9; Supplementary Information). Phenolic acid and their derivatives are primarily found in
the vacuoles of the tissues in seeds, leaves, roots, and stems. Citrus fruit peels contain four main
phenolic acids, namely, caffeic, p-coumaric, ferulic, and sinapinic acids. Ferulic and sinapinic acids
are most abundantly found in the peels of sour oranges [34]. The majority of phenolic acids are found
in bound form, either linked with the structural components in the plant tissues (cellulose, proteins,
lignin) or larger polyphenolic molecules (flavonoids) and smaller organic compounds (glucose,
quinic, maleic or tartaric acid) or terpenes through ester, ether or acetal bonds. Only a minor fraction
of phenolic acids has been known to exist as “free acids”. The bound form of the phenolic acids gives
rise to a vast range of derivative compounds with complex properties, rendering it difficult to isolate
and analyze. Phenolic acids are usually extracted in aqueous alcoholic or organic solvents, e.g., hot
water, methanol, ethanol, acetone, ethyl acetate, and so on. The basic principle behind the extraction
of phenolic acids is the polarity of the molecules, acidity, and hydrogen-bonding capabilities of the
hydroxyl/carboxyl groups present on the aromatic ring. The saponification or alkaline hydrolysis and
acid hydrolysis are often included as a pretreatment step prior to the extraction process. This includes
both mild hydrolysis employing 1 M NaOH at RT to cleave down ester linkages into carboxylic acid
and hot alkaline hydrolysis employing 4 M NaOH at 170 °C for 2 h to cleave both ether and ester
linkages. To date, no fixed single method of hydrolysis has been developed, and for every extraction
process, a combination of methods is generally employed. The compositional yields of phenolic acids
in different citrus varieties are summarized in Table 5.
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Table 5. Phenolic acid composition of peels and seeds in different varieties of citrus.

16 of 79

Caffeic  p-Coumaric Acid  Ferulic  Sinapinic .
Extract Acid (Cis- and Trans-) Acid Acid Extraction Method Ref.
Lemo.n seed (Citrus Limon 0.02 0.07 0.05 0.05
Femminello Comune, Italy) .
Sweet orange seed (C. bergamia Alkaline
8¢S T8 0.01 0.02 0.05 0.07  hydrolysis of finely powdered peel/seed (bound
Fantastico, Italy) henolic ¢ ds) [34]
enolic compounds
Sour orange peel (C. aurantium, Italy) 0.23 0.19 1.58 0.95 %nit-mg /e DVI\D/
Bergamot peel (C. sinensis Biondo 0.01 0.07 0.04 0.03
Comune, Italy)
Citrus unshiu Mar.c peels (Zhejiang, 1250 23.00 189.00 40.00 80/5) Methanol; Maceration extraction, 1 h, 40 °C;
China) Unit-ug/g DW
Citrus unshiu Mar'c peels (Zhejiang, 31.70 63.20 763.50 132.39 80/.0 Methanol; Maceration extraction, 8 h, 40 °C
China) Unit-ug/g DW
80% Methanol; Ultrasonic Assisted Extraction;
. . .. 4 4 61
Citrus unshiu Marc peels (Zhejiang, 5 g, 97.90 118760 21820  40°C,1h [61]
China) .
Unit-ug/g DW
. . . 80% Methanol; Ultrasonic Assisted Extraction;
Citrus unshiu Mare peels (Zhejiang, g, 5 177.30 222680 21980 15°C,1h
China) .
Unit-ug/g DW
Orange peels (Citrus sinensis, Spain) 9.50 27.90 39.20 34.90
Lemon peels (Citrus limon, Spain) 14.20 34.90 44.90 42.10 Solvent extraction; 95% EtOH, Reflux [19]
. - — o D
Grapefruit peels '(Cztrus paradisi, 5.60 13.10 3230 31.90 Unit-mg/g DW
Spain)
Orange peels (Liucheng, C. sinensis
12.60 229.10 45.30 44.90
(L.) Osbeck), Taiwan
Mandarin peels (Ponkan, C. reticulata Solvent extraction
3.06 346.00 150.00 94.20
Blanco), Taiwan 0.1 g sample in 1 mL MeOH-DMSO (50:50, v/v)
L Is (C. i (L.) Bur) Stirring and centrifugation [36]
emon pee’s (& tmam (L) But) 80.00 264.10 59.10  59.60 8 8
Taiwan Unit-ug/g DW
Kumquat peels (C. microcarpa),
17.30 41.70 52.70 49.50

Taiwan
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Pumelo peels (Peiyou; C. grandis

Osbeck CV), Taiwan 27.50 241.00 32.20 29.20
Pumelo peels (Wend.un, C. grandis 8.0 142,00 3030 1010
Osbeck), Taiwan
Mandarin peels (Murcott, C. 7.23 183.00 14500  178.00
reticulata x C. sinensis), Taiwan
Tonkan peels (C. tankan Hayata), 7.30 319.00 139.00  162.00
Taiwan
Satsuma Mandarin peels (C. unshiu 143.70 29970 2755.60 194.90 Hot water extraction (98]

Marc), China

Unit-ug/g DW
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The steps involved in different extraction processes employed for phenolic acids are summarized in
Figure S10 (Supplementary Information). The extraction techniques generally employed for the extraction
of phenolic acids are Soxhlet extraction, vortexing followed by centrifugation, sonication, mechanical
stirring, microwave irradiation, pressurized liquid extraction in boiling methanol, etc. Following the solvent
extraction, the resultant extracts are subjected to fractionation. The latter is based on the acidity of the
molecules in the extract. The pKa of the phenolic hydrogen is around 10, and that of phenolic carboxylic
acid proton is between 4 and 5. This indicates that removal of neutral compounds is an essential step in
order to separate phenolic acids as a whole and isolate the different constituent acids further. This is done
after the treatment with NaOH and a sequence of acidification, treatment with NaHCOs, and employing
further extraction steps to isolate phenolic acids. In this course, the pH is first adjusted to neutral to facilitate
the removal of flavonoids and other polyphenolic compounds using ethyl acetate, and then the remaining
solution is acidified to the pH of 2 to carry out the extraction of phenolic acids. The fractionation process
involves a solid-phase extraction technique to remove unwanted components from the sample. By varying
the pH of the eluent solution, larger phenolics and sugars are separated from smaller phenolic components.
A relatively lesser employed technique for the extraction of phenolic acids is enzymatic extraction and has
been reported to mainly obtain ferulic and p-coumaric acids. The enzymes generally employed are
pectinases, cellulases, and amylases to rupture carbohydrate linkages. The acids are released on the cleavage
of an acetal and hemiacetal bond found between carbohydrate moieties and the hydroxyl groups off the
aromatic ring without influencing ester cleavage reactions. Further purification and analysis are carried out
using chromatographic techniques. In recent years, the analytical techniques extensively employed for the
characterization and determination of phenolic acids are HPLC with a reverse-phase column (most
commonly Cis stationary phase) equipped with UV and/or LCMS. The biological roles of phenolic acids
include protective action against oxidative damage and diseases, such as coronary heart disease, stroke, and
cancers [99].

2.4. Limonoids

These are naturally occurring triterpenes found in abundance in citrus fruits. Limonin is a highly
oxygenated triterpenoid dilactone and found in plenty in citrus fruits, particularly in seeds [100]. The basic
structure typically contains five rings, including a furan ring attached at C-17 oxygen containing functional
groups, a 14-, 15-epoxide group, and a methyl or oxymethylene at C-19. Limonoids are further categorized
into two classes, viz. limonoid aglycones and limonoid glucosides. Aglycones include ichangin, limonin,
nomilin, obacunone, diacetyl nomilin, isolimonic acid, nomilinic acid, iso-obacunoic acid, deacetlynomilinic
acid, etc. Limonin and nomilin are known to impart bitterness to the citrus juices and deteriorate the juice
quality. Therefore, it is considered as a challenge for the citrus juice industries. This problem had been
constantly under investigation for very long time. The molecular structures of main limonoids found in the
citrus are shown in Figure S11 (Supplementary Information). Limonin was first isolated and identified in
1841 by Bernay [100]. In citrus plants, limonoids are found in several parts, viz. fruits, seeds, bark, and roots.
The composition of limonod aglycones and limonoid glucosides is shown in Table 6. Limonoids had been
customarily extracted using benzene, precipitated using petroleum ether, and crystallized using methylene
chloride. In later years, usage of benzene was restricted and prohibited as it is carcinogenic. Limonoid
aglycones are low-polarity compounds, normally insoluble in water, and therefore can be extracted using
organic solvents, such as dichloromethane, ethyl acetate, and acetone using reflux techniques.
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Table 6. (a) Limonoid glucosides in various citrus fruit seeds extracted in hexane and estimated from reverse-phase HPLC; (b): composition of limonoid aglycons
in various citrus fruit seeds [101]; (values are expressed in mg/g of dry seeds).

(@) Seeds Deacetylnomilinic Nomilin = Nomilinic Acid  Obacunone Limonin  Deacetylnomilin Total
Acid Glucoside Glucoside Glucoside Glucoside Glucoside Glucoside
Fukuhara (C. sinensis Osbeck 0.28 3.22 0.98 1.09 051 1.32 7.40
Hort.)
Hyuganatshu (C. tamurana 0.42 1.10 0.76 0.65 Trace 0.37 3.31
Hort. Ex Tanaka)
Sanbokan (C. sulkata Hort. 0.37 1.13 0.55 0.90 0.51 0.89 436
Ex Tanaka)
Shimamikan (C. kinokuni
Hort. Ex Tanaka) 0.48 1.89 1.29 2.35 0.37 0.69 7.08
Grapefruit (C. paradisi) 0.75 2.01 0.89 0.86 1.48 0.68 6.67
Lemon (C. limon) 0.14 1.53 1.39 1.49 1.44 0.55 6.54
Valencia orange (C. sinensis) 0.13 4.48 0.98 1.06 0.59 1.69 8.94
Tangerine (C. reticulata) 1.69 0.42 0.96 0.45 0.90 0.93 5.36
(b) Seeds Limonin Nomilin Obacunone Ichangin Deacetylnomilin Total
Fukuhara (C. sinensis Osbeck 9.77 3.88 0.37 Trace 2.14 15.92
Hort.)
Hyuganatshu (C. tamurana
Hort. Ex Tanaka) 4.68 3.73 0.28 Trace 0.35 9.04
Sanbokan (C. sulkata Hort. 3.95 1.02 0.30 0.16 1.36 6.79
Ex Tanaka)
Shimamikan (C. kinokuni
Hort. Ex Tanaka) 7.85 2.01 0.28 0.16 2.01 12.31
Grapefruit (C. paradisi) 19.06 1.84 1.86 Trace 1.10 23.86
Lemon (C. limon) 8.95 3.03 0.58 Trace Trace 12.56
Valencia orange (C. sinensis) 10.00 2.30 0.08 1.16 1.24 14.78

Tangerine (C. reticulata) 4.10 1.37 0.35 0.38 3.11 9.31




Foods 2019, 8, 523 20 of 79

Post-extraction, limonoid aglycones are isolated using conventional open column
chromatography. The latter consists of alumina or silica gel as an adsorbent. This is followed by
fractionation and further purification using silica gel chromatography and high-performance liquid
chromatography, respectively, and analyzed using spectroscopy. On the other hand, limonoid
glucosides are polar compounds and extracted using polar solvents, e.g.,, H2O or MeOH. These
include limonin glucoside, nomilin glucoside, obacunone glucoside, ichangensin glucoside,
nomilinic acid glucoside, deacetylnomilinic acid glucoside, etc. The common steps of separation,
isolation, and purification of limonoids are shown in Figure S12 (Supplementary Information) [5].
The steps involved in the different extraction methods for obtaining limonoid aglycones and
glucosides are illustrated separately in Figure S12c-1 (Supplementary Information). In recent years,
modern techniques, viz., supercritical CO2 (SC-COz), and hydrotropic extraction have been
introduced to extract limonoids from citrus waste. The former enables saving large quantities of
organic solvents saving the environment. However, the cost involved in the consumption of energy
to create high pressure limits its practical applicability. In the hydrotropic method, the usage of
hydrotropes increases the solubility of limonin in water but leaves large quantities of alkali metal
(sodium) salts, rendering its purification challenging. Limonoids are also extracted using solid-liquid
extraction and isolated and purified using column chromatography, preparative HPLC, and flash
chromatography. The purified compounds are further analyzed using HPLC-UV, GC-MS, and LC-
MS [100,102]. It has been observed that it is very difficult to obtain limonoids in large quantities even
after repeated purification processes involving HPLC methods. Like flavonoids, limonoids also
exhibit action against chronic diseases, antioxidant, anti-inflammatory, antiallergic, antiviral,
antiproliferative, antimutagenic, and anticarcinogenic properties. Recent studies have revealed
various health benefits and pharmacological aspects of limonoids. These possess antibacterial,
antifungal, antiviral, antioxidant, and anticancer properties [103]. Liminoids are known to induce
detoxification of glutathione S-transferase in the liver cells of mice and rats [104]. In addition to this,
obacunone, nomilin and limonin have shown activity against the growth of Culex mosquito (Culex
quinquefasciatus) larvae, Spodoptera frugiperda larvae, and many insects and pests [100].

2.5. Coumarins

Coumarins and furanocoumarins (psoralen) are mainly present in the peel oils. These are
nonvolatile in nature and therefore not found in the distilled oils, and they exhibit strong absorption
in the ultraviolet region. The molecular structures of the commonly occurring coumarins present in
the citrus are shown in Figure 513 (Supplementary Information). The numbered positions may be
substituted with hydroxyl, methoxyl, isopentenyl (prenyl), isopentenoxyl, geranoxyl, and oxygen
containing modifications of the terpenoid side chain. The highest amount has been reported in lime
oils (~7% by weight in the cold-pressed oils) and lowest in orange oils (<0.5%) Some of the coumarins,
e.g., seselin and xanthyletin, present in the citrus roots have been discovered to inhibit certain enzyme
systems. Furthermore, substituted furanocoumarins were observed to sensitize the skin to sunlight
and be toxic to fishes [105]. Peucedamin was discovered to be poisonous and showed narcotic action
on fishes. Several coumarins have been reported to exhibit antimicrobial activities against bacteria,
yeasts