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Abstract Citrus fruits are well known for their medicinal
and therapeutic potential due to the presence of immense
bioactive components. With the enormous consumption of
citrus juice, citrus processing industries are focused on the
production of juice but at the same time, a large amount of
waste is produced mainly in the form of peel, seeds,
pomace, and wastewater. This waste left after processing
leads to environmental pollution and health-related haz-
ards. However, it could be exploited for the recovery of
essential oils, pectin, nutraceuticals, macro and micronu-
trients, ethanol, and biofuel generation. In view of the
importance and health benefits of bioactive compounds
found in citrus waste, the present review summarizes the
recent work done on the citrus fruit waste valorization for
recovery of value-added compounds leading to zero
wastage. Therefore, instead of calling it waste, these could
be a good resource of significant valuable components, in
this way encouraging the zero-waste theory.
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Introduction

Fruits belonging to the genus Citrus and family Rutaceae is
one of the largest class of fruits which are extensively
grown, processed and consumed all over the globe (Satari
and Karimi, 2018). The history with respect to the origin
and production of these fruits is as yet inexplicable.
However, it is believed that they have origin from lower
regions of the Himalayas in Northern India, Northern
Myanmar, South China (Yunnan area) and Southeast Asia
(Panwar et al., 2021). Among citrus fruits, mandarin
(Citrus reticulate L.), sweet orange (Citrus sinensis L.),
grapefruit (Citrus paradise L.), lemon (Citrus lemon L.),
and lime (Citrus aurantifolium L.) have good commercial
value and are extensively grown throughout the world.
Citrus fruits are well known owing to their exotic taste,
aroma, refreshing fragrance, savor, and adequate vitamin C
content (Ledesma-Escobar and de Castro, 2014). Besides,
these fruits have great adaptability towards diverse climatic
and soil conditions leading to their cultivation in tropical,
subtropical, and mild temperature regions.

Citrus fruits are well known for their medicinal and
therapeutic potential due to their immense bioactive com-
ponents. Citrus fruits constitute water (75-90%), sugars
(6-9%), and the remaining part consists of pectin, dietary
fiber, minerals, and essential oils in a healthy and balanced
dietary form. Furthermore, carotenoids and flavonoids are
also found in citrus fruits (Santiago et al., 2020).

As per FAO STAT, 2019, the annual citrus fruit pro-
duction has abundantly grown worldwide in past many
years, ascending from around 51.48 MT in 1975 to 158 MT
in 2019. China reported 44.10 MT citrus fruit production,
accounting for 27.80% of the total world’s citrus fruit
production in 2019. The other top citrus fruit producing
nations are Brazil, India, Mexico, USA, and Spain. India
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stands at the third position with an annual production of
14.01 MT and 1.07 million hectares of land involved in
citrus fruit cultivation in 2019 (FAO STAT, 2019). As per
ICAR-Central Citrus Research Institute (2019), citrus crops
stand firm on huge foothold in fruit industry of India with
13% contribution to yearly fruit production of the country.
India usually exports citrus fruits to neighboring countries
and around 4-5% citrus fruit is usually processed annually
in food industries, however enormous amounts of lemons
and limes used for pickling in unorganized sector goes
unaccounted. Most of the citrus fruits such as oranges,
mandarins, and grapefruits are commonly eaten in fresh
form (75%), approximately 25% of citrus fruits are pro-
cessed in food industries manufacturing citrus juices/citrus-
based drinks, jams, marmalades, and dehydrated citrus-
based products (Panwar et al., 2021), leading to generation
of huge quantities of waste.

Substantially, the portion of waste material produced
from fruits is tremendously high (mango 30-50%, citrus
30-50%, pomegranate 40-50%, banana 20%, guava 10%,
grape 20%, pineapple 45-55%) (Banerjee et al., 2018).
Citrus fruit waste primarily constitutes pulp, peel, seeds,
damaged and rejected fruits. Citrus fruit based industries
generate large amounts of citrus waste each year and it
represents practically half of the fresh fruit mass. The
amount of citrus fruit waste worldwide exceeds approxi-
mately 110-120 MT annually (Mahato et al., 2020). Citrus
fruit waste has lower pH, a high amount of water, and
organic matter which unfits it to be disposed off in landfills
as per the European regulations (Santiago et al., 2020).
Conversely, massive quantities of citrus fruit waste are
normally unloaded on the close by landfill/waterways or it
is either scorched leading to ecological pollution, depletion
of dissolved oxygen level in polluted water, and health-
related hazards (Wadhwa and Bakshi, 2013). Citrus waste
is also used as animal feed, yet, an excess of it in animal
diet may distress the digestive tract causing a disease
named rumen parakeratosis, reflecting this end-use having
low profitability (Lotito et al., 2018). In addition, the
choices for dealing with this kind of waste incorporate
fertilizing the soil through composting, anaerobic co-di-
gestion, and even burning, in spite of the fact that water
content makes the last choice not reasonable (Fuertes,
2015).

Nonetheless, citrus fruit waste could serve as a potent
family of bioactive constituents like phenols, flavonoids,
carotenoids, and essential oils. Also in context to the
bioeconomy, citrus fruit waste could be used for the gen-
eration of biofuels and other commodities (Martin et al.,
2010); so the present review as illustrated in Fig. 1 covers
the comprehensive summarization and discussion on uti-
lization of citrus fruit waste leading to zero wastage that
would help the researchers and policy makers to plan for

@ Springer

their valorization for economic growth as well as envi-
ronmental sustainability.

Anatomy: components of citrus fruit waste

Citrus processing encompasses varied unit operations
leading to the generation of a substantial mass of by-
products primarily peel, pulp, seeds, and pomace
accounting for 50 to 70%, 60 to 65%, 30 to 35%, and <
10% of the total fruit mass, individually (Panwar et al.,
2021). The comprehensive view of citrus fruit comprises of
the peel/rind constituting cuticle on the external layer,
finely covering the epidermis namely flavedo (exocarp/
outermost covering) and albedo (spongy layer of
parenchymous cells positioned next to flavedo) (Chavan
et al., 2018). Flavedo consists of oil glands filled with
essential oils, paraffin waxes, fatty acids, steroids/ triter-
penoids, phytochemicals (chlorophyll, carotenoids, flavo-
noids, and phenolic compounds), and enzymes. Upon
ripening the chlorophyll-containing flavedo cell present
inside chloroplast gets replaced with carotenoid majorly
xanthophyll. This major hormonal-mediated development
leads to the change in the color of fruit from green to
yellow after ripening. The inner layer of flavedo contains
the richness of essential oil embedded in multicellular
bodies of spherical/pyriform shapes. Albedo, situated close
to the flavedo is the internal layer of the citrus peel that is
rich in gelatin, lignin, and dietary filaments (Mamma and
Christakopoulos, 2013). The endocarp (pulp/flesh) of citrus
fruits is generally formed of sections called segments or
carpels, parted through a membrane of thin epidermal tis-
sues consisting of several juice sacs called vesicles and
seeds. The core white spongy tissues resembling albedo is
known as the axis of the fruit. Collectively the core plus
segments are referred to as “rag” of the extracted juice
(Chavan et al., 2018).

Characterization of citrus processing waste

Citrus fruits are consumed in high amounts throughout the
nations in the natural peeled form or in the form of juice.
Citrus fruit processing industry is viewed as a favored
financial exercise worldwide leading to the production of a
variety of citrus products mainly juice and essential oils.
Around 33% of all citrus produce harvested worldwide is
utilized for juice production (Lohrasbi et al., 2010). The
huge amount of citrus waste left after juice production
could be utilized for the extraction of essential oils, pectin,
nutraceuticals, macro and micronutrients, ethanol, and
biofuel generation. Nonetheless, to foster the effective
innovation for the valorization of citrus waste into value-
added items, it is needed to comprehend its chemical
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Fig. 1 Advanced utilization of citrus fruit waste

composition which is boundlessly influenced by the variety
of fruit, climatic conditions, and the kind of juice extrac-
tion procedure (Chen et al., 2019). Citrus by-products
usually contain high moisture (80-90%) and organic matter
(Satari and Karimi, 2018). Additionally, the citrus waste
contains plentiful amounts of simple carbohydrates (glu-
cose, fructose, sucrose), complex carbohydrates (dietary
fiber, cellulose, starch, pectin), protein, natural acids
(citrus, malic, oxalic acids), lipids (linolenic, oleic, pal-
mitic, stearic acids), fundamental peel oil (p-limonene),
pigments/carotenoids (carotene, Xanthophyll and lutein),
water-soluble vitamins (Vitamin C and B-complex vita-
mins), minerals (calcium and potassium) and polyphenols
(flavonoids- hesperidin, naringin, and phenolic acids)
(Boukroufa et al., 2015). These also contain enzymes
(pectinesterase, phosphatase, peroxidase), tartaric, benzoic,
oxalic, succinic acids, and volatile components (alcohol,
aldehyde, ketones, esters, and hydrocarbons) (Sharma
et al., 2017). The usual proximate composition of the citrus
by-products has been summarized in Table 1.

Citrus peel

Citrus peels constitute the major citrus waste which
accounts for 50-55% of the total fruit weight. Structurally,
the citrus fruit peel has two layers i.e. flavedo and albedo.
Citrus peels contain an abundance of nutrients and bioac-
tive compounds such as polyphenolic compounds, flavo-
noids (polymethoxylated flavones- hesperidin, naringin,
nobiletin, tangeretin), essential oils, pigments, and dietary
fibers (Wang et al, 2015). Essential oils primarily

Citrus Seeds

Essential oils,
Polyphenols & Carotenoids

Pectin

Waste Valorization
)

Dietary Fiber

Charcoal

D-limonene, o-pinene, and o-terpinolene obtained from the
citrus peel have enormous market demand owing to their
utilization in foods, beverages, perfumery, and cosmetic
industry. Citrus peel also contains an appreciable amount
of soluble sugars (glucose, fructose, and sucrose) which
could be efficiently utilized for the production of bioetha-
nol. The cellular component of peel consists of pectin,
cellulose and hemicellulose-galacturonic acid, galactose,
arabinose. The richness of both soluble and insoluble car-
bohydrates suggests the potent use of peel for value-added
products by consequent biochemical processes (Rivas
et al., 2008). On contrary, the use of pesticides to protect
citrus fruits from unwanted molds or insects before and
after harvest is the major constraining factor affecting the
safe utilization of citrus waste for food applications (Ortelli
et al., 2005). Citrus peels are usually exposed to higher
concentration of fungicidal insecticides (4468 mg/kg) as
compared to the whole fruit; however there is low pene-
tration of the same from peel to pulp (Calvaruso et al.,
2020).

Citrus seeds

Citrus seeds are the unusable part of the citrus fruit which
are known for their rich oil content and accounts for
20-40% by weight (Rosa et al., 2019). Literature survey
discovered the potential use of oil extracted from citrus
seed in the production of biodiesel. The proximate study of
unhulled and dehulled citrus seeds flour revealed that on
dry weight basis it contains 52% crude fat, 28.5% carbo-
hydrate, 5.5% crude fiber, 3.1% crude protein, and 2.5%
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Table 1 Usual proximate content of citrus waste (% dry weight basis)

Hemicellulose References

Cellulose

Lignin

Crude fibre Crude fat Crude ash Pectin

Crude protein

Moisture

Citrus waste

Akpata and Akubor (1999)
Chau and Huang (2003)
Marin et al. (2007)

Marin et al. (2007)

Kim et al. (2015)

52 2.5

5.5

3.1

Citrus sinensis seeds

3.33 £ 0.50

2.60
2.54
3.30
4.80

222 £ 6.10

4.00
4.00

57.0 £ 10.0

10.2 £ 3.70

9.10
8.72

753 £ 10.2

Citrus sinensis peels

11.04
11.05
10.20
7.96

37.10

7.52
7.55
4.30

23.02
22.53

Citrus sinensis peels

36.22

Citrus limon pulp

25.10

34.0

Citrus unshiu peel

Satari et al. (2017)

8.82

1.95

15.30

Citrus by-products®

*Mixture of peels, leaf and seeds of C. sinensis and C. paradise after extraction of juice

crude ash content (Chavan et al., 2018). Besides, the citrus
seeds contain a good quantity of protein, limonoids, and
phenols (eriocitrin, hesperidin), subsequently expanding
their reusability. Fatty acid profile of the citrus seed reflects
the occurrence of good fats i.e. poly unsaturated fatty acids
mainly linolenic acid and oleic acid (Ndayishimiye and
Chun, 2017). In the past, citrus seeds have been econom-
ically used for oil production and meal that is additionally
used for the development of soaps, cleansers, consumable
oils, as well as biodiesel (Rosa et al., 2019). Certain recent
studies also reported the pharmacological effects of limo-
noids and phenols in the form of functional foods (Sharma
et al., 2017).

Citrus pomace

Citrus pomace is the by-product/residue which is left after
the citrus fruit processing for production of juice or other
products. Almost half of the citrus fruits are discarded
during industrial citrus juice processing, and the gigantic
measure of citrus pomace leads to deleterious ecological
issues (Wang et al., 2018). Owing to the high moisture as
well as sugar content, citrus pomace is at risk of uncon-
trolled fermentation and spoilage by microorganisms
(Majerska et al., 2019). Hence the efficient management of
pomace is necessary for preventing environmental hazards.
In addition, citrus pomace is rich in polyphenols, pectin,
dietary fibres, molasses as well as essential oil which could
be utilized at the industrial level (Papoutsis et al., 2016a).
Citrus pomace (dried) consists of moisture (10%), sugars
(30-40%), fat (0.4-1.6%), micronutrients (0.5%), pectin
(14-25%), cellulose and hemicellulose (13—-17%) (Widmer
et al., 2010).

Citrus wastewater

Citrus fruit product preparing businesses creates lot of
citrus wastewater attributable to the unit operations of
processing for example, fruit cleaning, washing, canning,
apparatus cleaning and peel drying. Citrus wastewater
contains parts of spoiled fruit, seeds, pulp, and peels (Zema
et al., 2018). However, as a consequence of rich organic
mass, lower pH, high suspended solids, the disposal of
citrus waste water leads to risk for water bodies, soil
condition, and the ecosystem. On the contrary, this citrus
wastewater contains the richness of sugars, essential oils,
bioactive compounds —polyphenols, flavonoids, and pectin
which could be utilized in different ways for effective
valorization. Recent research focused on the anaerobic
digestion of wastewater obtain from citrus fruit processing
for the on-site generation of energy in a citrus processing
facility. The results showed that the digestion of citrus
wastewater yields 2.Im’ of methane at STP/m’. This
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produced biogas could be used for supplying all the
required energy in the form of electricity and fuel and
meeting the needs of the plant (Koppar and Pullam-
manappallil, 2013).

Strategies for valorization of citrus peel

Citrus peels are loaded with ample quantities of bioactive
compounds viz; polyphenols, pectin, essential oils, car-
otenoids, dietary fibre, and many more. These could be
recovered by using efficient extraction technologies lead-
ing to their utilizations for food applications.

Source of bioactive compounds- polyphenols
(flavonoids and phenols)

Bioactive compounds could be characterized as essential or
non-essential phytochemicals, which can be extracted from
food or its byproducts and are capable of regulating bio-
logical and metabolic processes (Galanakis and Kotsiou,
2017). The phenols, flavonoids, and carotenoids constitute
the major bioactive compounds found in fruits, vegetables,
and their by-products. Citrus waste contains plenty of
naturally occurring bioactive compounds including
polyphenols, predominantly phenolic acids, and flavonoids
(Sharma et al., 2017). Interestingly, it is revealed that the
citrus fruit by-products contain more polyphenol content
than in edible portion of citrus fruit (Balasundram et al.,
2006), therefore, instead of considering it as waste, these
could be used for the recovery of significant valuable
components, in this way encouraging the zero-waste
theory.

Citrus peel contains a wide array of polyphenols such as
flavonoids, especially flavones, isoflavones, flavonones,
flavonols, and anthocyanidins. Flavonoids are majorly
located in the peel, pulp, and rag tissues of citrus waste.
Major flavonoids observed in fruits belonging to citrus
origin are naringin, hesperidin, eriocitrin, and narirutin
(Schieber et al., 2001). Furthermore, these citrus flavonoids
are categorized into 4 subdivisions, specifically flavanones
(Narirutin, Hesperidin, Neo-hespiridin, and Naringin) pre-
sent in higher amounts followed by flavones (Luteolin,
Diosmin, and Apigenin), flavonols (Kaempferol, Rutin, and
Quercetin) and anthocyanins (Sharma et al., 2017). On the
other hand, the phenols present in the citrus peel are
broadly categorized into 2 subdivisions, viz. hydroxyben-
zoic acid and hydroxycinnamic acid (Ignat et al., 2011).
The chemical illustrations and properties/uses of the
polyphenols found in citrus fruit waste have been shown in
Table 2.

Extraction of bioactive compounds

Various researchers studied the polyphenol components of
the citrus by-products by utilizing different extraction
techniques, solvents, and process parameters as presented
in Table 3. Microwave assisted extraction, ultrasound
assisted extraction, pulsed electric field extraction, high
voltage electric discharge technique, supercritical fluid
extraction, and pressurized water extraction are some of the
green extraction techniques utilized by the researchers.

Microwave assisted extraction

It involves the use of electromagnetic waves of frequency
ranging from 0.3 to 300 GHz. It is commonly utilized
method for recovery of bioactive compounds from citrus
waste. The major advantage of using microwave over the
other conventional as well as non-conventional extraction
methods is its low energy consumption, lower extraction
time, reduced utilization of solvents (Anticona et al., 2020).
Inoue et al. (2010) examined the phenolic compounds
present in Citrus inshiu peel extracted through microwave-
assisted extraction. They reported 5860 mg/100 g extract
of hesperidin and 1310 mg/100 g extract of narirutin in the
peel extract. Dahmoune et al. (2013) reported total phenol
content of 1574 mg GAE/100 g in Citrus limon peel
extracted through microwave-assisted extraction. Besides,
using the same extraction technique, Nayak et al. (2015)
reported the phenolic content of 12.20 mg GAE/g DW,
antioxidant activity by ORAC (482.27 4+ 57.43 uM TE/g),
and DPPH (ICsy, 337.162 4+ 8.45 mL extract/L) in the
Citrus sinensis peel.

Ultrasound assisted extraction

It is another method for the extraction of biologically
active compounds especially polyphenols (Anticona et al.,
2020). Extraction of phenols from mandarine and lime
peels through low power ultrasound technique resulted in
recovery of 2800 mg GAE/100 g of total phenols and
440 mg catequin equivalent/100 g flavonoids in lime
(Singanusong et al., 2015). Nipornram et al. (2018) studied
the mandarins (Citrus reticulate L.) peel for its phenolic
content. The low power ultrasound-assisted extraction
(UAE) method was utilized for extraction. The study
reported the extraction yield, total phenol, and hesperidin
content of 26.52%, 6435.53 mg/100 g, and
15,263.32mgEq gallic acid/100 g, individually. The study
also reported UAE as a better method considering its
higher efficiency (1.77times) of extraction of peel, pheno-
lics, and hesperidin in contrast to microwave-assisted
extraction.
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Table 2 Chemical illustrations and properties/uses of polyphenols found in citrus waste

S. No. Polyphenols and Chemical illustration Property and Use s Reference

source of citrus fruit
1. Apigenin 0 0 e Itis a bioactive flavonoid usually seen in citrus fruits. ~ Johnson  and De

e It promotes heart health, ease anxiety and boosts the Mejia (2013)
Orange testosterone.
(Citrus sinensis) e It prevents proliferation of BxPC-3 and PANC-1 cells
(human pancreatic cancer cells) and is equivalent to
O O the chemotherapeutic drug, cisplatin.

2. Luteolin e It is a citrus flavonoid which inhibits Glycogen Johnson etal. (2011)
Synthase Kinase-3p activity and have potential to

Citrus fruits suppress the growth of pancreatic tumors.

3. Vicenin-2 e It is a dominant flavone C-glycoside in the flavedo of Zhang etal. (2014)
sweet oranges/ pummelo (C. grandis L. Osbeck).
Sweet oranges 0, Duan et al. (2019)
(Citrus grandis L. e It averts the ultraviolet induced cytotoxicity, ROS
Osbeck o i i i
) O\\\\\\\\\\\\ generation as well as morphological alterations.
e Italso prevents UV induced MAPKs, MMPs and AP-1
thus inhibiting photoaging in human dermal
fibroblasts.
(¢]
o O
4. Narirutin e Itis predominantly found in peels of Citrus unshiu Ha etal. (2012)
) e It exhibits anti-inflammatory activity by down Park etal. (2013)
Mandarin regulation of MAPKs and NF-kB.
(Citrus unshiu') e It prevents lipopolysaccharide -induced inflammatory
mediators.
e Narirutin obtained from Citrus unshiu peels showed
o protection against ethanol-induced hepatic damage.
o o
R\
ry
SR O (o)
5. Diosmin e It is a flavonoid glycoside found in the prominent Yoo etal. (2007)

amounts in citrus fruits.

e [t inhibits the p-glycoprotein mediated drug efflux in
the Caco-2 cells of human intestine.

e It increases the accumulation of rhodamine-123 in
Caco-2 cells.

Citrus fruits

6. Stellarin -2 It is a C-glycosyl flavones found in blood orange Barreca etal. (2020)
(Citrus sinensis (L.) as well as bergamot (Citrus

Blood orange (Citrus bergamia Risso).
sinensis (L.) and
Bergamot (Citrus

bergamia Risso)

@ Springer



Comprehensive valorization of citrus waste

Table 2 continued

7. Naringin

Lemon (Citrus medica

It is a natural flavanone glycoside found in lemon and  Adil et al. (2016)
bitter orange.
It modulates signaling pathways and interacts with

(Lime, Blood orange,
Lemon and other
varieties of orange)

0
Oé
0

R\

(6]
L
Ol
o)

S, —©
o K

; O;
L.) and Bitter orange signaling molecules.
(Citrus aurantium L.) e It exhibits hepato- and nephroprotective properties by
o O modulating the oxido-nitrosative stress, FXR and
KIM-1 mRNA expression.
C
WO
(0]
o)
8. Hesperidin C_ e Itis a flavanone which is located in citrus rind. Tabeshpour et al.
? e It exerts its hepato-protective properties through (2020)

elevating the action of nuclear factor and levels of
certain enzymatic as well as non-enzymatic
antioxidants.

e In addition, it reduces the levels of high-mobility

group box 1 protein, inhibitor of kappa B protein-
alpha, matrix metalloproteinase-9 and C-reactive
protein

9. Neo-hesperidin

Citrus fruits

e Itis usually regarded as an anti-aging citrus flavonoid. ~ Guo etal. (2019)
e It is helpful in decreasing the reactive oxygen species

(ROS) accumulation in Saccharomyces Cerevisiae.
e It is also shown to extend the yeast’s chronological life

in a concentration-dependent manner.

10. Eriocitrin

Lemon (Citrus
limon L.)

e It is a flavonoid found in lemon. Wang et al. (2016)

e It exhibits chemo-preventive effects in preventing
early malignant hepatocellular carcinoma.

11. Rutin

Citrus fruits

e Itis a polyhydroxyflavone glycoside. Wu et al. (2017)
*  Rutin enhances apoptosis and expression of TNF-a and

glycogen synthase kinase-3f.
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Table 2 continued

12. Kaempferol 0 0

Citrus fruits 0

e It exhibits neuroprotective effects by modulating Silva dos Santos et al.
numerous proinflammatory signaling pathways viz, (2021)
nuclear factor kappa B (NF-kB), serine/threonine
kinase (AKT), p38 mitogen-activated protein kinases
(p38MAPK), and B-catenin cascade

13. Quercetin

Citrus fruits

e Itis a flavonoid derived from citrus fruits.

e It reduces the S100 calcium-binding protein A7
activity through Src/Stat3 signaling. S100 A7 is seen
to activate the epithelial-mesenchymal transition
(EMT) signaling as well as stimulates the metastasis of
tumor cells.

Fan etal. (2019)

14. Myricetin

Citrus fruits

e Itisa flavonoid found in good amounts in citrus fruits. ~ Akindehin et al.
e It reduces triglyceride (TG) content as well as (2018)
increased  mitochondrial content and  oxygen
consumption rate (OCR) in adipocytes in vitro.
e Also it exhibits anti-obesity properties.

15. Sinapic acid O\/O

Lemon

limon L.) and
Murcott orange (Citrus
reticulate % Citrus

(Citrus

e It is observed in higher amounts in murcott orange (C. Wang et al. (2007)
reticulate % C. sinensis) and lemon (Citrus limon L.)

e Sinapic acid possess good antioxidant, anticancer, anti-
inflammatory, antimutagenic, antiglycemic,
neuroprotective, and antibacterial properties.

sinensis)
C
(6]
17. Ferulic acid O\/O e It is a ubiquitous phenolic compound present in citrus Ogiwara et al. (2003)
fruits.
Lemon ) e It exhibits scavenging effects on superoxide anions and
(Citrus limon L.) hydroxy radicals.
and grapefruit
(Citrus paradisi)
C
o
o}
18. Gallic acid [¢] e Itisa phenolic acid found in citrus fruits. Korani etal. (2014)
o o e [t exhibits powerful beneficial effects against 2VO-
Citrus fruits

induced cognitive deficits through boosting the
cerebral anti-oxidant defense.

High voltage electric discharge

A number of researchers used high voltage electric dis-
charge technique for recovery of essential compounds.
Buniowska et al. (2015) examined the bioactive com-
pounds present in orange peel obtained through high
voltage electric discharge. The parameters used for
extraction were voltage of 40 kV with discharge per 10 s in
addition to two energy inputs of 55 kJ/kg and 364 kJ/kg.

@ Springer

The study reported an increase in the bio-accessibility of
carotenoids (82.5%) with an increase in the energy input
from 55 kl/kg to 364 kl/kg. However maximum bio-ac-
cessibility of total phenol (40.7%) was detected at 55 kJ/
kg. Another study done by El Kantar et al. (2019) pre-
treated the grapefruit peel with high voltage electric dis-
charge before the diffusion of extract phenolic compounds.
The study reported that upon treatment with high voltage
electric discharge and at 10 min of diffusion there was an
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Table 3 Bioactive polyphenols extraction from citrus waste using different extraction methods
Citrus by-products Extraction parameters  Solvent Bioactive compound yield References
Citrus peel
Microwave assisted
extraction
Citrus reticulata (Kinnow)  Power:152 W Methanol concentration-  Phenolic acid content: 1162.84 pg/g dry basis Hayat et al.
peel Time:49 s 66% (2009)
Citrus inshiu peel Temperature:140 °C Ethanol concentration—  Hesperidin: 5860 mg/100 g Inoue et al.
Time:7 min 70% Narirutin: 1310 mg/100 g (2010)
Citrus limon peel Power:400 W Ethanol concentration—  Total phenols: 1574 mg GAE/100 g Dahmoune
Time:120 s 48% et al
(2013)
Citrus sinensis peel Power:500 W Aqueous acetone-51% Total phenols: 12.20 mg GAE/g dry basis Nayak et al.
Temperature: < 80 °C (2015)
Time:122 s
Citrus sinensis peel Power:339 W - Total phenols: 0.86 mg GAE/g dry basis Sahin
Time:53 s Total flavonoids: 0.24 mg CE/g dry basis (2015)
Citrus paradisi peel Power:275 W Ethanol Total phenols: 17.22 mg GAE/g dry basis Nishad et al.
Time:45 s Total flavonoids: 1.71 mg CE/g dry basis (2019)
Conventional extraction
method
Citrus reticulate L. - Acetone—70% Hesperidin (80.90 mg/g extract) Tumbas
(Mandarin) peel Narirutin (15.30 mg/g extract) 26‘110)
DPPH radical scavenging activity (ECso = 0.179 mg/ml)
Hydroxyl radical scavenging activity (ECso = 0.415 mg/
ml)
Superecritical fluid extraction
Citrus unshiu peel Pressure:250ATM CO,-methanol Hesperidin 1.6-1.8% Hayat et al.
Temperature:60 °C (2010a)
Time: 1 h (Balanced
time) 30 min
(extraction time)
Citrus spp. (Mandarin, Pressure: 160ATM Ethanol concentration -  Total phenols in lemon: 0.66 mg GAE/100 g Omar et al.
lemonf, Qre)xnge,l and Temperature:35 °C 40% Total phenols in tangerine: 0.38 mg GAE/100 g (2013)
rapefruit) pee
grap P Total phenols in grapefruit: 0.67 mg GAE/100 g
Total phenols in orange: 0.45 mg GAE/100 g
Citrus aurantium amara Pressure:170 bar CO»-Ethanol Osthol 47% Trabelsi
peel Time: 50 min (balanced concentration -3% et al.
time) (2016)
1200 min (extraction
time)
High hydrostatic pressure
(HHP)
Citrus spp. (Orange and Pressure: 300 MPa Aqueous ethanol-80% Total phenols in orange: 136.85 mg GAE/100 mL Casquete
lemon) peel Time:10 min (Containing 1% conc. Total phenols in lemon: 344.53 mg GAE/100 mL et al.
N HCL) (2014)
Temperature: 10 °C
and
Pressure: 500 MPa
Time:3 min
Temperature—10 °C
Citrus spp. (Lemon, Pressure: 300 MPa Aqueous ethanol-80% Total phenols in lemon: 266.23 mg GAE/100 g Casquete
orange, lime, and (Containing 1% conc. Total phenols in tangerine: 587.28 mg GAE/100 g etal.
mandarin) peel HCL) (2015)

Total phenols in lime: 397.21 mg GAE/100 g
Total phenols in orange: 288.16 mg GAE/100 g
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Table 3 continued
Citrus by-products Extraction parameters Solvent Bioactive compound yield References
High voltage electric
discharge
Navel Navelate (Mandarin ~ Current: 40 kV N/A Total phenols: 184.2 mg GAE/100 mL of extract Buniowska
peel) Time:10 ps et al.
(2015)
Citrus spp. (Grapefruit) Pulse:10-300 Glicerol (20%) Total phenols: 1880 mg GAE/100 g El Kantar
peel et al.
(2019)
Ultrasound assisted
extraction
Citrus reticulate L. peel Power:56.71 W Acetone-80% Total phenols: 15,263.32 mg Eq gallic/100 g dry basis Nipornram
Temperature: 48 °C Hesperidin: 6435.53 mg/100 g dry basis et al.
. . (2018)
Time: 40 min
Pulsed electric field
extraction (PEF)
Citrus spp. (Orange) peel Time:30 min N/A Phenolic compounds yield at 1 kV/cm PEF: 20%, Luengo

Citrus spp. (Orange,
grapefruit, and lemon
peel)

Enzyme assisted extraction

Citrus paradisi peel

Citrus Pomace

Microwave assisted
extraction

Citrus reticulate L.
(Mandarin) pomace

Hot water extraction

Citrus limon pomace

Electron beam irradiation

Pressure:5 bars

First treatment: 3 kV/cm

Second treatment: 10 kV/
cm

Temperature: 60 °C
Time:4.81 h
pH: 4.8

Enzyme concentration:
0.9%

Microwave Treatment

(Power:250 W; Time: 5,
10 and 15 min)

(Power: 500 W; Time:
5 min)

Temperature: 95 °C
Time:15 min

Sample to solvent ratio:
1:100 g/ml

Ethanol -50%

Ethanol

Methanol-80%

Distilled water

Phenolic compounds yield at 3 kV/cm PEF: 129% etal.
Phenolic compounds yield at 5 kV/cm PEF: 153% (2013)
Phenolic compounds yield at 7 kV/cm PEF: 159%

Antioxidant activity at 1 kV/cm PEF: 51%

Antioxidant activity at 3 kV/cm PEF: 94%

Antioxidant activity at 5 kV/cm PEF:148%

Antioxidant activity at 7 kV/cm PEF:192%

Naringin at 5 kV/cm PEF: 3.1 mg/100 g fresh weight basis

Hesperidin at 5 kV/cm PEF:4.6 mg/100 g fresh weight
basis

Total phenols: 2200 mg GAE/100 g
Hesperidin content in Orange peel (flavedo): 507 mg/100 g

El Kantar
et al.

2018
Hesperidin content in Orange peel (albedo): 482 mg/100 g ( )

Naringin content in Grapefruit peel (flavedo): 1036 mg/
100 g Naringin content in Grapefruit peel (albedo):
2686 mg/100 g

Eriocitrin content in Lemon (flavedo):144 mg/100 g

Eriocitrin content in Lemon (albedo): 197 mg/100 g

Nishad et al.
(2019)

Total phenols: 3170.35 mg/GAE/100 g dry basis
Total flavonoids: 329.89 mg QE/100 g dry basis

Total phenols 116-1317 ng/g dry basis
Total flavonoids: 4838 to 5801 pg/g dry basis

Hayat et al.
(2010b)

Total phenols:13.79mgGAE/g Papoutsis
Total flavonoids: 4.78mgCE/g 2(;1116 "
DPPH activity: 0.17 mg TE/g

ABTS activity: 0.40 mg TE/g

FRAP activity: 8.05 mg TE/g

CUPRAC activity: 34.18 mg TE/g
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Table 3 continued
Citrus by-products Extraction parameters Solvent Bioactive compound yield References
Citrus unshiu pomace Scan speeds: 420, 200, Ethanol-70%, methanol, Total polyphenols:6543.2 to 7405.4Mm Kim et al.
100, SQ and 33 mm/ acetone, or distilled Radical scavenging activity: 37.6 to 52.9% (2008)
revolution water .
Reducing power: 0.64 to 0.90
Citrus wastewater
Aqueous extraction
Citrus unshiu pomace Temperature: 25 °C Distilled water DPPH ICs: 0.16 = 0.00 mg/mL Wang et al.
waste water Time:24 h (2018)

Alkyl ICs¢: 0.31 £ 0.01 mg/mL
Hydroxyl radicals ICsy: 0.86 £ 0.02 mg/mL

increase in total phenols of grapefruit peel from 1330 mg/
100 g to 1880 mg/100 g with an increase in the energy
input from 0 to 218 kl/kg, respectively.

Pulsed electric field extraction

It is another extraction method which is based on inducting
the electroporation of the cell membrane leading to
enhancement of yield of extraction. In this technique, an
electric potential is passed through the cellular membrane
for a short duration of time (1-2500 ps) leading to the
separation of molecules based on their charge. The repul-
sion causes the formation of pores in this manner
expanding their porousness (Azmir et al., 2013). Generally,
a pulsed electric field is applied for preservation of foods
and extraction of intracellular constituents from plant
matrix, food waste, and byproducts. Luengo et al. (2013)
checked the effect of pulsed electric field on pressing
extraction of total phenols and flavonoid content from
orange peel. The highest disintegration index was achieved
at a treatment time of 60 ps (20pulses of 3 ps). The study
reported an increment in the extraction yield of total phe-
nols by 20%, 129%, 153%, and 159% for the treatment of
orange peel with pulse electric field at 1, 3, 5, and 7 kV/cm,
individually. In addition, compared to the untreated sam-
ple, the pulsed electric field sample showed increased
naringin, hesperidin, and total antioxidant activity. Besides,
El Kantar et al. (2018) also treated the citrus fruits with
pulsed electric field and compared the polyphenol content
of juice and peels obtained from lemon, orange, and
grapefruit. Primarily, whole fruit was pre-treated with a
pulsed electric field (3 kV/cm) to facilitate comparison
between treated and non-treated samples. They revealed an
increment in the flavonoid content of pre-treated samples
of orange, grapefruit, and lemons. In addition, total phenol
content of 2200 mg GAE/100 g was noticed in the orange
peel treated with a pulsed electric field (10 kV/cm). In
general, the improvement in the performance of total
phenols and flavonoids pre-treated through pulse electric

field is attributed to the electroporation phenomenon in
contrast to untreated samples.

Supercritical fluid extraction

It is one of the green alternatives to conventional extraction
methods. Supercritical fluid extraction syndicates fluids at
higher temperatures and pressures with a value near their
critical points (Diaz-Reinoso et al., 2006). A study done by
Cheigh et al. (2012) revealed greater recovery of flavonoids
(hesperidin and naritunin) from Citrus unshiu peels through
supercritical water extraction. Additionally, the study
reported the key impact of extraction temperature plus time
on the recovery of flavonoids. Hesperidin content of
7200 mg/100 g and narirutin content of 11,700 mg/100 g
were obtained at temperature (160 °C), time (10 min), and
pressure (100ATM). Pertaining to the efficiency of
extraction and reduced environmental risks, supercritical
water was recognized as an excellent substitute to the
organic solvents for non-polar flavanones extraction from
citrus waste. Trabelsi et al. (2016) used the supercritical
carbon dioxide technique to obtain essential components
from peel of bitter variety of citrus (Citrus aurantium
amara). They reported the extraction yield of 1.07% on
treatment with ethanol as co-solvent (3%) at CO, flow rate
(2.87 kg/h), pressure (170 bar), and static time (53 min).
Osthol was the chief extracted compound from the peels.
Hexadecane, squalene, and esters of fatty acids were also
identified in the citrus peel waste. Lachos-Perez et al.
(2018) extracted flavanones from defatted orange peel
using a supercritical water extraction technique. They
reported an increased yield of extraction with increased
temperature. Yet the interaction between flow rate and
temperature showed an influence on extraction yields. An
extract yield of 10.63% was reported at temperature
(150 °C) and water flow rate (10 mL/min). At these con-
ditions, narirutin (2.33 mg/g) and hesperidin (20 mg/g)
were observed, and total phenol content (31.70 mg GAE/g)
was obtained from the defatted peel.
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Pressurized water extraction

Some researchers elucidated the use of pressurized water
extraction technique to obtain biologically active con-
stituents from the citrus waste. In a study done by Casquete
et al. (2014) a high-pressure extraction of phenolics from
lemon and orange peel was carried out. Pressure-treated
citrus peel trials (300 MPa, 10 min; 500 MPa, 3 min)
exhibited greater phenolic content and antioxidant action
contrasted with the control samples. The total phenolic
content of fresh peel extract of lemon at 300 MPa and
500 MPa was 265.95 mg GAE/100 g and 344.53 mg GAE/
100 g, respectively while for orange was 364.57 and
378.90 mg GAE/100 g, respectively.

Meanwhile, several kinds of research are currently being
conducted for the efficient polyphenols recovery utilizing
synchronous extraction through a blend of diverse proce-
dures for the improved yield alongside decreased time
consumption and extensive usage of these novel strategies
is suggested. Moreover, a study done by Safdar et al.
(2017) stated that the polyphenol extraction relies upon the
procedure utilized and the phenol extraction from Citrus
reticulate L. peel could be increased four times through
ultrasound extraction as compared to the maceration
technique. Jagannath and Biradar (2019) conducted a rel-
ative analysis of soxhlet and ultrasound extraction tech-
niques on the morphology and bioactive compounds
present in Citrus limon L. peel and revealed that ultrasound
extraction was proved to be superior in comparison to
soxhlet for bioactive compounds extraction. Ultrasound
treatment at temperature (33 °C), time (40 min), and 80%
duty cycle exhibited the maximum total phenols (88.06 mg
GAE/100 g). A high total flavonoid content of 13.92 mg
CE/100 g were found at 40 °C, 50 min, and 60% and
vitamin C content of 58.87 mg/100 g at 40 °C, 50 min, and
100% duty cycle. In general, the effectiveness of extraction
varies depending on the phase and concentration of food
matrix, solvent used and extraction process (Sridhar et al.,
2021).

Source of essential oils

Essential oils are the hydrophobic aromatic liquid com-
prising of volatile components that are found in oil sacs of
citrus peel and cuticles (El Asbahani et al., 2015). The oils
extracted from citrus waste are of great potential due to
their potent antioxidant, anti-microbial, and anti-inflam-
matory properties. They can be used as additives and
preservatives in the food industry; also they have their role
in the pharmacological and cosmetic sectors (Sharma et al.,
2017). Owing to their appealing fragrance, they also have a
role in the perfumery industry. Essential oil comprises of
terpenes mainly monoterpenes (ex-limonene),
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sesquiterpenes together with their oxygenated compounds
(ex-alcohols, aldehydes, ketones, and esters) (Espina et al.,
2011).

Literature survey revealed that a number of researchers
utilized different extraction techniques for improving the
essential oils yield obtained from citrus waste (Table 4).
For instance, in a study, microwave-assisted extraction was
utilized for essential oil extraction from Citrus sinensis L.
peel; the study reported an oil yield of 0.42% at 100 °C
temperature and 30 min time. Limonene and oxygenated
monoterpenes found in the oil were 76.7% and 7.0%,
respectively (Ferhat et al., 2006). Solvent-free microwave
extraction has likewise been used for the recovery of
essential oils from Citrus limon peels. The results revealed
the presence of limonene (1.26%) (Golmakani and
Moayyedi, 2016).

Supercritical fluid technique for essential oil extraction
from Citrus medica peels has also been studied. The study
reported 28% yield of essential oils and the presence of
citropten (84.5%) at pressure (100 bar), temperature
(40 °C), and time (6 h) (Menichini et al., 2011). Tsitsagi
et al. (2018) used supercritical carbon dioxide for bioactive
compound extraction and reported the essential oil yield
obtained from Citrus unshiu peels using supercritical fluid
extraction was 0.85%. Besides, Lopresto et al. (2019) in
their study recovered D-limonene (4.5%) by the processing
of Citrus limon peels through supercritical fluid extraction
at pressure (15 MPa), temperature (40 °C), and time
(40 min).

Furthermore, the process of extraction of essential oil
from citrus waste leads to the separation of some per-
centage of oil into distilled water (D’ Amato et al., 2018).
During the distillation process, the polar essential oil
vapors from citrus peel come in contact with boiling water
or steam, leading to the formation of hydrogen bonds, thus
the formation of a complex mix of essential oils and
volatile components. These secondary compounds that are
formed in the course of recovery of essential oil from the
citrus peel are referred to as Hydrosols. Owing to the
presence of dissolved hydrophilic compounds and smaller
amounts of essential oils imparting appealing aroma and
flavor, these hydrosols are widely used in aromatherapy
and cosmetics (Inouye, 2008). Hydrosols have a pH rang-
ing from 3.5 to 6.5, containing less than 1 g/L of essential
oils contributing to its organoleptic properties. The chem-
ical morphology of hydrosols obtained from citrus
byproducts suggests the presence of oxygenated com-
pounds. For instance, Linalool, linalool oxide, a-terpineol,
transcarveol, geraniol, citronellol, nerol and neral consti-
tutes the major chemical components of hydrosol of Citrus
reticulata, Citrus sinensis, Citrus aurantifolia and Citrus
maxima peels (Ndiaye et al., 2017). Hydrosols have their
role as an antioxidant, anti-microbial, and antifungal agent.
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Table 4 Essential oils extraction from citrus waste using different extraction methods

Citrus by-products Extraction Solvent Bioactive compound References
parameters yield
Citrus peel
Microwave assisted extraction
Citrus sinensis L. Osbeck peel Temperature:100 °C  — Essential oil yield: Ferhat et al. (2006)
Time: 30 min 0.42%
Oxygenated
monoterpenes: 7.00%
Limonene: 76.70%
Citrus sinensis L. Osbeck peel Power:200 W - Essential oil yield: Farhat et al. (2011)
Time:12 min 1.54%
Monoterpene
hydrocarbons: 98.23%
Oxygenated
monoterpenes: 0.43%
Limonene: 94.88%
Citrus limon peel Temperature: - Limonene—1.26% Golmakani and
100 °C Moayyedi (2016)
Time: 15 min
Power:1000 W
Citrus grandis peel Time: 90 min - Limonene—33.7% Chen et al. (2016)
Power:150 W
Citrus spp. (Orange) peel Power:250 W - Essential oil yield: Gonzalez-Rivera et al.
Time: 5 min 1.16% (2016)
Limonene: 95.20%
Valencene: 0.20%
Citrus sinensis (Orange and lemon) peel Power:1000 W - D-limonene yield: Auta et al. (2018)
Time:10 min 3.7% in orange
2.0% in lemon
Super critical fluid extraction
Citrus medica peel Pressure:100 bar CO, Oil yield: 28% Menichini et al.

Citrus aurantium peel

Citrus unshiu peel

Citrus limon peel

Combinational method (ultrasonic/microwave/

hydro-distillation technique)

Citrus medica peel

Temperature: 40 °C
Time: 6 h
Temperature: 90 °C
Time: 120 min
Pressure: 170 bar
Static time:50 min

CO, flow rate-
2.7 kg/h

Temperature: 15 °C
Equilibrium Time:
15 min
Pressure:15 MPa
Temperature: 40 °C

Time: 40 min

Time:15.5 min
Power:816 W

CO, + Ethanol

CO,

CO,

Citropten: 84.5%

Limonene—47%

Essential oil yield:
0.85%

D-limonene yield: 4.5%

Limonene—0.55%

(2011)

Trabelsi et al. (2016)

Tsitsagi et al. (2018)

Lopresto et al.(2019)

Zhang et al. (2019)
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Table 4 continued
Citrus by-products Extraction Solvent Bioactive compound References
parameters yield
Citrus seeds
Soxhlet extraction
Acid lime and sweet orange Temperature: 70 °C  n-hexane- Oil yield Garrido et al. (2019)
Time: 6 h 150 ml Acid lime: 31.90%
Sweet orange: 33.32%
Citrus maxima (pummelo) seeds Temperature: Acetone- Limonoids yield: Qin et al. (2018)
78.94 °C 89.68 ml 11.52 mg/g
Time: 4.62 h
Solvent/solid

ratio:29/1 ml/g

Flash extraction technique
Citrus sinensis seeds

Time: 1 h

Solvent/solid ratio:

29/1 ml/g

Temperature: 4 °C

Ethanol- 72%  Limonin yield: 6.8 mg/g Liu et al. (2012)

For example, orange blossom hydrosol showed anti-mi-
crobial effects against Escherichia coli as well as Listeria
monocytogens at minimum inhibitory concentration of
200 mg/L.  (Ait-Ouazzou et al.,, 2011). Similarly, the
hydrosol obtained from steam distillation of Citrus
aurantium exhibited potent anti-microbial and anti-oxidant
properties (Degirmenci and Erkurt, 2020). Apart from this,
Citrus hydrosols also exhibit effective enzyme inhibition
properties, for example, a study done by Lante and Tinello
(2015) evaluated the anti-tyrosinase activity of citrus
hydrosols through the spectrophotometric method; along
with the terpenes content through gas chromatography.
They reported the impact of citrus hydrosols on mushroom
tyrosinase at varying levels of 21.8 to 68.9%. Gas chro-
matography revealed the presence of tyrosinase inhibitors
such as citral, myrcene, geraniol, and sabinene in the citrus
waste hydrosol.

In addition, these citrus hydrosols are used in the food
industry owing to their zero side effects on the human
body. Indeed, a lot has to be done in this field to check the
mechanism of action, toxic levels, and in vitro action of
hydrosols.

Source of pectin

Pectin is a complex structural polysaccharide found in the
cell walls of higher plants. The main component of pectin
involves D-galacturonic acid which is a sugar acid obtained
from galactose. Pectin has its role as a thickener, emulsi-
fier, stabilizer, fat replacer, and gelling agent in dairy
products, jam, jellies, and fruit juices. Commercially,
pectin is usually obtained from apple and citrus processing
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waste, still the yield of citrus pectin is higher (20-30%) in
contrast to the pectin obtained from apple by-products
(10-15%) of whole dry weight (Kulkarni et al., 2002).
Owing to good yield, citrus peel-based pectin have diverse
food applications.

Literature survey revealed that many researchers utilized
green extraction procedures for pectin extraction from the
citrus wastes (Table 5). For instance, pectin extraction from
grapefruit peel was carried out by using microwave-as-
sisted extraction; the study reported a pectin yield of
27.81% (Bagherian et al., 2011). Another study revealed a
23.83% yield of pectin at power (660 W) and time (9 min)
through microwave-assisted extraction from Citrus medica
peels (Quoc et al.,, 2015). Besides, Liu et al. (2017)
reported 29.16% pectin yield from Citrus maxima peels
through Bronsted acidic ionic liquid-based microwave
extraction. Su et al. (2019) utilized surfactant-based
microwave extraction method pectin recovery from Citrus
sinensis peels. The study reported a pectin yield of 28% at
power (400 W), pH (1.2), and time (7 min).

Moreover, ultrasound-assisted extraction was utilized
for pectin extraction from Citrus aurantium peels. The
study reported a 28.07% yield of pectin at power (150 W),
temperature (< 30 °C), and time (10 min) (Hosseini et al.,
2019). Besides, Naghshineh et al. (2013) in their study
recovered pectin (26.50%) by the processing of Citrus
aurantifolia peels through enzyme based extraction using
cellulase and xylanase enzymes. Wang et al. (2014)
reported the pectin yield of 21.95% extracted from the
citrus peel using the supercritical water extraction method.
Certainly, the use of green extraction methods for
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extraction of pectin is helpful in relation to good yield,
energy, and time-saving process.

Source of dietary fibre

As per the American Association of Cereal Chemists
(AACC) the dietary fibre is the remnants of the edible
portion of the plant or analogous carbohydrate which is
resistant to the process of digestion and absorption in the
human small intestine with complete or partial fermenta-
tion in the large intestine. These fibres comprise of
polysaccharides, oligosaccharides, cellulose, lignin, and
related plant substances (AACC, 2001). Fibre-rich diet

including fruits, vegetables, and cereals positively affects
health and diminishes the rate of different diseases. They
decrease the transit span of food in the intestine, reduces
cholesterol, and glycemic level, increase the volume of
fecal mass, traps the mutagenic as well as carcinogenic
agents, etc. (Dhingra et al., 2012).

Citrus fruits contain good amounts of soluble (for
example- pectin, gum, glucan, and other biological /syn-
thetic polysaccharides) and insoluble dietary fibers (cellu-
lose, hemicellulose, and lignin) (Yang et al., 2017). The
fiber concentrates obtained through dehydration of fruits
and vegetables contain good amounts of total dietary fibre
content ranging from 25 to 60 g/100 g dry matter as well as

Table 5 Pectin extraction from citrus waste using different extraction methods

Citrus by-products Extraction parameters Solvent Pectin yield (%) References
Citrus peel
Microwave assisted extraction
Citrus spp. (Grapefruit) peel Power: 900 W Ethanol 27.81 Bagherian et al. (2011)
Time: 06 min
Citrus reticulate peel Power: 422 W Distilled water 19.19 Maran et al. (2013)
Time: 169 s
pH: 1.4
Citrus sinensis L. Osbeck peel Power: 500 W Distilled water 24.20 Boukroufa et al. (2015)
Time: 03 min
Citrus medica peel Time: 9 min Tartaric acid solvent 23.83 Quoc et al. (2015)
pH: 1.5
Power: 660 W
Citrus aurantium L. peel Power: 700 W Acidified distilled water 29.10 Hosseini et al. (2016)
Time:3 min
pH:1.5
Citrus maxima peel Temperature: 100 °C HO3;S(CH,)4mim]HSO, 29.16 Liu et al. (2017)
Time: 15 min Ethanol
pH:2.5
Power:331 W
Citrus sinensis peel Time: 7 min Acidic solution 28.00 Su et al. (2019)
pH:1.2
Power:400 W
Ultrasound-assisted extraction
Citrus aurantium peel Temperature: < 30 °C Acidified distilled water 28.07 Hosseini et al. (2019)
Time: 10 min
pH:1.5
Power:150 W
Enzyme-assisted extraction
Citrus aurantifolia peel Temperature:50 °C Milli-Q water 26.50 Naghshineh et al. (2013)

Time: 30 min

pH:4.5

Pressure: 100 Mpa

Enzymes used: Cellulase, Xylanase
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improved soluble to insoluble dietary fibre ratio as com-
pared to major cereal crops (Garau et al., 2007). In addi-
tion, the citrus waste comprises of dietary fibers having
higher soluble fraction, good nutritional and bioactive
components like flavonoids and carotenoids (Panwar et al.,
2021). A study done by Figuerola et al. (2005) analyzed the
dietary fibre content of citrus peel through enzymatic
gravimetric method and reported a total dietary fibre con-
tent of 64.3%, 44.2-62.6%, and 60.1-68.3% in peels of
orange, grapefruit, and limon, respectively. Besides, the
inclusion of water-insoluble fibre obtained from Citrus
sinensis peels at a level of 50 g/kg in the diet showed
significant improvement in the intestinal function by
increasing the activity of certain enzymes viz. serum
alkaline phosphatase, intestinal maltase, and sucrose and
reducing the activity of fecal B-D-glucosidase, B-D-glu-
curonidase and urease (Chau et al., 2005).

Citrus peels were utilized for extraction of dietary fibers
using a number of different techniques including ultra-
sound, enzymes, acid/alkali treatment, dry/wet processing,
and combinations (Yang et al., 2017). Supercritical water
extraction via semi continuous flow extractor (at
160-320 °C temperature) was employed for dietary fibre
extraction from Citrus junos (yuzu) peel waste (Tanaka
et al., 2012). Besides, Wang et al., (2015) utilized combi-
nation of steam explosion plus dilute acid soaking tech-
nique for efficient dietary fibre extraction from Citrus
sinensis peels. They reported an improved yield of soluble
dietary fibre fraction (33.74%) and its improved use as a
functional ingredient. A more recent study done by Kara-
man et al. (2017) utilized an ultrasound-assisted extraction
technique for dietary fibre extraction from press meal of
citrus (Citrus limon, Citrus paradisi and Citrus sinensis)
seeds. They reported soluble dietary fibre content ranging
from 4.59 to 7.95% and insoluble dietary fibre content
ranging from 75.95-82.24%.

Source of carotenoids

Carotenoids are fat-soluble isoprenoid pigments that are
commonly found in plants, vegetables, fungi, and flowers
(Otles and Cagindi, 2007). The beneficial impacts of car-
otenoids are believed to be because of their antioxidant
content. B-carotene, lutein, zeaxanthin, and lycopene are
the extensively studied carotenoids owing to their various
health benefits through the prevention of diseases (Krinsky
and Johnson, 2005). Carotenoids such as xanthophylls
(lutein and violaxanthin) and hydrocarbon carotenoids (-
carotene and lycopene) are the key carotenoids found in the
citrus waste (Saini and Keum, 2018). These classes of
carotenoids present in citrus waste add to their splendid and
bright color. They impart yellow, orange, and red colors to
the citrus fruits. Carotenoids are well known for their
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health-promoting effects owing to their anti-oxidative
properties. They are also efficiently used in the food and
beverage industry for enhancing their market value.

With the passing times, deliberate actions have been
undertaken for the advancement of extraction strategies for
carotenoids. However, the recovery from complex food
network stays low, since the different physical and chem-
ical boundaries present in the food framework prevent the
mass exchange of carotenoids during extraction. Moreover,
the factors such as diverse polarity of carotenoids and
oxidation properties restrict exposure to excess heat, light,
acids, and longer extraction times. Additionally, due to its
hydrophobicity, organic solvents are used for its extraction
(Saini and Keum, 2018). A number of green extraction
methods viz; ultrasound, microwave, solvent, and pulse
electric field have been proposed for efficient extraction of
carotenoids from citrus waste. Sun et al. (2011) compared
the conventional extraction method with ultrasound
extraction of carotenoids from citrus peels. They reported
enhanced extraction of -carotene by using ethanol solvent
with ultrasound extraction in contrast to conventional ones.
Besides, Boukroufa et al. (2017) in their study recovered
carotenoids through an ultrasound-assisted extraction of
Citrus sinensis peels by using D-limonene as a solvent
which was prior recovered from peels by solvent-free
microwave extraction technology. They reported a high
carotenoid yield (11.25 mg/L) at 208 W/cm? power, 20 °C
temperature and 5 min time. Murador et al. (2019)
extracted carotenoids from orange peels by ultrasound-as-
sisted extraction using ionic liquids as solvents. The study
reported improved extract yield through ultrasound
extraction for 5 min in contrast to the conventional method
and acetone solvent. Also, B-carotene yield was reported to
be 32.08 pg/g of total carotenoids through the use of
chlorinated 1-Butyl-3-methylimidazolium as compared to
the extraction yield of 7.88 pg/g of total carotenoids using
acetone as solvent. Montero-Calderon et al. (2019) used the
ultrasound extraction method for total carotenoid extrac-
tion from Citrus sinensis peels cultivated in Spain. The
study reported a carotenoid yield of 0.63 mg/100 g peels
by using 50% ethanol as a solvent for 30 min extraction
time. Saini et al. (2020) utilized response surface
methodology to optimize the process parameters (temper-
ature, time, and amplitude) of ultrasound extraction of
lutein from Citrus reticulata (Kinnow peels). They repor-
ted lutein yield of 2.97 mg/100 g which was similar to the
predicted values (2.85 mg/100 g). Ndayishimiye and Chun
(2017) utilized supercritical carbon dioxide technique for
carotenoids extraction from peels as well as seeds of Citrus
ichangensis x Citrus reticulate (papeda). The results
revealed the carotenoid yield of 1.983 mg/g at optimum
pressure (25.196 MPa) and temperature (44.88 °C).
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Strategies for valorization of citrus seeds
Source of limonoids

Limonoids are the phytochemicals belonging to the class of
extremely oxygenated and modified triterpenes that are
biosynthesized through the acetate-mevalonate pathway in
sweet or sour citrus fruits. Limonoids are present in
prominent quantities in seeds and fruits of citrus fruits
(Manners and Breksa, 2004). Two major classes of limo-
noids are seen in citrus fruits; namely limonoid aglycones
(limonin and nomilin) and limonoid glucosides (limonin
glucoside and nomilic acid glucoside). Citrus fruits consist
of almost 36 limonoid aglycones and 17 limonoid gluco-
sides (Hasegawa and Miyake, 1996). Limonin contributes
to the bitter flavor to the citrus seeds. Citrus seeds are the
only natural source of limonoid aglycones (Vikram et al.,
2007). These limonoids have several health-promoting
factors. Numerous studies reported health protective effects
of limonoids for example in preventing the growth of
human neuroblastoma and colonic adenocarcinoma (Pou-
lose et al., 2005); suppressing the azoxymethane-induced
colon cancer in rats (Vanamala et al., 2006); and in inhi-
bition of human breast cancer (Tian et al., 2001). With the
recent advances in research different bioactive properties
of limonoids such as antioxidative, anti-inflammatory, anti-
neurological, anti-bacterial, anti-viral, immunomodulatory,
anti-viral, and anti-tumor effects has been discovered (Shi
et al., 2020).

Literature survey revealed that several researchers
quantified the limonoids present in the different classes of
citrus fruits using chromatographic and spectroscopic
methods. For instance, a study done by Vikram et al.
(2007) quantified the limonoid aglycones and limonoid
glucosides present in the citrus seeds using high-perfor-
mance liquid chromatography (HPLC). The study reported
the detection of seven limonoids namely limonin, limonin
17-B-p glucopyranoside, isolimonic acid, nomilin, ichan-
gin, isoobacunoic acid, and deacetyl nomilinic acid 17-f-
D glucopyranoside at 210 nm. Besides, Limonin and
limonin glucoside were observed to be the principal
limonoids found in citrus seeds. Likewise, Breksa III et al.
(2011) analyzed the limonoid content of sour orange
(Citrus aurantium) and reported the total limonoid agly-
cone concentration of 2.4 to 18.4 mg/L and total limonoid
glucoside concentration of 149.0 to 612.3 mg/L. Besides,
Russo et al. (2016) analyzed the limonoid content of Citrus
bergamia Risso (Bergamot) fruit and reported high limo-
noid aglycone content in the seeds and peel. Furthermore,
Qin et al. (2018) extracted limonoids from Citrus maxima
(pummelo) seeds and reported the limonoids yield of

11.52 mg/g on treatment with acetone (89.68 mL) at tem-
perature (78.94 °C), and time (4.62 h).

Several researchers also utilized modern extraction
techniques for the recovery of limonoids from citrus seeds.
Flash extraction technique was utilized for extraction of
limonoids from Citrus sinensis seeds and the study results
revealed a yield of 6.8 mg/g (Liu et al., 2012). Supercritical
fluid extraction and hydrophobic extraction are some other
methods for limonoids extraction. These methods help to
save larger amounts of organic solvents thereby saving the
environment but their higher cost limits the practical usage.
Hydrotropic technique involves the use of hydrotropes
which enhances the limonin solubility in water but it leaves
behind a large amount of alkali-metal salts. In addition,
solid—liquid extraction is also used for limonoid extraction.
HPLC, column chromatography, and flash chromatography
are some methods widely utilized for the isolation and
purification of limonoids (Mahato et al., 2020).

Source of essential oils

Citrus fruit seeds are viewed as a potential source of oil
because of their good fatty acid content and significant
tocopherol content. Owing to the presence of high protein,
minerals, and fiber content it may perhaps be utilized in
food applications for the development of value-added items
(Mahawar et al., 2020). A study done by Anwar et al.
(2008) revealed that the citrus seeds contain oil (31.15%),
protein (9.56%), fiber (6.50%), and ash (5.60%). Further
investigation by same authors reported that the citrus seeds
oil exhibit iodine value of 104.80 g Iodine/100 g of seed
oil, density (25 °C) of 0.927 mg/mL, acid value of 1.30 mg
KOH/g of seed oil, refractive index (40 °C) of 1.465,
saponification value of 186 mg KOH/g of seed oil,
unsaponifiable matter of 0.48% of seed oil, and color red
units (2.50) plus yellow units (20.00). Besides the seed oil
also exhibited remarkable oxidative stability checked
through experiments at 232 and 270 nm (2.64 and 0.81),
peroxide value (2.40 mequiv/kg of oil) and p-anisidine
value (3.15). Another examination done by Garrido et al.
(2019) studied the influence of Soxhlet and direct or indi-
rect ultrasound-assisted extraction techniques on the oil
yield, fatty acid composition, total phenols, as well as
antioxidant activity of acid lime and sweet orange seed oil.
They reported high oil yield through soxhlet extraction
(acid lime = 31.90% and sweet orange = 33.32%).
Nonetheless, the total phenol content in lime seed oil
extracted through ultrasound-assisted extraction was
higher. Citrus seed oil contains decent measure of unsat-
urated fatty acids such as linoleic acid (36.69%) (Table 4).
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Strategies for valorization of citrus pomace
Source of polyphenols and antioxidants

In an examination of phenolic compounds among juice and
pomace of mandarin, orange, lemon, and bergamot, the
pomace contains 3-to fourfold greater phenolic compounds
than the juices (Multari et al., 2020). Polyphenol extraction
from citrus pomace has been broadly considered, incor-
porating with ongoing advancements utilizing “green”
extraction methods (Table 3). Additionally, with the
advancement in extraction methods, the emphasis has now
been moved towards the optimization of extraction strate-
gies to upgrade the polyphenol yield. For instance, the
influence of various process parameters viz, extraction
time, temperature, and sample-water ratio on the total
phenols, flavonoids plus antioxidant activity of the lemon
pomace was investigated using Box-Behnken design of
response surface methodology. The optimized results (total
phenols—13.79 mg GAE/g, total flavonoids—4.78 mg
CE/g, DPPH activity—0.17 mg TE/g, ABTS—0.40 mg
TE/g, FRAP—8.05 mg TE/g, and CUPRAC—34.18 mg
TE/g) were obtained at extraction 95 °C temperature,
15 min time and 1:100 g/mL sample to solvent ratio.
However the sample to solvent ratio was the only factor
which showed influence on the phenols, flavonoids and
antioxidant activity of the lemon pomace (Papoutsis et al.,
2016b). Another study done by Kim et al. (2008) examined
the influence of electron beam irradiation on the total
phenols, reducing power and radical scavenging activity of
citrus pomace. The study reported an increase in the
polyphenol content from 6543.2 to 7405.4 Mm, radical
scavenging from 37.6 to 52.9% and reducing power from
0.64 to 0.90 upon irradiation. Likewise, Hayat et al.
(2010b) utilized the microwave technique for drawing out
of phenolic compounds and antioxidants from the citrus
mandarin pomace. The study reported a rise in the free
phenols and improvement of antioxidant capacity of the
citrus pomace extract upon microwave treatment. Another
study focused on checking the influence of infrared drying
and/or convective drying technique on the drying behavior
of wine grape pomace as well as on the polyphenols and
pro-anthocyanidins content. The study results showed that
infrared drying have a high drying rate and led to least
destruction to the polyphenols and pro-anthocyanidins (Sui
et al., 2014).

Furthermore, a similar study investigated the effects of
UV-C irradiation on the bioactive properties of aqueous
extract of lemon pomace and reported enhancement in the
bioactive component by application of UV-C irradiation at
high doses (Papoutsis et al., 2016¢). Likewise, polyphenol
extraction from lemon pomace was done through different
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extraction methods viz; freeze drying, hot air-drying and
vacuum drying at temperatures—70 °C, 90 °C and 110 °C,
respectively. The results showed that high total phenols and
antioxidant activity in the hot air or vacuum dried lemon
pomace sample as compared to the freeze dried sample
(Papoutsis et al., 2017). Notwithstanding, substantially
more advancement is needed for investigation of the citrus
pomace for its bioactive components. Additionally, further
research in the field of effective valorization of citrus
pomace for useful value added products is required.

Strategies for valorization of citrus waste water

Citrus wastewater is generally obtained from washing of
fruit, cleaning of processing equipment, and during
essential oil extraction and peel drying. This waste water
also includes the effluents obtained through process of
production of citric acid, pectin, citric molasses and peel
oil (Sharma et al., 2017). Many researchers utilized citrus
waste water for recovery of essential bioactive components
(Table 3). Viuda-Martos et al. (2011) studied the charac-
terization of physiochemical and microbiological attributes
of citrus waste water left after orange juice processing.
They reported that citrus waste water contains good
amounts of phenolic compounds namely narirutin and
hesperidin. In addition it was revealed that citrus waste
water leads to reduction in the residual nitrate levels
thereby reducing chances of formation of nitrosamine and
exhibiting eminent properties in reducing free radical for-
mation. A recent study investigated the antioxidant
potential of citrus waste water and reported that it exhibits
great potential in scavenging 1, 1-diphenyl-2-picrylhy-
drazyl (ICsy 0.16 &+ 0.00), alkyl (ICso 0.31 £ 0.01), and
hydroxyl radicals (ICsy 0.86 4+ 0.02 mg/ml). Moreover,
the pomace wastewater enhanced the cell viability and play
role in scavenging intracellular reactive oxygen species in
AAPH-stimulated Vero cells in a dose-dependent manner
(Wang et al., 2018).

Use of citrus waste for non-food items: biofuels-
bioethanol, biodiesel, and biogas

Various non-food items that can be generated through bio-
processing of citrus waste are listed below. Citrus waste
can be used as a natural resource for providing various
important products, for example, biofuel, bioethanol, bio-
gas, bio-oil, natural acids, enzymes, etc. Different biolog-
ical processes such as fermentation and anaerobic digestion
are utilized for bio-transformation of citrus waste into
biofuel. Henceforth, Citrus by products would generate an
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inexpensive and natural source of fuel that will be envi-
ronment friendly.

Bio-fuel

Bio-fuels are the liquid as well as gaseous fuels that are
derived from agro-waste or biomass. Bio-fuels are renew-
able source of fuel which could be produced in liquid forms
such as bioethanol, biodiesel, methanol, Fischer—Tropsch
diesel and gaseous forms for example methane as well as
hydrogen (Demirbas, 2008). These renewable sources of
energy have gained importance because of their
biodegradable nature and reduced damage to environment.
Studies have reported significance of anaerobic digestion
plus fermentation for bio-fuel production by utilizing citrus
peel waste. The abundance of carbohydrate along with low
lignin content makes the citrus peel waste favorable sub-
strate for the production of bio-fuel (Satari and Karimi,
2018). However the presence of fundamental oil compo-
nents i.e. D-limonene in citrus waste is one significant
restraining factor during biofuel production; hence,
appropriate pretreatments are mandatory for the removal of
oils, hence certain studies examined the effect of pre-
treatment in reducing the inhibiting action of D-limonene.
Further, technologically advanced strategies including the
use of bioreactors and fermentation process have been
explored for acquiring greater productivity of biofuel from
citrus waste.

Bioethanol

Bioethanol is a renewable source of bio-fuel. Combustion
of bioethanol generates high thermal efficiency and power.
This might be due to the greater heat of vaporization and
higher octane numbers of bioethanol (Demirbas, 2008).
Ethanol is widely utilized liquid fuel for transport purposes
(Demirbas, 2005), also it could be utilized in enhancement
of octane content and to supplant lead as an anti-knocking
agent (Zema et al., 2018). Additionally, it is used as a
replacer of gasoline. The significance of ethanol is
expanding because of various reasons, for example, global
warming and environmental change. Bioethanol has been
getting far reaching interest at the global, national and state
levels. The worldwide market for bioethanol has entered a
period of rapid development. Numerous nations all
throughout the planet are moving their focus toward
renewable sources for power generation in view of draining
crude oil reserves.

Grohmann and Baldwin firstly conducted the enzymatic
hydrolysis of citrus waste for sugars which is later fer-
mented for production of bioethanol (Grohmann and
Baldwin, 1992), thereafter citrus waste including peels of
lemon, mandarin, orange, and grapefruit have been widely

considered for bioethanol production (Boluda-Aguilar and
Lopez-Gomez, 2013; Wilkins et al., 2007; Talebnia et al.,
2008). It is vital that presence of essential oils in citrus
waste is one significant limiting component in bioethanol
production; consequently, appropriate pre-treatments are
needed for the elimination of citrus oils. Both laboratory
and pilot studies on the ethanol production from orange
peel waste is being explored (Pourbafrani et al., 2010;
Zhou et al., 2008).

The process of bioethanol production chiefly includes
three major steps viz. pretreatment, hydrolysis and fer-
mentation. Pretreatment involves better discharge of fer-
mentable polysaccharides, though in hydrolysis or
saccharification process, complex polysaccharides are
hydrolyzed into simple sugars. The last step of bioethanol
production encompasses the fermentation process leading
to production of ethanol from simple sugars (Zema et al.,
2018).

Citrus waste is continuously considered for bioethanol
production. Some of the recent researches employed dif-
ferent pretreatment steps such as, steam explosion, auto
hydrolysis, dilute-acid and grinding, prior to enzyme/acid
based hydrolysis and fermentation. For example, Boluda-
Aguilar et al. (2010) examined the mandarin peel waste for
ethanol production through pretreatment with steam
explosion, enzymatic hydrolysis and fermentation with
Saccharomyces cerevisiae. They stated ethanol content of
50-60 L/1000 kg mandarin peel waste. Oberoi et al. (2011)
reported ethanol content of 42 g/L. obtained through
hydrothermal pretreatment of Kinnow (Citrus reticulata)
by-product through synchronized saccharification plus
fermentation. Awan et al. (2013) reported ethanol content
of 0.8 g/g and yield of 4.7 from orange peel through sep-
arate hydrolysis and fermentation. Choi et al. (2013) uti-
lized popping as pretreatment step for production of
ethanol from mandarin peel following separate hydrolysis
and fermentation. They reported an ethanol yield of 90.6%
and productivity of 3.85 g/Lh. Santi et al. (2014) converted
orange peel waste into bioethanol through simultaneous
pretreatment with acid catalyzed steam-explosion and
separate enzymatic hydrolysis plus fermentation with
Saccharomyces cerevisiae F15. The study reported an
ethanol yield of 0.495 g/g as well as productivity of 4.85 g/
Lh. Joshi et al. (2015) utilized the orange peel waste as
substrate for ethanol production through steam explosion
pretreatment and separate hydrolysis and fermentation with
Saccharomyces cerevisiae NCIM 3495 2877. They repor-
ted an ethanol content of 0.25 g/g. Lately, John et al.
(2020) utilized musambi (Citrus limetta) peels as a sub-
strate for bioethanol production through using acid cat-
alyzed steam pretreatment followed by enzymatic
hydrolysis and fermentation and reported ethanol yield of
64% obtained at pH 4 after 48 h treatment.
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Bio-diesel

It is a non-toxic, biodegradable class of fuel acquired from
inexhaustible sources. It is a favorable replacement for
petrol and diesel. Biodiesel is a non-alkyl ester of long
chain fats that adds to negligible amounts of net green-
house gases, like CO, and NO, (Bouaid et al., 2007).
Usually, plant based oils such as cottonseed oil, peanut oil,
soybean oil, sunflower oil, coconut oil, and palm kernel oil
as well as animal fats were used for production of biodiesel
(Liang et al., 2010; Watanabe et al., 2002; Crabbe et al.,
2001; Al-Widyan and Al-Shyoukh, 2002; De los Rios
et al., 2011). Conversely, most of these vegetable oils used
for biodiesel production are edible oils and are expensive
therefore large scale production of biodiesel might not be
beneficial (Yusuf et al., 2011). Biodiesel can likewise be
acquired from citrus seeds and peel waste through trans-
esterification of essential oil with alcohol (Taghizadeh-
Alisaraei et al., 2017). Rashid et al. (2013) utilized man-
darin (Citrus reticulate) seeds for production of biodiesel
through methanol based alkali catalyzed trans-esterification
process and reported Citrus reticulate seed oil as a potent
non-food feedstock for production of biodiesel. Seed oil
obtained from Citrus limetta seeds has additionally been
utilized for production of biodiesel through trans-esterifi-
cation at 60 °C temperature for 120 min at 6:1 oil to
methanol molar ratio (Musthafa, 2016).

Likewise, biodiesel was synthesized from the oil
extracted from Citrus sinensis seeds through methanoxide
catalyzed trans-esterification process at 60 °C temperature
for 60 min. The study reported a high quality biodiesel
yield of 76.93% meeting the international standards for
biodiesel (Ezekoye et al., 2019). Indeed, further investi-
gations with respect to the production of biodiesel from
agro-waste and conduct of biodiesel for its commercial-
ization is to be explored.

Bio gas

Biogas is mainly grouping of methane and carbon dioxide
obtained from anaerobic breakdown of organic compounds
(Zema et al., 2018). It also contains fewer quantities of
nitrogen, oxygen, hydrogen and hydrogen sulphite. Natu-
rally, biogas is produced in paddy fields, rumen of rumi-
nants, swamps and trash landfills, where oxygen usually
depletes the nearby environment. Biogas could be pro-
duced through utilizing the agro-waste such as citrus waste
which has high mineral content beneficial for boosting
methane yield (Bozym et al., 2015). In addition, citrus
waste is enriched with minerals like zinc, magnesium, iron,
cobalt and nickel beneficial for functioning of methano-
genic microorganism (Martin et al., 2010). An energy
examination revealed that in a citrus processing plant
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dealing with 600 ton/day of citrus fruits yields 2.1m> of
methane at standard temperature- pressure/m, the gener-
ated biogas is sufficient to meet the demand of power and
fuel, the abundance power produced from biogas could
likewise be sold (Koppar and Pullammanappallil, 2013).
Certain factors such as temperature, pH, and substrate
availability affect the methane yield from citrus waste. On
the other hand, the presence of essential oil in citrus waste
is a major challenge during anaerobic digestion. Ruiz and
Flotats (2016) reported the inhibitory action of citrus
essential oil component-limonene beyond the concentra-
tion of 200 mg/kg. Calabro et al. (2016) examined the
effect of citrus peel based essential oil concentration on the
methane yield. The study reported methane yield of
370 N mL methane per grams of volatile solids in meso-
philic and 300 N mL methane/g of volatile solids in ther-
mophilic environment. In addition, the biodegradation of
D-limonene to p-cymene was also studied by the same
authors. Consequently, some researchers studied the effect
of steam explosion pretreatment in reducing the inhibiting
action of D-limonene. A study reported 426% increment in
methane production in an experiment involving steam
explosion of substrate as pretreatment step at 150 °C
temperature for 20 min as compared to non-treated one.
Also, under ideal conditions, citrus waste weighing 100 kg
was observed to produce ethanol (40 L), methane (45 m’),
pectin (39 kg) and limonene (9 L) (Forgacs, 2012).
Wikandari et al. (2014) utilized hydrophilic poly-vinylidine
difluoride (PVDF) membrane based bioreactor for inhibi-
tion of D-limonene during methane production from citrus
waste in thermophilic conditions. The study exhibited
higher methane production of 0.33 Nm®/kg volatile solids
in membrane bioreactor while a lower methane production
of 0.05 Nm3/kg in traditional free cell reactor. Therefore, it
is observed that the limonene removal before the digestion
process lead to higher yields of methane from citrus waste.

In conclusion, this review summarizes the recent work
done on the citrus fruit waste valorization for recovery of
value-added compounds leading to zero wastage. The
presence of plentiful amounts of chemical constituents
makes the citrus waste the preeminent resource for value-
added compounds which could be obtained by using dif-
ferent approaches for application in food, pharma, and
cosmetic industries. Also in context to the bio-economy,
citrus fruit waste could be beneficial for non-food appli-
cations such as for production of biofuel, bioethanol, bio-
gas, biodiesel, and other commodities. Several green
extraction technologies for the recovery of polyphenols,
pectin, essential oils, dietary fiber, carotenoids, and limo-
noids from citrus processing waste have been developed.
Numerous studies reported improved extract yield from
citrus waste through use of green extraction methods like
microwave, ultrasound, high pressure, supercritical fluid,
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and pulsed electric field-based extraction in contrast to the
conventional methods. However, with the advanced
research towards the effective valorization of citrus waste,
an industrial-scale use of all such technologies has not been
achieved so far. Therefore, industrially centered research is
to be carried out for better valorization for economic
growth as well as environmental sustainability.
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