
Biotechnology Reports 29 (2021) e00574
Review

Tangerine, banana and pomegranate peels valorisation for sustainable
environment: A review

Azeddin El Barnossi*, Fatimazhrae Moussaid, Abdelilah Iraqi Housseini
Laboratory of Biotechnology, Environment, Agri-Food and Health, Faculty of Sciences Dhar El Mahraz, Sidi Mohammed Ben Abdellah University, Fez, Morocco

A R T I C L E I N F O

Article history:
Received 11 July 2020
Received in revised form 1 October 2020
Accepted 30 November 2020

Keywords:
Banana peel
Environment
Pomegranate peel
Tangerine peel
Valorisation

A B S T R A C T

Over the last decade the world has been generating a high quantity of tangerine peel waste (TPW),
pomegranate peel waste (PPW) and banana peel waste (BPW). These peels have several economic
benefits but there is mismanagement or inappropriate valorisation that could present risks to
environment and public health. In the current review, we discussed the use of TPW, PPW and BPW
directly for animal feed, soil fertilization, specific compost production and bio-adsorbent. We also
discussed the valorisation of these peels for manufacturing the value-added products including enzymes,
essential oil and other products that can be used in human food, in medical and cosmetic industry.
Additionally, recent studies concerning the valorisation of these peels by biorefinery for bioethanol,
biogas and biohydrogen production have been discussed. In the same context some other recent studies
about valorisation of microorganisms isolated from these peels for medical, agronomic and industrial
interests have been also discussed.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Pomegranate (Punica granatum) is a fruit from the Punicaceae
family, it is derived from the Latin name of the fruit Malum
granatum, meaning "granular apple" [1]. The pomegranate is
originally from India and Iran, its culture is extending to the whole
of the Mediterranean and South-Western American regions [2–4].
The tangerine is considered as the second most important citrus
fruit worldwide, its specific species is Citrus reticulata and Rutaceae
family [5]. The tangerine is originally from Southeast Asia, and its
movement in different areas of the world occurred with the
displacement of civilizations and traders [6]. The banana is a
tropical fruit harvested throughout the year, its specific species is
Musa sapientum, and the Musaceae family, it is native to the
Southeast Asian countries [7,8]. All of these fruits are consumed as
fresh fruit or as a processed product (juice, jam, wine and vinegar,
etc.). Thanks to their physicochemical characteristics, high
nutritional content and medicinal benefits, tangerine, pomegran-
ate and banana are three of the most widely consumed fruits in the
world. In 2017, the total world production of pomegranate is
estimated at 3.8 million metric tons [9]. In 2019, the total world
production of tangerine is around 31.7 million metric tons [10]. In

2018, the world production of banana is about 115.74 million
metric tons [11]. Besides the very important quantities have
produced each year, these fruits generate large amounts of peels.

To minimize management costs and to prevent environmental
and human health risks, several uses of residues from processing of
tangerine, pomegranate and banana were evaluated. During the
last decade, more than 1000 scientific articles have been published,
almost 90 % of them have focused on the various TPW, PPW and
BPW valorisation pathways worldwide. Every TPW, PPW and BPW
valorisation pathway depends on a high number of factors
affecting economic viability [12–14]. TPW, PPW and BPW may
be used directly or after treatments as animal feed [15,16], soil
amendment [17–19], bio-adsorbents [20,21], and the production of
the outputs was obtained by the biorefinery process (biogas,
bioethanol and biohydrogen) [22–26]. Numerous other studies
have focused on the valorisation of TPW, PPW and BPW for the
production of value-added products (essential oil, enzymes, food,
medical and cosmetic products) [27–37].

Environmental constraints must be adequately taken into
account with regard to air, soil and water preservation. Thus, the
optimal solution must combine the most efficient measures and
sustainable valorisation technologies especially in terms of
environmental and human health. Over the years, scientists have
been focused on the development of various valorisation methods
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nd banana peels particularly as waste for disposal in public
andfills, than as a valuable bioresource reusable in the bio-
conomy, due to their physicochemical characteristics and their
ultiple applications in various fields.
The current review provides a global overview of world

roduction, physicochemical and microbiological characteristics
f TPW, PPW and BPW and also the various pathways for their
alorisation, considering the advantages, disadvantages and
actors impacting on each way of valorisation. The purpose is to
nform farmers, new scientists, managers of fruit processing
ndustry and the audience about the most suitable solutions for the
alorisation of TPW, PPW and BPW. Firstly, to reduce their negative
ffects in terms of the environment and human health, and
econdly, to increase their economic benefits.

. World production of tangerine, pomegranate and banana
ruits and peels

Tangerine is a major fruit crop with a world production of about
1.7 million metric tons in the 2019 [10], its global production
uantity is increasing as a result of the increase in its consumption

(Fig. 1A). It is cultivated in many countries around the world with
tropical and subtropical climate, the most important producers of
this fruit in the world are China, Spain, Turkey, Morocco, Egypt,
Brazil, United States of America, Japan, Italy and Republic of Korea
[11]. The data of the Food and Agriculture Organization of the
United Nations have shown that China is the world's largest
producer of tangerine with a surface area of 1.34 million ha and a
production of 19.21 million metric tons in 2018 [11]. This fruit is
largely consumed fresh for its distinctive bittersweet characteristic
flavour and its high nutritional contents [38,39]. Furthermore,
about 28 % of total tangerine fruit is processed to produce juice and
other commercial products [40]. This practice generated a high
quantity of the peels because the tangerine consists of 40�50 % of
the peel [41], consequently the world generated approximately
12.68–15.85 million metric tons of its peel in 2019.

Banana is the second most produced fruit in the world,
representing 16 % of the total fruit production worldwide [42].
According to the data of the Food and Agriculture Organization of
the United Nations, the world banana production was 115.74
million metric tons in 2018 (Fig. 1B), with a surface area of 5.73
million ha [11]. The major banana producers are India, China,
ig. 1. World production of tangerine, banana and pomegranate fruits. A. World production of tangerine. Source. [10]. B. World production of banana. Source. Adapted. [11]. C.
orld production of pomegranate. Source. Adapted. [9,304–309]. D. Major pomegranate producing countries in 2017. Source. Adapted [310].
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Indonesia, Brazil, Ecuador, Philippines, Guatemala, Colombia and
Angola, where India is the largest producer with 30.808 million
metric tons of production and 884,000 ha of surface area in 2018
[11]. The banana fruit consists of 30�40 % of the peel [43], so the
world produced approximately 34.72–46.29 million metric tons of
banana peel in 2018.

Unfortunately, there is no reliable data available for the world
production of pomegranate, because of the rapidly increasing
production, and also it is difficult to calculate the total production.
In the current review, we attempted to collect estimates of annual
world production, based on the study of published scientific
articles. The world production of pomegranate is estimated around
3.8 million metric tons in 2017 [9]. However, the real quantity is
higher than this quantity. Additionally, this quantity increased
significantly from 2008 to 2017 (Fig. 1C). The most important

pomegranate producers in the world (Fig. 1D) are India, Iran,
Turkey, China, United States of America, Israel, Egypt, Spain,
Afghanistan, Tunisia, Azerbaijan, Morocco, Argentina, Brazil, Chile,
Peru, South Africa, Australia and Italy [9], among these producers
India is the world's largest producer of pomegranate with a surface
area of 234,000 ha and a production of 2.84 million metric tons in
2018 [44]. The pomegranate fruit consists of 50 % of the peel [45],
so the world produced an estimated of 1.9 million metric tons of
the peel in 2017.

3. Tangerine, pomegranate and banana processing chain

Before tangerine, pomegranate and banana arrive at the
processing industry, there are three main stages: harvesting,
temporary storage at farms, and transportation. The main
Fig. 2. Tangerine, banana and pomegranate processing chain.
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arvesting season for tangerine extends from November to January
46]. The pomegranate usually harvested between September and
ovember, where the majority of American pomegranate is
enerally ready to be harvested from the end of October [47].
anana is cultivated and harvested throughout the year and it is
eady to be harvested 8–10 months after the plantation [48].
evertheless, the harvest season depends on the varieties, the
limatic and the edaphic factors of each region. At harvest time, it is
mportant to determine the correct maturity stage of the fruit in
rder to minimize the risk of losses and to ensure a long storage
ime [41,49]. Numerous studies, such as the study by Coelho de
ueiroz et al. [50] which has shown that inappropriate fruit
aturity causes physiological disorders during storage and affects
torage time. The transport of these fruits is carried out from the
roduction farms towards the supermarkets to be distributed for
onsumption in fresh form, and towards the processing companies
or the manufacture of the processing by-products. Transport cost
s variable according to several factors including the distance
etween the production farms and the processing company or
upermarket, the road quality, the transport period, the trans-
orted quantity and the fuel cost, etc. Tangerine, pomegranate and
anana are very sensitive fruits because of their nature and short
torage time at room temperature and their quick deterioration
reates a problem for post-harvest management of the fruits
ausing significant losses to the farmers and the processing
ndustry [9,51,52]. However, maintaining the adequate tempera-
ure during the post-harvest period is an important environmental
actor to preserve the quality and increase the shelf-life of the fresh
ruits [53]. In most countries, fruit is handled, marketed and stored
nder ambient conditions, when ambient temperatures are still
ow, with much less commercial storage under refrigerated
onditions [54]. But currently, refrigerated storage is the most
ommercially used storage system for prolonging the storage time
f fruits. There are several other storage systems for fruits, such as
ontrolled atmosphere storage, hypobaric storage, cold tempera-
ure storage with intermittent heating [54,55]. Recently, numerous
esearches have been carried out on the adequate storage
onditions for tangerines, bananas and pomegranates. For
omegranates, the results of these precious studies suggest a
emperature of 5–7 �C and a humidity of over 90 % is necessary to
reserve the quality of the fresh fruit [56,57]. For tangerine storage,
ecommended storage conditions are a temperature of 2–7 �C and

 humidity of 80–90 %, to ensure storage time of 2–18 weeks
epends on the variety [54]. For the storage of bananas, storage
onditions are a minimum temperature of 13.3 �C and a humidity
f 85–95 % [55]. The fruit processing industries get the bananas,
angerines and pomegranates directly from the farms. Tangerines
re received mixed with a large quantity of leaves. After reception,
he fruit is temporarily stored (see condition above), washed,
raded, and followed by the juice extraction stage and the
roduction of the other products (Fig. 2). The washing is carried
ut manually or automatically, depending on each industry. In
rder to get the maximum benefit from the fruit after processing,
xperts choose the best destination for each type of fruit. The main
roduct of the tangerine, pomegranate and banana fruit processing
ndustry is the juice, used as a food, thanks to its important
utritional values [58]. In addition, there are other products
btained from the processing of these fruits, such as vinegar, jam,
ry peels, flavours for drinks and other food quality products
Fig. 2). The processing of fruits to juice is a process consisting of

[58]. Additionally, each type of fruit requires a specific treatment
for the separation of pulp, peel and seeds. The processing of fruit
into juice is carried out by machines and according to the following
steps: Juice extraction (washing, fruit preparation, crushing or
milling, fruit-grinding mills and finger cup extractors), juice
separation (pressers, rack and cloth press, hydraulic presses,
screw-type presses, belt presses, hydrodiffusion extractor and
spiral filter press), clarification and stabilization (centrifugation,
membrane-based filtration technologies and enzymes for fruit
juice clarification), drying/evaporation and concentration, pas-
teurization and storage [58]. The juice obtained is pasteurized by
heating at a higher temperature (60 �C–100 �C) to eliminate
pathogenic microorganisms and enzymes for long storage of the
juice [60]. The juice produced is packaged and stocked (Fig. 2). But
before reaching the final product destination to consumers, there is
an essential step, it is the microbiological analysis of the juice,
especially for non-pasteurized juice, in order to show that it is safe
for human consumption [61].

The consumption of these fruits in the fresh state and the
industry of their processing generated a significant quantity of
peels whose quantity is variable from one fruit to another, the
processing or consumption of banana fruit generated about 30�40
% of peel [43], the tangerine fruit generated approximately 40�50
% of the peel [41] and the pomegranate fruit generated
approximately 50 % of the peel [45]. In view of the world
production of these fruits, and the amount of waste generated by
each fruit, we are discussing the millions of metric tons of solid
organic waste produced each year (see Section 2), and also, we are
thinking of a significant amount of wastewater resulting from their
processing. In addition, these wastes present risks to the
environment and human health (see Section 5). However, these
wastes can be used directly as animal feed (see sub-section 7.1.1) or
soil biofertilizers (see sub-section 7.1.2), and they may also be
recovered in several other ways (see section 7.2).

4. TPW, PPW and BPW characterization

The composition of the fruits generally, tangerine, pomegranate
and banana fruits particularly depends on the climatic conditions,
the region, the culture, the species, the harvesting period, the
maturity and the storage environment [62].

The pomegranate fruit has been known since antiquity by these
nutritional properties, composed of the peel, arils and seeds
(Table 1), approximately 50 % of the pomegranate's weight is
contained in the peel [45,63]. The pomegranate is characterized by
a pH lower than 4, and by the presence of hydrolysable tannins,
condensed tannins, flavonols, anthocyanins, phenolic and organic
acids, and a high sugar content (mainly glucose and fructose),
minerals, such as nitrogen (N), phosphorus (P), calcium (Ca),
sodium (Na), magnesium (Mg) and potassium (K) [64], heavy
metals and vitamins [65,66]. Pomegranate has a high antioxidant
activity thanks to different polyphenol compounds mainly
ellagitannins, gallotannins, ellagic acid and flavonoids, including
anthocyanins, quercetin, kaempferol and luteolin glycosides [67].

The banana is one of the most consumed fruits in the world
thanks to its high nutritional content, this fruit is composed of the
peel and the arils (Table 1). Banana fruit is a source of nutrients

Table 1

Main constituents of tangerine, pomegranate and banana fruits.

Pulp (%) Peel (%) Seeds (%)

Tangerine fruit* 48�58 40�50 2
Pomegranate fruit** 40 50 10
Banana fruit*** 60�70 30�40 0

Source: adapted data; *= [41,78,290]. **= [45,63,291]. ***= [43].
xtracting the juice by several methods, the quality of the juice
btained depends on many factors such as, the variety of fruits, the
ruits texture, the maturity stage, the agri-climatic conditions, the
ruit pre-treatment, the extraction technique used, the sanitary
pproaches and the waste disposal [59]. Pre-treatment methods
lso vary according to peel texture, form and nature of the fruit
4
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containing various minerals, vitamins (vitamins A and C), lipids,
proteins, pectin, polysaccharides, flavonoids, alkaloids, steroids
and glycosides [68,69]. Banana is widely known for its high content
of various antioxidant compounds, such as gallocatechin [70] and
dopamine [71].

The tangerine is one of the most popular and most accepted
fruits worldwide, this fruit is composed of the peel, arils and seeds
(Table 1). Tangerine is very rich in nutritional content, especially
fibres, carbohydrates, lipids, proteins, oligo-elements such as
calcium (Ca), iron (Fe), manganese (Mn), phosphorus (P), potassi-
um (K), copper (Cu), sodium (Na) and zinc (Zn), fatty acids
[6,39,72] and also contains bioactive compounds, such as
antioxidants, flavonoids, vitamins (Vitamins C, A, E, K, B1, B2, B3,
B5) and other phenolic acids [73].

4.1. Physicochemical characterization

The physicochemical composition of fruit peels in general and
of TPW, PPW and BPW in particular depends on the cultivation
method of the fruit, the harvest time, the ripeness stage and the
different methods used for juice extraction [74].

TPW is rich with bioactive compounds, including ascorbic acid,
carotenoids, phenolic compounds (phenolic acid) and flavonoids
(hesperidin, naringin, and neohesperidin), lipids (oleic, linoleic,
linolenic, palmitic and stearic acids), vitamins (especially vitamin
C), insoluble carbohydrates such as cellulose, pectin, other sugar,
including glucose and fructose, acids (mainly citric and malic

acids), minerals (nitrogen (N), calcium(N) and potassium(k)),
essential oil, volatile compounds (alcohol, aldehydes, ketones,
esters, hydrocarbons), enzymes (mainly pectinesterase), pigments
and carotenoids (carotene, xanthophylls, lutein) and other con-
stituents [41,74–78]. Table 2(a) reports the physicochemical
characteristics of TPW.

PPW contains several chemical compounds such as hydrox-
ybenzoic acids, gallic acid and ellagic acid, hydroxycinnamic acids,
flavone derivatives, yellow colouring molecules and anthocyani-
dins which give the red colour of the fruit [67,79]. It also contains
essential oil [34,80], ellagitanins, such as punicalagine, punicala-
gine, granatine A and granatine B [3,81]. The pelletierine is also
present in the PPW [3]. Table 2(b) reports the physicochemical
characteristics of PPW.

BPW contains cellulose, hemicellulose, lignin, proteins, poly-
saccharides, chlorophyll, pectin and other compounds of low
molecular weight [69,82,83]. It also contains beneficial bioactive
compounds including phenolics, dopamine, anthocyanins and
catecholamines [84]. BPW has a high content of gallocatechins,
which makes it a useful dietary source against heart disease and
cancer [70], of flavonoids and certain other bioactive compounds,
including pro-vitamin A compounds, trans-β-carotene, trans-α-
carotene, cryptoxanthin, sterols, cycloartan-type triterpenes,
polyunsaturated fatty acids and linolenic acid [85,86]. Also, BPW
contains essential oil, phenols, lipids and tannins that have been
shown to have good antimicrobial activity [13,87]. Table 2(c)
reports the physicochemical characteristics of BPW.

Table 2
Physicochemical composition of TPW, PPW et BPW. a. Physicochemical characteristics of TPW; b. Physicochemical characteristics of PPW; c. Physicochemical characteristics
of BPW.

aTPW dry matter bPPW dry matter cBPW dry matter
Chemical composition

pH 74.27 14.83 86.23
Moisture (g water/gdry weight) (%) 32.50 � 0.10 g 47.06 � 0.07 29.80
Proteins (%) 58.55 13.26 � 0.14 15.13 � 0.14
Lipids (%) 52.97 – 51.70 � 0.100
Crude fibres (%) 312.8 834.0 531.70 � 0.250
Total dietary fibre (g/g) � – 40.5025 � 0.2
Ash (%) 32.881 13.31 � 0.05 25.01
Carbohydrates (%) 518.03 486.52 � 0.18 559.00 � 1.360
Fat (%) – 13.31 � 0.05 413.1 � 0.2
Minerals (mg/g) 530.96 – –

Total phenolic (mg GAE/g) 29.31 � 12.43 6268 69-30
Phenolic acids (mg/g)
Gallic – 56208.168 –

Chlorogenic 20.415 � 6.3 524659.06 –

Caffeic – 5228.586 –

Catechol – 52423.92 –

Total Flavonoid (mg quercetin/g) 24.27 � 1.51 – 7196.1 � 6.70
Total carotenoids (mg/g) 62.0 – –

Titratable acid (%) 30.875 – –

Hydrolysable tannins (g/kg) – 627-172 –

Pectin (%) 412,82 38.1 � 3.5 33.5
Hydrogen cyanide (mg/g) – – 51.33 � 0.100
Oxalate (mg/g) – – 50.51 � 0.140
Phytate (mg/g) – – 50.28 � 0.06
Saponins (mg/g) – – 524.00 � 0.270
Vitamin C (mg/g) 37.0 – –

Essential oils (% w/w) 14.6 20.20 30.106
Glucose (% Dry matter) 839.4 � 1.1 927.94 930.1 � 0.8
Fructose (% Dry matter) 810.3 � 0.8 932.29 915.2 � 0.7
Physical properties

Bulk density (g/cc) 90.849 70.62 100.39
Particle density (g/cc) 100.894 70.89 100.89
Porosity (%) 924 730.88 1056.41
Water absorption capacity (ml/g) – 76 105.1

Notes: GAE: Gallic acid equivalents. Source: adapted data; a = 1 [135], 2 [292], 3 [39], 4 [32], 6 [293], 5 [72], 7 [18], 8 [176], 9 [294], 10 [295]. b = 1 [45], 2 [80], 3 [296], 4 [297], 5 [298],
6 [79], 7 [8], 8 [299], 9 [300]. c = 1 [301], 2 [42], 3 [14], 4 [302], 5 [303], 6 [84], 7 [85], 8 [18], 9 [176], 10 [42].
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.2. Microbiological characterization

The microorganisms associated with TPW, PPW and BPW are
aried according to varieties, study period, study conditions, and
tudy methods. In literature there are several studies that have
ocused on the microbiological study of banana, tangerine and
omegranate wastes in the case of compost and vermicompost
roduction [88,89]. However, the study of TPW, PPW and BPW
icroorganisms is very poorly researched until now. Only a few
cientistshavefocusedonthe studyof thesemicroorganisms,suchas
l Barnossi et al. [90] that have studied microorganisms associated
ith the decomposition of tangerine peel in water and soil, in their
tudies they have shown that the microbial density of tangerine peel
as been variable (Table 3). Also, El Barnossi et al. [91] that have
ocused on the quantitative study of bacteria, yeasts, actinomycetes
nd moulds associated with decomposing banana and pomegranate
aste in water and soil. The results of these researchers are
ummarised in Table (3). El Barnossi et al. [92] have studied the
ungal microorganisms associated with banana and pomegranate
astes, and they have shown different fungal densities associated
ith banana and pomegranate wastes, in banana wastes microbial
iodiversity has been more diverse and the species identified
ncluded Aspergillus flavus, Aspergillus niger, Aspergillus ochraceus,
enicillium cyclopium, P. islandicum and P. simplicissium from banana
aste and Fusarium oxysporum, Penicillium sp, P. glabrum,
. islandicum from pomegranate waste.

. Impact of inappropriate valorisation of TPW, PPW and BPW
n environment and human health

The processing industry and the consumption of tangerine,
omegranate and banana fruits produce a significant amount of
aste every year (See Section 2). A part of these wastes used
irectly as animal feed, soil biofertilizers or bio-adsorbents (see
ubsection 7.1.2), another part is distinguished for the biorefinery
see Section 7.2). However, landfills are the most widely used
ethod of waste disposal in the world, especially in developing
ountries such as Morocco. These landfills represent serious
hreats to the environment [93–95]. Landfill sites can cause
nvironmental pollution such as pollution of surface water,
roundwater, air and soil [96–99]. Agricultural wastes in general
ontain a very important quantity of organic matter, after their
isposal in landfills, the decomposition of agricultural wastes due
o landfill microorganisms causes a change in their chemical
omposition resulting the production of many pollutants through
eachates and landfill gases composed of CO2, CH4, CO, H2S and
thers [95,100]. Landfill leachate, especially from uncontrolled
andfills, interacts with soil, surface water and groundwater and
egrading their quality [101] and negatively affecting the
opulated biodiversity [102]. Landfill leachate is a highly polluted
iquid mixture containing a wide range of pollutants, such as
norganic compounds including metals (Cd2+, Cr3+, Cu2+, Pb2+, Ni2+,
n2+), chloride (Cl), sulphates (SO₄2-), organic matter (volatile fatty
cids), xenobiotics (pesticides and herbicides), microorganisms,
romatic hydrocarbons, phenols, oil, hydraulic fluids, and other
hemicals [93,100,101,103]. In addition, several studies have

indicated that the main groundwater pollutants from landfills
included chloride (Cl), sodium (Na), phosphorus (P), ammonium
(NH₄+), total hardness, total dissolved solids, organic matter,
chemical oxygen demand and heavy metals [97,100,104–106].
There are also a pollution risks from these wastes during their
treatment and valorisation, such as by the side effects of organic
amendments on soil organisms [107,108]. Also, by the excessive
applications of low-quality compost can lead to an accumulation of
pollutants in the soil, which affects the metabolism of living
microbes [109], the continued unwise and large-scale use of
compost in soils can lead to the accumulation of heavy metals in
the soil [110]. The inappropriate combustion of waste in open air is
particularly discouraged because of its serious air pollution
[99,110], there are also other pollutants in the water obtained
during fruit processing can present risks to the environment and
human health.

The most frequent problems with waste disposal in landfills
include fires and explosions, vegetation damage, bad landfill
odours, air pollution, climate warming and groundwater pollution
[111,112]. Additionally groundwater contaminants can be absorbed
by plants growing in nearby agricultural fields, potentially creating
human and animal health problems [113].

Landfills can cause many negative effects on human health by
direct or indirect contact with soil, air and surface or groundwater
contaminated with pollutants [95,114]. Direct health hazards
mainly concern workers in this field who must be protected, to the
extent that contact with the waste and also people living near a
landfill site may lead to the inhalation of toxic substances emitted
by the site and contact with soil and water polluted, either directly
or indirectly through the consumption of contaminated products
from the surrounding area [100]. For the general public, the main
health hazards are indirectly related to the rearing of disease
vectors mainly from flies and rats [110]. Several authors have
studied landfills and have concluded that these landfills have
negative impact on human health, such as inhalation chemical
poisoning, low birth weight, birth defects, neurological diseases,
nausea and vomiting, mercury toxicity from consumption of high
levels of mercury in fish [115], the increase of cancer cases [116,117]
and the respiratory diseases [118,119]. Many other articles have
reported an association between exposure to odour control
systems, particularly landfills, respiratory and other non-specific
symptoms in the public [119,120].

In this section, we have discussed the disposing problem of
organic wastes in landfills and also the impact of their inadequate
valorisation, clearly these wastes have several adverse impacts on
the environment and public health. However, studies are required
regarding the impact of these wastes, especially on the transmis-
sion of pathogens due to atmospheric pollution in order to protect
the environment and public health.

6. Wastewater treatment of TPW, PPW and BPW processing

Currently, the processing industry and the consumption of fresh
tangerine, banana and pomegranate fruits generate a significant
volume of wastewater because of the increased production and
consumption of those fruits. The composition of the wastewater
caused by those wastes depends on different water uses. While
those fruits are distinguished for consumption in their fresh state,
we mainly discuss wastewater polluted by pesticides, biocides, and
chemical fertilizers, etc. However, the great volume of wastewater

able 3
icrobiological characteristics of TPW, PPW and BPW.
* BPW (CFU/gDw) *PPW (CFU/gDw) **TPW (CFU/gDw)

Total Bacteria 5.24 107 3.039 108 2.261 107

Yeasts 5.86 108 7.7318 108 5.59 108

Moulds 1.139 108 6.257 108 1.017 108

Actinomycetes 0.00 0.00 0.00

ource: *= [91], **= [90].
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is generated by the processing industry due to treatment, cleaning
and cooling. In this case, the composition of wastewater depending
on the product processed, such as drink, jam, juice, etc., and during
biorefinery process, including biogas, biohydrogen, bioethanol
production and other products. Processing industry for fruit
produces a large volume of wastewater polluted mainly by highly
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concentration of organic matter [121]. Organic matter and other
types of water contaminants create a favourable environment for
the growth of most pathogenic and phytopathogenic organisms,
such as bacteria, fungi, protozoa, nematodes and viruses, all of
which represent serious problems for humans, animals and
environment [122,123]. In this context, a constant effort should
be made to protect water resources and also to valorise pollutants
in wastewater.

Each type of wastewater requires a specific treatment process
according to its composition and the interest of its treatment. It is
difficult to establish a universal method for removing all
wastewater pollutants at the same time [123]. Wastewater
treatment methods require a combination of physical, chemical
and biological processes, as well as operations to eliminate
insoluble particles, soluble effluent contaminants and micro-
organisms, and it is also important to respect the factors
influencing treatment efficiency, feasibility, environmental impact
and sustainability [123]. Since many years, several physical,
chemical and biological methods have been used for the treatment
of wastewater, such as flotation, sedimentation, evaporation,
adsorption, chemical oxidation [122], coagulation, flocculation
[124], chemical precipitation, ion exchange, membrane filtration,
electrochemistry [125], biodegradation, microbiological treat-
ments, enzymatic decomposition [126], phytoremediation [127],
incineration and the liquid-liquid (solvent) extraction [123]. Every
method among the methods listed above has its disadvantages and
advantages. In their review article, Crini and Lichtfouse [123] have
discussed the disadvantages and advantages of those methods, e.g.
biological methods have several advantages, such as, simplicity of
using microorganisms for biodegradation of organic pollutants, the
microorganisms used produce value-added products like extracel-
lular enzymes with high biodegradability, effective removal of
biodegradable organic matter, ammoniac (NH3), ammonium
(NH4

+), high removal of biochemical oxygen demand and
suspended solids, etc. Nevertheless, those methods also have
disadvantages, such as the necessity of an optimal environment,
require management and maintenance of microorganisms as well
as physicochemical pre-treatment, require a long process time, low
biodegradability of some molecules like colorants, poor discolor-
ation, biological sludge production, and complexity of microbio-
logical mechanisms, etc.

The recovery of wastewater resources can provide environ-
mental and economic benefits; particularly the recuperation of
value-added substances from wastewater [122,128]. In their
review, Li et al. [129] have discussed wastewater treatment based
on microalgae for nutrient recovery and they have indicated that
this process has many advantages that can respond to the new
demand for improved wastewater treatment. In their review, Liu
et al. [130] have discussed and criticized recent research about
wastewater treatment using filamentous algae and they have
shown that filamentous algae present some advantages over
microalgae because of their size, which allows easier harvesting.
Cao et al. [128] have discussed the use of photosynthetic bacteria
for wastewater treatment with production of value-added
products, such as proteins, coenzymes, carotenoids, bacterio-
chlorines and polyhydroxyalkanoates, etc. Lu et al. [131] have also
shown that photosynthetic bacteria are non-toxic and contain
many value-added products that can be used in several fields,
especially in the agri-food industries. However, wastewater
biorefinery presents some disadvantages, especially those related

each microorganism, the separation and purification methods of
microorganisms after treatment, and also more fundamental
researches about microorganisms applied in the treatment in order
to demonstrate the benefits of each method.

7. TPW, PPW and BPW valorisation methods

There are several traditional methods of fruit peel disposal in
general and TPW, PPW and BPW in particular, such as landfill and
incineration. Because of the high quantity of peels that have
generated every day, traditional methods are not sufficient.
Furthermore, these methods have a negative impact on the
environment and human health (see Section 5), and also the global
economy has lost billions of dollars annually through their
application. Consequently, the valorisation of any type of wastes
requires, before anything else, a good determination of their
physicochemical and microbiological characteristics for an ade-
quate valorisation, which preserves our environment and offers an
important economic benefit. In this section we will discuss the use
of TPW, PPW and BPW directly without differentiation of their
compositions, and then we will discuss the valorisation of these
peels with differentiation of their chemical, microbiological
compositions as well as the products derived from their
decomposition under aerobic or anaerobic conditions.

7.1. Direct use

Thanks to these physicochemical and nutritional characteristics
(see Section 4), TPW, PPW and BPW could be used directly or after
pre-treatments for animal feed and for fertilization and restoration
of degraded soil. Moreover, these peels are suitable for the
depollution of contaminated environments, especially wastewater,
due to their high bio-adsorbent capacity.

7.1.1. Animal feed
Current animal nutrition and health approaches use fruit peels

as animal feed, such as TPW, PPW and BPW, which can be used as
fresh or dry animal feed. In addition, the flavonoid content of these
peels can be considered as antioxidants and phenolic compounds
that have the potential to eliminate pathogenic bacteria [132].
According to Monagas et al. [133], the antioxidants that can enter
blood vessels of the organism are selectively permeable and
prevent hazardous substances to enter the organism. These peels
also contain a significant quantity of nutrients and minerals
necessary for animals' healthy growth, they are rich in crude fibre,
carbohydrates, crude protein and ash [134]. Thus, suggesting that
TPW, PPW and BPW (fresh or dried) can be used to partially replace
feeds in the conventional animal diet. However, the presence of
anti-nutritional content may adversely affect the use of these peels
as animal feeds, such as the presence of limonin [12], tannins
[13,87] and essential oil [14,80,135], therefore, they must be
treated before using them as animal feed. Currently, many studies
have focused on the use of PPW as animal feed, such as Shabtay
et al. [136], Oliveira et al. [137], Jami et al. [138], Weyl-Feinstein
et al. [139] and Varma et al. [15] who have studied the effects of
PPW in terms of ruminant health and production. Shabtay et al.
[136] have shown that cows feed with concentrated pomegranate
extract have produced more milk than control cows. Weyl-
Feinstein et al. [139] have demonstrated that milk supplementa-
tion with 3.75 % of the concentrated PPW extract for neonatal
to the complexity of wastewater characteristics and species
adaptability. In addition, there are considerable researches
deficiency in the fields of wastewater treatment. Therefore, further
researches are necessary concerning the selection of species, the
effect of nutrient loads, the microorganism interactions with the
wastewater compositions, the safety assessment for the use of
7

Holstein calves leads to a reduction in the number of faecal oocysts
of intestinal parasite Criptosporidium parvu and diarrhoea intensi-
ty. Jami et al. [138] have reported that supplementation of cow's
milk with 4 % of concentrated PPW extract significantly increased
their dry matter digestibility, fibre protein and milk yield,
furthermore, they have also shown that concentrated PPW extract
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ffects significantly the rumen bacterial communities. Varma et al.
15] have concluded that feed supplementation with concentrated
PW extract is feasible to improve calves' health and production.
liveira et al. [137] have found that pomegranate extract
olyphenols have improved mitogen-induced cytokine production
nd response to vaccination, potentially enhancing calves' immune
ompetence and possibly their health. Concerning TPW, there are
everal studies that have focused on its use as animal feed, such as
ema et al. [78] which have shown in their review that citrus peels
re more suitable for use as feed higher ruminants for meat and
ilk production. Also, Choi and Lee [140] have studied the
hysicochemical quality characteristics of the pork patty added
ith different quantities of TPW, the addition of 0.3 % to 1 % TPW in
he pork patty has shown no significant difference in sensory
roperties compared to the pork patty without TPW, and they have
oncluded that the addition of TPW could be used as an additive in
he pork patty to promote the function of tangerine by-products.
ver the last decade, the potential for the use of BPW as a feed
dditive for livestock [141], poultry [7], aquatic animals, especially
frican catfish [142], freshwater giant prawn [143], Rohu fish
144], red tilapia performance [145] and rabbits [16] have
stablished. Adeniji et al. [146] have shown that BPW is a good
eed source for livestock thanks to its high cellulose and starch
ontent. Nuriyasa et al. [16] have documented that the use of 9 %
PW feed level induces higher consumption, feed digestibility,
rowth and carcass weight of rabbits compared to those observed
ithout BPW. FAS et al. [7] have concluded that BPW meal can be
dded up to 10 % in the poultry diet of broilers without any
egative effect, which enriches the poultry production industry.
inally, Yangthong et al. [147] have indicated that the inclusion of
p to 15 % BPW in the diet does not appear to have a negative effect
n fish growth efficiency.

.1.2. Bio- fertilizer
In the light of the TPW, PPW and BPW physicochemical

haracteristics (see Section 4), these peels are highly rich in
icronutrients, which suggests their use to improve soil quality
nd therefore crop yields, whether through its use directly as
rganic soil conditioner or through its use to produce a specific
ompost to meet the specific requirements of plants.

.1.2.1. Organic soil amendment. Many farms have used TPW, PPW,
nd BPW directly or after drying in the soil to improve its
hysicochemical and microbiological characteristics, as well as
lant productivity. The incorporation of these peels into the soil
elps the construction of a clay-humic complex, as well as
ncreasing the water retention capacity and decreasing soil
ermeability. Documentary review of scientific articles over the
ast decade has revealed that TPW, PPW and BPW have successfully
sed as fertilisers for improving soil fertility and enriching soil
icrobiota thanks to their content of minerals required for the
lant's growth. TPW, PPW and BPW have a high content of the most
utritious minerals, mainly phosphorus (P), potassium (K), sodium
Na), iron (Fe), zinc (Zn), manganese (Mn) and copper (Cu) [19,148].
PW is an organic waste rich in high potassium (K) content
ompared to TPW and BPW [149], also other authors have shown
hat BPW biochar was found to be high in potassium (K) which
ould be used as potassium (K) fertilizer, therefore, an alternative
ource of potassium (K) for plants productivity [19]. Consequently,
PW biochar is not recommended for soil acidity remediation, but

the soil with phosphorus (P) [151]. Numerous studies have shown
that the use of TPW, PPW and BPW as an organic amendment
improves soil fertility with other benefits, such as the study by Cao
et al. [17] which has indicated that biochar derived from PPW has
great potential as an adsorbent for the removal of Cu (II) from the
soil, and the study by Sial et al. [152] which has demonstrated that
BPW and its biochar have reduced greenhouse gas emissions.
Anastopoulos et al. [18] have also demonstrated that the
incorporation of TPW and BPW in soil has a significant effect on
the bacterial community structure and the bacterial guild
abundance associated with nitrous oxide emissions. The usage
of TPW, PPW and BPW or their biochar have also helped plants to
resist diseases [19,151,153]. Furthermore, the spread of unstable
TPW, PPW and BPW to soil could result the depletion of soil oxygen
and the emission of harmful odours in treated crop fields.
Additionally, the input of these untreated peels in the soil can
induce soil permeation with possible pollution of groundwater, soil
and air (see Section 5). For these reasons it is necessary to pre-treat
these wastes before their utilisation as an organic amendment. In
order to integrate their use in a nutrient management strategy for a
culture, more studies are required to assess the response of the
culture, although long-term effects to several soil physicochemical
and microbiological properties will also be helpful, especially the
effect on biodiversity and activity of microbial communities which
is not available until now.

7.1.2.2. Compost. The composting is the controlled biological
transformation of solid organic waste under aerobic conditions by
indigenous micro-organisms (bacteria, actinomycetes, yeasts and
moulds). The degradation of organic matter results in the release of
CO2 from H2O and heat, as well as the production of nutrients.
Compost contains a high level of plant nutrients with beneficial
effects on the physicochemical and biological soil properties [154].
The production of composts from vegetable residues has known for
years. Thanks to these physicochemical and nutritional
characteristics TPW, PPW and BPW have succeeded to produce
specific composts with very good qualities. However, the excessive
moisture content of wet TPW, PPW and BPW makes it difficult to
compost by the methods commonly used for solid organic waste,
because if the moisture content exceeds 70 %, the aeration of the
organic waste becomes very difficult which can prevail anaerobic
conditions [155], therefore, this type of waste requires a
preliminary mixing with a lignocellulosic support or drying in
order to reduce the moisture content at the optimal interval for
composting, which is between 45 % and 55 % [155]. TPW, PPW and
BPW have high C/N ratios (Table 4), however, at higher C/N ratios
(>40), the microbial population will be deficient in nitrogen (N)
that can cause the slow-down of the composting process [155],
thus, it is interesting to add wastes with a low C/N ratio, such as
sewage sludge with a C/N ratio about 8 to reach the optimal C/N
ratio between 25 and 35 [156]. In addition, TPW and PPW have a
low pH of 4.27 and 4.83 respectively [18,45], which requires the
addition of calcium hydroxide (Ca(OH)2) so as to obtain the optimal
pH which is between 6 and 7.5 [78]. Several studies have
demonstrated that the co-composting of TPW, PPW and BPW
with other wastes is an appropriate practice such as Kalemelawa
et al. [150] that have conducted researches to improve the

Table 4

Carbon and Nitrogen characteristics of TPW, PPW et BPW.

aTPW bPPW cBPW

C (g/kg) 560 400.9 470
N (g/kg) 13 11 12.5
C/N 43 39.1 38

Source: a and c= [18], b= [25].
t would certainly reduce calcareous requirements when applied as
 potassium (K) fertilizer [150]. The incorporation of BPW
ncreases the alkalinity of the soil, as well as the exchange
apacity of its anions, which is beneficial for the plants' growth.
hen BPW decomposed in the soil, the soil's phosphorus (P)

ontent increases, thus, suggesting its incorporation could enrich
8
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composting of BPW with animal manure, poultry litter or
earthworms and they have found that inoculation of cow dung
or poultry litter greatly facilitated mineralization and the final
composts were high potassium (K) and high nitrogen (N) content
(>100 g/kg and >2 %), respectively. Another study has indicated
that the potassium (K) content of BPW compost is higher compared
to other composted wastes, such as municipal solid waste compost
[157]. In addition, the highly alkaline pH of BPW compost suggests
that it could be useful for remediating acidity in acidic soils [150].
Kucbel et al. [158] have reported that compost from BPW and citrus
(tangerine) are very rich in potassium (K). The high potassium (K)
and nitrogen (N) content of composts has a high potential for their
use to provide a potentially important source of potassium (K) and
nitrogen (N) soil nutrients [159]. Besides, Bernal-Vicente et al.
[160] and Zema et al. [78] have been shown that citrus compost is
characterized by a high content of lignocellulosic compounds, a
high C/N ratio and a high pH. For composting PPW, Abou El Nour
et al. [161] have evaluated formulations of aerated compost tea in
combination with PPW powder to determine their suitability for
use as environmentally safe fungicides and they have concluded
that it is a promising combination for controlling phytopathogenic
fungi and can be used as a natural fungicide effective against
hazardous soil-borne fungi.

The composting of TPW, PPW and BPW to produce a stable
fertiliser resource should be studied as an alternative waste
management option to landfill, for a potential benefit to farmers,
especially in poor and developing countries, which requires
advanced studies about the valorisation of TPW, PPW and BPW
by composting, especially the impacts of these composts in terms
of soil quality and durability.

7.1.3. Bio-adsorbent
The removal of heavy metal ions from contaminated environ-

ments by using fruit peels is an innovative and promising
technology. Thanks, to these physicochemical characteristics
(see Section 4) TPW, PPW and BPW could be a very good quality
bio-adsorbent. The use of TPW, PPW and BPW as bio-adsorbent to
eliminate contaminants has been the object of numerous studies.
For BPW, most of the studies have focused of the cation adsorption
of colorants [162], heavy metals which has indicated by the study
of Motaghi and Ziarati [163] which has shown that BPW modified
with 1 % citric acid has a large potential capacity to bio-adsorb toxic
heavy metal ions (cadmium and lead) from rice, and by the study of
Amin et al. [20] which indicated an effective biochar absorption
potential prepared using BPW for the removal of copper and lead,
also have focused of the acid adsorption which has shown by the
study of Pathak et al. [164] which has demonstrated that the use of
BPW is extremely effective for the removal of benzoic and salicylic
acid from aqueous solutions, and by the study of Pathak and
Mandavgane [165] which has shown that microwave-assisted
charcoal synthesized from raw BPW has a good potential for
removing citric acid from aqueous solution. Also, Alaa El-Din et al.
[166] have noted that the adsorbent capacity of BPW performs well
as a new bio-adsorbent for oil spill disposal. For PPW, El-Ashtoukhy
et al. [167] have documented that PPW is an effective adsorbent for
the removal of lead and copper ions from aqueous solutions. Amin
[168] has shown that activated carbon prepared from chemically
treated PPW is an effective adsorbent for the removal of the blue-
106 dye directly from the aqueous solution. For TPW, the study of
Abdi�c et al. [21] has confirmed that TPW is a very interesting

heavy metals (Pb, Cd and Ni) from plant coriander. Also, Torab-
Mostaedi [170] have shown that TPW could be used as an
alternative bio-adsorbent for treatment wastewater containing
lanthanum (III) and cerium (III).

The use of TPW, PPW and BPW as bio-adsorbent for the
treatment of contaminated environments, especially wastewater
that is encouraging, thanks to the advantages of being a naturally
biomass, low-cost biomass with a high bio-adsorbent capacity.
However, they should take into account the suitable pre-treatment
and adaptations to improve its performance as bio-adsorbent and
study its environmental impacts of their use, especially to living
organisms and also to demonstrate their safety to the human
population.

7.2. Biorefinery

Biorefinery is an installation integrating biomass conversion
processes and related equipment to produce energy and bio-
chemicals from organic biomass waste [171]. Currently, the
biorefinery is a new and promising approach to convert organic
waste into value-added products. Fig. (2) illustrates the overall
biorefinery concept schema for the conversion of TPW, PPW and
BPW into energy and value-added products.

7.2.1. Energy production

7.2.1.1. Bioethanol production. Bioethanol is the most widely used
liquid biofuel as a fuel or gasoline additive. In addition, it could be
used in the production of pharmaceuticals, drinks as well as to
replace traditional lead as anti-knock agent [78]. Bioethanol
production provides many advantages, such as reducing fossil fuel
consumption, increasing energy security and preserving
environment, and human health.

TPW, PPW and BPW have suggested as potential feedstocks for
bioethanol production due to their high content of fermentable
sugar such as glucose, fructose and sucrose, as well as insoluble
polysaccharides, such as cellulose and hemicellulose (see Sec-
tion 4). However, D-limonene of 0.3�0.4 (% v/v) contained in TPW
inhibits fermentation by microorganisms [172], because D-limo-
nene causes disruption of the yeast cell wall and alteration of the
H+ and K+ transfer chain in glycolysis [173,174], thus necessitating
that D-limonene content should be lower than the minimum
inhibitory concentration (0.05 % v/v) which could affect fermenta-
tion kinetics [174].

Briefly, the bioethanol production process consists of a
preliminary pre-treatment to decrease the D-limonene content
and subsequent hydrolysis of complex sugar contained in TPW,
PPW and BPW by thermal or enzymatic methods into simple sugar,
followed by alcoholic fermentation using microorganisms, espe-
cially saccharomycetes, which convert the sugar into ethanol
[23,175] and produce carbon dioxide by glycolysis, piruvate-
decarbossilasys and alcohol-dehydrogenasys [78].

Several pre-treatment methods, such as ammonia fibre
explosion, liquid hot water, alkaline hydrolysis, oxidative deligni-
fication, steam explosion, acid hydrolysis and biological methods
could be used for different lignocellulosic biomasses [78,175] to
promote hemicellulose solubilization and lignin modification.
Most of these methods are based on thermochemical or
thermophysical processes [176]. The pre-treatment of the steam
explosion reduces the content of D-limonene to 0.02�0.05 (% v/v)
material for the removal of Cr, Cu, Mn, Co, Ni, Pb, Cd and Zn from
polluted water by these heavy metals, also it has shown that the
adsorbent of these heavy metals is a mechanism of ion exchange
between the negatively charged groups present in the wall of TPW
and the cationic metal ions. Furthermore, Sobhani and Ziarati [169]
have revealed that TPW has a high potential for the removal of
9

[172], and the popping pre-treatment by Choi et al. [177] reduces
the content of D-limonene in tangerine peel waste from 0.21 to 0.01
(% v/v).

The quantitative production of bioethanol depends on several
factors including temperature, pH, fermentation time, microor-
ganism density and fungal strains used [178]. Recently, several
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rticles have focused specifically on the production of bioethanol
rom TPW, PPW and BPW. For TPW, Boluda-Aguilar et al. [172] have
ndicated that pre-treatment of TPW and fermentation by
accharomyces cerevisiae produced an ethanol production of
0�60 L/1000 kg of raw TPW. Choi et al. [177] have reported that
he fermentation of the pre-treated TPW hydrolysate has been
lmost completed after 12 h with an ethanol concentration of
6.2 g/L and a yield of 90.6 %. For PPW, bioethanol production using
accharomyces cerevisiae was 5.58 g/L, using Pichia stipitis was
.95 g/L [179] and using Kluyveromyces marxianus was 7.20 g/L
22]. For BPW, bioethanol production by Saccharomyces cerevisiae
roduces an bioethanol content of 4.24 g/L [23].

.2.1.2. Biogas production. Biogas is a fuel composed of CH4 (37–65
), CO2 (24–40 %) and H2S (24�427 ppm) [180]. This biofuel is an
xcellent alternative to fossil fuels and also a clean and renewable
nergy source. Additionally, it could be used for heating, electricity
nd vehicle fuel production [181].
Biogas production by anaerobic digestion of organic matter is

arried out in three main biochemical steps: hydrolysis/fermen-
ation, acidogenesis and methanogenesis [182]. Currently,
esearchers are attempting to pre-treat TPW, PPW and BPW
efore anaerobic digestion or co-digestion to increase the
iodegradation efficiency and biogas yield. These biomasses have
re-treated by physical, chemical and biological methods. The
omposition and yield of the biogas depending on the type of
eedstock used, the volatile solid fraction, the C/N ratio, the
rganic loading level, the hydraulic retention time, the tempera-
ure and the pH [183,184]. A number of studies have highlighted
hat the production of biogas requires an optimal C/N ratio
etween 20 and 30 and a pH between 6.5 and 7.5 which support
he growth and activity of methanogen [185,186]. Achinas et al.
187] have studied the anaerobic co-digestion of BPW with
ifferent concentrations of cow manure, in their study, the
aximum biogas production rate of BPW with 10 %, 20 % and 30 %
ow manure content at 10 gvs.L�1 was 112.18, 89.56 and 94.01 mL.
gvs.d)�1 respectively. In various scientific publications, a meth-
ne yield of 55–71.5 % has been documented from BPW's
naerobic digestion [188,189]. Kirtane et al. [190] have shown
hat the biogas generated by the anaerobic digestion of PPW
ontains 61–74 % of methane. By using the same biomass, Jain
t al. [25] have found that a reasonable quantity of biogas
0.71 m3/kg VS fed) and methane (55.7 %) could be produced by
he anaerobic digestion of PPW. Ruiz and Flotats [191] and
unaseelan [192] have shown that the biochemical methane
otential obtained for TPW was 371 and 486 LCH4 kgVS�1,
espectively. The use of TPW, PPW and BPW for biogas production
erves as a useful bioresource for energy production and
lso contributes to environmental, economic and communal
ustainability.

.2.1.3. Bio-hydrogen production. Bio-hydrogen (bio-H2) is a clean,
enewable biofuel and a promised alternative to fossil fuels
ecause it is clean, does not contribute to greenhouse gases, its
ombustion generates only water and a high energy content
142.35 kJ/g) [193,194]. Recently, the production of bio-H2 from
ioresources, such as food wastes is the main challenge thanks to
ts high availability and high carbohydrate content. Yet, the high
ontent of cellulose, hemicellulose, fats and proteins in food
astes, especially in fruit peels, is a major problem, which

thermochemical and electrochemical processes present
environmental risks, because they are non-renewable processes
based on their dependence to fossil fuels [195].

To summarize, the production of bio-H2 by anaerobic fermen-
tation in the dark has been studied in the majority of research
concerning the production of bio-H2 from food wastes [196]. The
production of bio-H2 requires the degradation of the carbohydrate
fraction of the waste by initial enzymatic hydrolysis for the
production of reducing sugar [197]. This step is followed by
thermophilic heterotrophic fermentation of sugar to produce
organic acid [198]. Then, the organic acid is converted into
hydrogen by dark fermentation processes [194]. The production of
bio-H2 is influenced by several physicochemical factors of the
wastes used and also by environmental factors such as pH,
temperature, and the type of pre-treatment used [196]. Many
studies have focused specifically on the production of bio-H2 from
food wastes, whereas there is only some studies investigating the
production of bio-H2 from citrus peels and BPW, such as the study
by Camargo et al. [26] which has demonstrated a high bio-H2

production (13.9 mmol.L�1) in the bio-enhancement trial using
Enterococcus casseliflavus and citrus peel waste as a carbon source,
and also the study by Nathoa et al. [199] which has indicated the
bio-H2 production from BPW by two-phase anaerobic fermenta-
tion and produced a yield and hydrogen content of 209.9 mL.g�1 VS
and 35 % respectively. Although there are a lot of researches
concerning the conversion of agri-industrial wastes into Bio-H2 by
dark fermentation processes. To the best of our knowledge, no
study is available about the behaviour of TPW and PPW even
though they are suitable bioresources for the production of Bio-H2.
In addition, new researches are needed to increase the yield of Bio-
H2 in order to respond to the increasing global energy demands
and to preserve the environment.

7.2.2. Value-added products
Thanks to these physicochemical characteristics (see Section 4),

several beneficial compounds could be recovered from TPW, PPW
and BPW, these compounds might be used in biological control
(essential oil), in food as food additives and also used for cosmetic
and medicinal interests.

7.2.2.1. Essential oil extraction and use. Antibiotics discovery was
initially considered the miracle that would fight against microbial
infections. But nowadays we talk about the end of the miracle,
following the appearance of new microorganisms resisting to
antibiotic therapies. During the last decade, a large number of
essential oil and their compounds have been tested for their
antimicrobial activity against bacteria, moulds, yeasts and other
pathogenic and phytopathogenic microorganisms in order to
minimize the resistance of microorganisms to antibiotics available
in the medical market. In this section, the different techniques used
for the extraction of essential oil, the chemical composition and the
valorisation of essential oil extracted from TPW, PPW and BPW will
be discussed.

There are several traditional extraction techniques that have
been used to extract essential oil from vegetable matter, such as
hydrodistillation, steam distillation, hydro-diffusion, cold pressing,
cohobation, enfleurage and solvent extractions [34,200–203].
Hydodistillation is among the first methods that have been
applied for the essential oil extraction [203], and it has been
applied as a reference method in laboratory-scale studies [204].
ecessitates an adequate and environmentally friendly pre-
reatment by physical and chemical methods to facilitate the
iodegradation process into simple chemical compounds that
ould be a good substrate for fermentation [194]. In the last decade,
umerous electrochemical, thermochemical and biological
rocesses have been used to generate hydrogen. However,
1

Steam distillation is the most common extraction technique in
industry thanks to its high efficiency and its versatility for
industrial large-scale production [205]. Nevertheless, several
scientists, such as Gavahian et al. [203], Gavahian et al. [206]
and Cook and Lanaras [201] have shown that traditional extraction
and purification methods of essential oil have certain
0
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disadvantages, including long extraction time, necessity of large
volumes of solvent, low efficiency, low yield, and environmental
risks. In the last decade, several scientists have invented new
methods for the essential oil extraction to minimise the incon-
veniences of the traditional methods, among these methods we
can mention, the microwave assisted hydrodistillation [202], the
microwave extraction without solvents [207], the liquid extraction
under pressure [208], the ultrasound-assisted extraction [202], the
assisted ohmic hydrodistillation [209], the ohmic-accelerated
steam distillation [210], the super and subcritical fluid extraction
method [211] and the supercritical CO2 extraction method that is a
green method for volatile components extraction (essential oil
compounds), this method is commonly used for the extraction of
volatile components from the biomass peel [212]. These new
methods have several advantages, such as the reduction of
extraction time [202,206], the reduction of energy consumption
[206], the reduction of environmental impacts [213], and also
maintains better control of the extraction process [214]. However,
these methods can also have disadvantages like the negative effect
on extraction efficiency [213], the production of the same quality of

essential oil as traditional methods [210], and their equipment that
are too expensive [215].

Essential oil yields extracted from TPW, PPW and BPW have
been influenced by species, origin, season, environmental factors,
extraction technique and analytical method [135]. There are
several scientists who have focused on the extraction of essential
oil from these peels, such as Hosni et al. [135], Ferhat et al. [216]
and Lota et al. [217] who have demonstrated a yield of 4.62 %, 0.25
%, 0.05�0.6 % of essential oil extracted from TPW, respectively.
Hadrich et al. [80] have shown a yield of 0.20 % essential oil
extracted from PPW and also Ara and Raofie [34] have indicated a
high yield of 1.18 % essential oil which was obtained at a pressure of
350 atm, and a temperature of 55 �C. Kamal et al. [14] have shown
that the yield of essential oil in BPW was 0.106 %. Table (5 ) reports
the chemical composition of TPW, PPW and BPW essential oil.

Oleic acid, palmitic acid and borneol are the major compounds
in PPW essential oil [13]. Numerous studies have proved that
borneol is an anti-inflammatory and antioxidant for cortical
neurons against oxygen and glucose deprivation [218]. Addition-
ally, Givi et al. [28] have found that PPW essential oil has a

Table 5
Chemical composition of TPW, PPW and BPW essential oil.

Component *PPW (%) Component **TPW (%) Component ***BPW (%)

α-Pinene 1.38 α-Pinene 0.1 Isopentyl acetate 3.84
Camphene 1.45 6-Methyl-5 hepten-2 one 0.7 Butyl butanoate 0.80
β-Pinene 1.1 Sabinene 0.1 Hexyl butanoate 3.31
β-caryophyllene 0.67 Myrcene 0.3 Hexyl isovalerate 5.43
Limonene 0.63 1,8-Cineole Tr* Isoamyl hexanoate 9.74
Linalool 0.34 Limonene 46.7 2-Undecanone 0.59
Trans-Pinocarveol 0.28 (Z)-β-ocimene Tr* p-Vinyl guaiacol 3.72
Borneol 9.5 (E)-β-ocimene 0.4 Eugenol 27.60
Terpinen-4-ol 0.2 Nonanal 0.4 Methyl eugenol 2.36
β-Cymene 0.58 Linalool 0.7 Butylated hydroxy toluene 10.63
p-Cymene 0.8 Cis-limonene oxide Tr* Trans-Isoelemicin 8.06
Cis-a-Bergamotene 1.7 Trans-limonene oxide Tr** Tetradecanal 0.65
1,8-cineole 2.86 Citronellal 1.3 E-Isoamyl cinnamate 0.35
Butylbenzene 3.64 Rose furan epoxide Tr* Isoamyl dodecanoate 1.18
Hexylbenzene 0.54 α-Terpineol Tr* Methyl palmitate 0.32
Anethole 0.1 Decanol 0.6 Ethyl palmitate 0.68
Phenyloctane 0.23 Nerol 2.3 n-Heneicosane 0.30
Pentadecane 0.25 Carvone Tr* n-Docosane 0.38
Cadinene 0.56 Neral 14.5 Tetracosane 0.89
o-Guaiacol 0.24 Geraniol 3.5 Pentacosane 0.94
Camphor 5.8 Geranial 19 Hexacosane 1.33
Trans-(+)-Carveol 0.1 Neryl formate Tr** Octacosane 3.01
Bornyl acetate 1.1 Geranyl formate Tr* Nonacosane 3.34
α-bornyl acetate 0.42 Undecanal Tr** Triacontane 2.51
Tetradecane 0.83 d-Elemene Tr** Dotriacontane 0.74
α-Terpineol 1.65 Citronellyl acetate Tr* Other compound 7.3
Furancarboxaldehyde 0.39 Neryl acetate 1.1
5-methyl furfural 0.02 Geranyl acetate 3.9
β-Caryophyllene oxide 1.73 Dodecanal Tr*
Lauric acid 1.69 β-Caryophyllene 2.6
Hexadecane 0.76 Trans-α-bergamotene 0.1
α-Cadinol 1.8 α-Humulene 0.3
Heptadecane 1.3 β-Bisabolene 0.2
Myristic acid 1.58 Germacrene B Tr*
Octadecane 1.25 (E)-nerolidol Tr**
Nonadecane 1.54 Caryophyllene oxide 0.2
Dibutyl phthalate 4.43 Trans-phytol Tr*
Palmitic acid 11.65 Other compound 0.6
Eicosane 1.4
Heneicosane 1.73
Oleic acid 12.49
Steric acid 1.43
Docosane 3.5

Octacosane 2.53
Triacontane 1.72
Other compound 4.72

Notes: Tr*: trace amount (<0.1 %), Tr**: trace amount (<0.01 %). (%): Relative area percent (peak area relative to the total peak area).Source: *= [34]. Supercritical CO2

extraction method: 55 �C, 350 atm, 30 min, and modifier (methanol) volume 150 mL. **= [224]. Hydro-distillation method for 6–8 h. ***= [14]. Hydro-distillation method for
3 h, using a Clavenger-type apparatus.
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ignificant antifungal activity against Penicillium italicum and
enicillium digitatum, causing post-harvest decay of tangerine,
ith an inhibition of 14.29 % of P. italicum and 17 % of P. digitatum.
lso, the PPW essential oil containing camphor which provides
nti-inflammatory, neurotoxic and mucolytic properties [219].
The BPW essential oil has proven a significant antibacterial and

ntifungal activity against Staphylococcus aureus, Bacillus subtilis,
scherichia coli, Pseudomonas aeruginosa, Aspergillus fumigatus,
andida albicans, Geotricum candidum and Trichophyton menta-
rophytes [14]. The antibacterial and antifungal activities of BPW
ssential oil may be due to the high content of eugenol, α-cadinol
nd hydrocinnamyl acetate [220,221]. Also, Bennis et al. [222] have
hown that eugenol has an antiseptic and anti-inflammatory
ctivity permitting its use by dentists.
Citrus essential oil has been classified as generally recognized

afely, because of its broad spectrum of biological activities, such as
ntimicrobial activity [223], antifungals [224], antioxidants [225],
nti-inflammatory and anxiolytic agents [226]. TPW essential oil is
raditionally applied as an antiseptic, antispasmodic, stomachic
nd sedative, diuretic and also to improve blood circulation [227].
urrently, several TPW essential oil compounds have also been
eported for their antimicrobial and enzymatic activity [228,229]
nd also anti-tumoral due to its limonene and pinene content
230]. In addition, TPW essential oil has been shown to have
ntibacterial and antifungal activity, inhibiting the growth of
everal bacteria including Escherichia coli, Bacillus subtilis, Pseudo-
onas aeruginosa and Staphylococcus aureus [27], and several fungi

ncluding Penicillium italicum, P. digitatum, P. chrysogenum,
spergillus niger, A. flavus, Alternaria alternata, Rhizoctonia solani,
urvularia lunata, Fusarium oxysporum and Helminthosporium
ryzae [224,231–233]. TPW essential oil has also demonstrated
n antiproliferative effect against human embryonic pulmonary
broblasts [1]. They have been suitable for use as a glazing layer
aterial to enhance the freshness preservation effect in the storage
f frozen fish [13].
In this sub-section we have discussed the important usage of

PW, PPW and BPW essential oil, but their uses remain limited. For
he previous reason, we urge the scientists to try the use of this
ssential oil in the various fields, especially in the agri-food and
osmetic field and also to try the combination of this essential oil
ith them and with antibiotics in order to increase its spectrum of
ses, especially against pathogenic microorganisms that develop
esistance every now and then. In addition, advanced research is
eeded concerning the toxicity and the impact of using each
ssential oil or each of its compound on the environment and
uman health, specifically to the equilibrium of the normal
icroflora.

.2.2.2. Enzymes production. The enzymes are catalytic proteins
ynthesized by living organisms using substrates under
ppropriate conditions. Recently, the production of enzymes has
ncreased considerably thanks to their extensive use in a variety of
ndustrial applications, in animal feed, human food (candies,
hocolates, cheese, yoghurt, beer and wine), chemical,
harmaceutical and other applications [30,171].
Many scientific research articles have focused on the search for

ew processes and substrates for the enzyme production. Recently,
he use of bioresources, such as agri-food wastes for enzyme
roduction has become a major challenge. Thanks to these
hysicochemical characteristics TPW, PPW and BPW that have

cladosporioides [235] and using the fungal strain Aspergillus flavus
[236] by solid-state fermentation with PPW as substrate, produc-
tion of tannase from PPW as substrate by Aspergillus niger ITCC
[237] and by Bacillus velezensis TA3 under solid-state fermentation
[31] and also production of amylase from BPW by Aspergillus niger
and Bacillus subtilis [238], and the production of lignocellulose-
degrading enzymes (endoglucanase and xylanase) by the sub-
merged fermentation of BPW by Pycnoporus coccineus [239].

7.2.2.3. Human food use. We have discussed that TPW, PPW and
BPW are very rich with nutritional elements (see Section 4).
Currently, there are a wide range of potential applications as food
preservatives, stabilizers, supplements, prebiotics and quality
enhancers of the components of TPW, PPW, BPW and their
extracts. The pectin extracted from TPW, PPW and BPW is the main
product used in human food, this product has various uses as an
additive in jam, jellies, marmalades, and in wine as a thickener,
stabilizer, texturizer, emulsifier and gelling agent [32,240–242].
Essential oil produced from TPW, BPW and PPW have several
advantages in human nutrition, this oil can be used to improve the
physicochemical properties of food in order to maintain the aroma,
colour, flavour and also to preserve food against microbial
contamination [33]. PPW could be used as a valuable ingredient
in food products to easily provide nutritional elements, such as
minerals, vitamins, β-carotene, and polysaccharides [243]. PPW
could be used as a good source of dietary antioxidants with several
human health benefits [244]. Pereira and Maraschin [245] have
indicated that BPW could be used as a natural source of
antioxidants and provitamin. Ventura et al. [246] and Wasila
et al. [247] have shown that the addition of PPW extract to jam,
juice and wine increased their concentration of phenols, flavonoids
and thiols with a significant improvement of their characteristics
and stability. Akhtar et al. [81] have found that PPW extracts could
be used as prebiotics to inhibit pathogens and promote the growth
of beneficial microbiota in the human intestines. Dried TPW has
been used as a nutraceutical ingredient in dietary supplements,
functional and conventional food [148]. TPW can be used as a
culinary seasoning, food supplement and food additive for wine,
candies and other food [248,249]. TPW carotenoids could be used
as natural food colours as an alternative to artificial colours [74].
Besides, TPW tea contains salvestrols which promote cell death of
breast, lung, ovarian and prostate cancer cells and have other
human health benefits [148].

Over the past eight years, many studies have focused mainly on
the use TPW, PPW and BPW for food storage and preservation.
Saleh et al. [250] have shown that the addition of PPW powder is an
effective tool for lowering the pH, total volatile nitrogen, and
bacterial density in sausage in order to maintain the hygienic
quality of beef sausage. Due to the presence of phenols, PPW could
improve the quality of stored meat products, i.e. preservation of
instrumental colour, limitation of microflora growth, retarding the
oxidation of lipids and proteins [251]. Khalid et al. [252] have
developed a polycaprolactone/starch/PPW film for antimicrobial
packaging applications. Paari et al. [253] have demonstrated that
treatment with PPW extract increased the stability of preserved
goatfish against lipid oxidation. Khojah [254] has invented a
biological coating based on fish gelatine, carrageenan and PPW
extract to preserve the overall qualities of the fish fillet. BPW
extracts have been shown to prevent oxidation of fish oil [85]. One
can see that TPW, PPW and BPW are very polyvalent substrates that
een used as substrates for the production of various enzymes,
uch as the production of α-amylase by Aspergillus flavus AUMC
1685 from TPW [30], the production of lignocellulolytic enzymes
cellulases, xylanase, laccase, and manganese peroxidase) by
leurotus dryinus through submerged fermentation of TPW
234], the production of invertase using Cladosporium
1

could produce a series of valuable compounds with various
applications in the improvement and/or preservation of human
food.

7.2.2.4. Medical and cosmetic use. In recent years, we have
observed an increased interest in the use of TPW, PPW and BPW
2
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to improve the immune system and cure diseases, and also used in
the cosmetics industry. Essential oil of TPW, PPW and BPW are the
main compounds used in the medical and cosmetic field. Essential
oil is flavouring agents used to reduce the unpleasant taste of
medicines. They have significant antibacterial and antifungal
activities against several pathogenic microbial strains [14,28,255]
(See sub-section 7.2.2). In therapy, they could be incorporated into
cosmetic formulations [34]. In the cosmetics industry, they are
used as a fragrant ingredient in many preparations, such as toilet
soap, detergent, cream, perfume and other household cleaning
products [78,256,257].

Many current studies have indicated that BPW has several
benefits in the medical field (Fig. 3). The BPW extract can be used
for the treatment of enlarged prostate [258]. BPW has antibacterial
activities against Proteus vulgaris and Klebsiella pneumoniae [87].
BPW extracts have used to inhibit the growth of Gloeophyllum
trabeum, Rhodonia placenta and Trametes versicolor [35]. The study
by Prakash et al. [259] has demonstrated that BPW extracts are an
effective inhibitor of A. niger. BPW may be a natural alternative for
killing a wart and reducing swelling and irritation after a mosquito
bite [260]. Antioxidant compounds contain in BPW are reported to
have biological and pharmacological effects that may reduce the
negative effects of free radicals [261]. Silver nanoparticles
prepared from BPW extract have shown an effective antibacterial
activity against Bacillus subtilis, Staphylococcus aureus, Pseudomo-
nas aeruginosa, Escherichia coli and Candida albicans [262]. BPW is a
functional food source for cancer and heart disease [70]. Lipids,
phenols, and tannins extracted from BPW have proven a good
antimicrobial activity against Proteus vulgaris and Klebsiella
pneumoniae [87]. PPW would have strong antibacterial, fungal,
antiprotozoal and antioxidant properties (Fig. 3) [244,263,264],
anti-healing properties [265], anti-inflammatory, anti-infectious,
anti-mutagenic and hepatoprotective properties [266–268]. PPW
extract has beneficial effects on plasma lipid profile, fatty acid
levels and blood pressure for patients with type-2 diabetes [36].
PPW enriched films have shown greater antioxidant activity and
antibacterial capacity than the control film based on bean protein
[269]. The aqueous extract of PPW could be used to control brown
rot caused by the two fungal pathogens Monilinia laxa and
Monilinia fructigena, which have been considered as one of the
main pathogens of pre and post-harvest tree fruits [37]. The study
by Elsherbiny et al. [270] has demonstrated that methanol extract
from PPW has a significant effect in inhibiting the germination of
Fusarium sambucinum spores. Devatkal et al. [271] have shown a
potential application of PPW extract as an antibacterial agent
against Pseudomonas stutzeri isolated from poultry meat. Alex-
andre et al. [272] have found that PPW extracts have antimicrobial
activity against eight different strains of pathogenic and contami-
nating bacteria and against five beneficial bacteria, including

Lactobacillus and Bifidobacterium strains. Ismail et al. [273] also
have reported an inhibitory effect of PPW extracts against
B. subtilis, S. aureus, P. aeruginosa, E. coli, S. typhimurium and
A. niger. Kharchoufi et al. [274] have reported the impact of
methanolic extract of PPW and aqueous extracts of PPW against
Pseudomonas putida. TPW has numerous activities (Fig. 3),
especially antioxidant activities of polysaccharides. Polysacchar-
ides have a wide range of pharmacological activities, such as
antitumor, antioxidant, immunomodulatory and antiproliferative
activities [40,275–277]. Dried TPW is used to treat cough,
indigestion, asthma and other diseases [278]. TPW contains
flavonoids, which have been known to have anti-inflammatory,
anti-cancer and neuroprotective properties [279–281]. Phenolic
extract of TPW inhibits proliferation of colorectal cancer cells [29].
Citric acid compounds from TPW extract used as potential tooth
whitening materials [282]. Moreover, some bioactive compounds
from TPW have been reported to form protective enzymes in the
liver and block the deterioration of genetic material in cells [74].
TPW extracts have a capacity to inhibit the growth of Gloeophyllum
trabeum, Rhodonia placenta and Trametes versicolor [35].

7.2.3. Microorganisms valorisation
TPW, PPW and BPW have a relatively high microbial biodiver-

sity [90,283]. Over the last few years, numerous research studies
have focused on the recovery of microorganisms isolated from
these wastes in the medical, agronomic and industrial fields. For
BPW, there are several authors who have been valorising their
microorganisms, such as Vaidya and Prasad [284] who have
isolated a Bacillus sp able to produce a considerable amount of
heat-stable levansucrase with a molecular size of 52 kDa. Grevitara
et al. [285] who have isolated and identified a cellulose-degrading
bacteria from BPW compost. Mazareli et al. [286] who have
isolated a Bacillus sp from banana waste for the production of
hydrogen and acids from complex organic substrates in the
bioaugmentation process. In addition, Amilia et al. [287] have
isolated and screened pectinolytic fungi from BPW for the
production of pectinases. For TPW, we found only a few studies
that showed the value of its microorganisms, such as the study of
Ling et al. [288] that has focused to identify new endophytic yeast
strains able to produce Indole-3-acetic acid (IAA) from TPW. Also,
Maeno et al. [289] have isolated Pseudofructophilic Leuconostoc
citreum Strain F192-5 from TPW able to produce mainly lactate and
acetate, with trace amounts of ethanol, from D-glucose metabo-
lism. For PPW, El Barnossi et al. [283] have isolated and identified a
Bacillus sp. strain Gn-A11-18 from pomegranate waste that has
shown a significant antifungal activity against Candida albicans and
A. niger. Almost all PPW studies have focused only about the
valorisation of PPW as a substrate, while the valorisation of
microorganisms associated with the decomposition of PPW is
Fig. 3. Different medical uses of TPW, PPW and BPW.
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oorly documented. It is very clear that the microorganisms
ssociated with TPW, PPW and BPW are poorly valorised, which
eaves the field of research open in this section in order to better
alorise the microorganisms and to benefit as much as possible
rom this type of bioresources.

. Conclusion

The physicochemical, microbiological characteristics and nutri-
ional capacity of TPW, PPW and BPW determine the various ways
f their valorisation. In this study, we have reviewed various papers
ublished in various journals about the different valorisation
athways of these peels and the factors influencing each one. We
ave also reviewed articles concerning the impact of these wastes
oth on the environment and on human health. Studies have
hown the use of TPW, PPW and BPW for animal feed,
mprovement of soil organic matter and nutrient content by using
hese peels as an organic amendment or for the production of
pecific composts, in this case preferably in agricultural lands near
he processing industries of these fruits in order to minimise
ransport costs. The possibility of recuperating the energy from
PW, PPW and BPW has been explored by several researchers, who
ave measured the yield of biogas, bioethanol and bio-hydrogen
nder different conditions. Yet, the energy recovery systems of
hese peels should be further improved by appropriate and
ustainable techniques in order to minimize the toxic effects of
ssential oil on microbial load and biodiversity and to optimize the
hysicochemical characteristics of these peels before their
ioconversion.
The current trend of scientific research indicates an increase in

rticles talking about of the benefits of many compounds
ecovered from TPW, PPW and BPW. It suggests their use in
uman food, cosmetic and pharmaceutical industries, such as
ectin, flavonoids, proteins, polyphenols, flavouring agents and
itric acids, etc. This use could be considered very promising, but it
s currently limited by the high processing costs.

As discussed in the present study, many microorganisms have
solated from TPW, PPW and BPW are economically interesting in
he medical, agronomic and industrial fields. Therefore, further
tudies need to be conducted to investigate the microorganisms
ssociated with these peels and their effects both the soil in the
ase of their use as organic soil conditioner and also on the water in
he case of their use as bio-adsorbent.

The study of TPW, PPW and BPW valorisation and their
pplications in the various fields are still a hotspot for scientific
esearch, which requires a detailed exploration of the mechanisms
nd long-term risks of their valorisation. Moreover, we still have a
ong road before the perfect valorisation of TPW, PPW and BPW and
he best preservation of the environment.
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