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a b s t r a c t 

Increasing demand for fuels and chemicals, exacerbated by factors such as overpopulation, the threat of global 
warming, and the scarcity of fossil resources, puts a strain on our resource system and necessitates the develop- 
ment of sustainable and innovative chemical industry strategies. Due to the abundance of food waste that have 
been generated globally, food supply chain waste has emerged as a resource with significant potential for use as 
a raw material in the production of fuels and chemicals. In general, food wastes can be classified into various 
categories depending upon their nature, i.e., they can be "intentional" or "unintentional", and on the other hand, 
they can also be classified as "avoidable", "partially avoidable" and "unavoidable". The complete study focuses 
on the entire realm of food wastage and the major highlight of this review article is the recent development of 
textile and biofuels areas to bring the novel technologies that are now being employed to valorize food waste 
products to yield other useful products. This article also iterates about the use of such practices (e.g., production 
of fiber materials and biofuels from food wastes) and their significance is not just in making complete use of 
food products or products that are related to food, but it also implies the positive effects that these have on the 
environment and the economy in general. The prospects and perspectives on the management of various fruit 
wastes for real-time practical application for future generations are also highlighted. 
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. Introduction and current context in food waste management 

In order to garner a firm perception of the terms “food waste ” and/or
food loss ”, it is imperative to understand the moral, ethical, socio-
conomical, and nutritive significance of the concept of “food ”. "Food" is
ny item that could be raw, semi-processed, or processed, that is majorly
ntended for the purpose of human (or any other animal) consumption.
Food" is often found with its associated counter “inedible parts ” which
re/might not be suitable for utilization. Quite understandably, food is
n essential commodity, as it is one of the major sources of our sur-
ival, hence factors like "food loss" or "food waste" should be brought
nder serious consideration and addressed in order to minimize their
ccurrence and the impact that they happen to incur on not just hu-
Abbreviations: FAO, Food and Agriculture Organization; FPW, fruit processing w
evelopment Goal; FLI, Food Loss Index; FWI, Food Waste Index; LCA, Life Cycle A
NF, Carbon nano fiber; PALF, pineapple leaf fibres; CNC, Cellulose Nano Crystals; F
ransmission electron microscopy; AFM, Atomic Force Microscopy; DLS, Dynamic Lig
ydrolysis and Fermentation; SSF, Simultaneous Saccharification and Fermentation
ocosahexaenoic Acid; FAME, Fatty Acid Methyl Esters; FFA, Free Faty Acid. 
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ans but the overall balance of the ecosystem and the environment
 Lin et al., 2022 ). Food wastes could be solid, semi-solid, or in liquid
orms; solid wastes mainly include the food items themselves, parts of
he food items, or other parts or items associated with particular food
tems, which are usually rich in starch, cellulose, lignin, and monosac-
harides ( Yahia et al., 2019 ). 

Delving into the subject matter, it is often encountered that the afore-
entioned terms are often used synonymously, but when juxtaposed, it

an be understood that while "food losses" refer to the unintentional
oss or deterioration of quality and/or quantity of the food as a result
f food spills, spoils, bruising and other damages caused due to limi-
ations and impediments that occur during harvesting, processing, dis-
ribution, storage, etc. ( Kennard, 2020 ), "food wastage" implicates any
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ood or inedible parts of food that is removed, disposed or discarded
rom the food supply chain before it can be consumed ( Niutanen and Ko-
honen, 2003 ; Lam et al., 2020 ; Isah and Ozbay, 2020 ; Alexander et al.,
013 ; Chauhan et al., 2021 ). Hence, food loss is considered a postharvest
henomenon wherein it is mainly concerned with the food that is either
iscarded or incinerated, which results in an extensive reduction in the
pgrading strategy of food waste into valuable components. Addition-
lly, food wastage mainly occurs as a result of retail operations, food
ervice providers, and consumer behavior, which this phenomenon is
redominantly attributed to the discarding of spoilt food items or ined-
ble or partially inedible parts of food items, etc. ( Niutanen and Korho-
en, 2003 ; Guggisberg, 2021 ; Tonini et al., 2018 ). 

As per studies conducted by FAO, the losses of food that occur in
he different stages of the food supply chain refers to the plethora of
tages that every food item is required to pass through from the time
f agricultural harvest (or slaughter), till it reaches the consumer-as per
heir life cycle assessment, are discrete from one another as there are
arious factors like economic development of a particular region and
ocial and cultural practices that play a role in it ( Alexander et al.,
013 ; Chauhan et al., 2021 ; Tonini et al., 2018 ; Kennard, 2019 ;
uggisberg, 2021 ). As per the data acquired in the year 2009 by FAO,

he percentage of food loss or waste generated accounted for nearly 32%
f the total global food production. In developing and underdeveloped
ountries, it has been observed and reported by the FAO that nearly 14%
o 21% of the food losses occur during processing stages (a large por-
ion of post-harvest sorting and grading losses, e.g., fruit and vegetable
aste), while the values for the same in developed and industrialized na-

ions have been reported to be below 2% ( Balaji and Arshinder, 2016 ;
i Marcantonio et al., 2021 ; Pappalardo et al., 2020 ). Despite highly
itigated levels of post-harvest and post-processing losses, according

o FAO conclusions from various studies conducted in 2011, an esti-
ated amount of 222 million tonnes of food waste was analyzed to have

een produced or generated globally at the consumer level by devel-
ped countries, which when compared to other significant values turned
ut to be nearly the same amount of total food that was produced ( Al-
umaihi et al., 2020 ). According to the United Nations Food and Agri-
ulture Organization, gross food waste accounts for nearly one-third of
otal world food production, leaving nearly 690 million people hungry
orldwide. Consequently, as per reports made in the year 2014, approx-

mately 1.3 billion metric tonnes of food were calculated to be wasted
orldwide ( Jain et al., 2018 ). Hence, from the aforementioned values
nd data, it could be conceptualized that "surplus" food production leads
o higher levels of "leftovers, ” “food wastage," and "food losses, ” which
re mostly what are witnessed in rich, developed countries, while the
cenario in developing countries mainly suggests food losses occurring
ue to improper machinery and facilities. Certain unexpected calamities
nd unprecedented circumstances also lead to changes in normal pat-
erns of consumer behavior, which in turn affect the food supply chain
nd thereby lead to food loss and/or wastage. 

Fruit waste has been recognized as a major concern among the vari-
us factors that have recently contributed to the environment’s impact.
or example, depending on the location and technique of harvest, the
roportion of wasted materials in the majority of fruit processing in-
ustries is often extremely high (e.g., mango 30–50%, banana 20%,
omegranate 40–50%, and citrus 30–50%) ( Laufenberg et al., 2003 ;
arfitt et al., 2010 ). Due to the moisture and microbiological contents
f this fruit waste, it has a strong adverse effect on the ecosystem. Pro-
essing companies are constrained by financial and geographical con-
traints, as well as frequently stringent waste disposal regulations, par-
icularly in developing countries. Since the majority of these organisa-
ions are small and microsized and mostly operate in the unorganized
ector, the value of food processing waste (FPW) is considered to be
nsignificant in comparison to the value of processed fruit. Although
PW is now classified as "general waste," it is a globally disregarded
eedstock. In developed countries like Europe, fruit and vegetable pro-
essing waste were found to be the fifth largest contributor to overall
2 
ood waste (8% of total food waste) ( Fava et al., 2015 ). In addition to
hat, the production of fibres and other feedstocks from the fruit waste
aterials is relatively easier than the other sources of food waste that

riginate from the food industries. 
The outline of this manuscript is to provide a basic overview of the

atest and most innovative uses of food supply chain waste, as well as
 variety of global case studies from across the world. These studies
ill focus on examples of using orange, banana, and pineapple waste to
ake fabric and, similarly, food and fish waste to upgrade alcohol (bio-

uel) and biodiesel, respectively. Furthermore, the manuscript empha-
izes 2 nd generation food waste valorisation and re-use methods rather
han traditional food waste processes (incineration for energy recovery,
eeding, or composting). Additionally, the impact of food regulations
n the valorization of food supply chain waste and societal perspectives
oward food supply chain waste have been discussed systematically.
ence, based on the knowledge acquired from the detailed recent liter-
ture survey, this present review highlights the recent advances in the
mportance of waste food materials as valuable components and their
trategies to build the technology for the effective management of food
aste materials for the future bio-based economy. 

. Purpose of this review - impact of food waste in current 

cenario 

As per the recent data collected by FSSAI (2022), India stands as
he world’s second-largest producer of food, contributing nearly 10.1
ercent of the total world food production. Notwithstanding such val-
es, India records nearly 196 million undernourished people, which ac-
ounts for the second-highest number in the world, as India has been
nterpreted to house 25% of the world’s hungry people and statistical
tudies (predominantly carried out and reported by the Food and Agri-
ultural Organization) were observed that as of 2021, the amount of
ood waste generated in India accounts for nearly 40% of its total food
roduction (by weight), which includes household wastage of every in-
ividual throwing away an approximate cumulative total of 50 kg of
ood every year ( Roe et al., 2021 ). 

Over the last several decades, scientific interest in studies focused
n food waste management has grown, particularly in the generation of
alue-added products from vegetable waste. As a result of this consider-
tion, an extensive review article on food waste management has been
ublished. In light of these remarks, this contribution aims to provide a
omprehensive and multidisciplinary approach on the fundamentals of
utting-edge and innovative food valorisation strategies, offering a vari-
ty of case studies that highlight the potential of food waste valorisation
nd its contribution to a future bio-based economy. 

. The origin of food wastes 

Iterating more specifically on “food wastes, ” extrapolating from FAO
escriptions, it fundamentally involves the reduction of food quality or
uantity as a result of decisions and conclusions made by retailers, food
ervice providers, and consumers. There are a plethora of ways food
aste is produced, as shown in Fig. 1 . Obtaining data and particulars

rom the information reported by the FAO, it has been estimated that
pproximately 1.6 billion metric tonnes of food are wasted every year,
f which 1.3 billion metric tonnes comprise edible food items, parts,
r products. According to Caldeira (2019) and Seberini’s (2020) data
nd FAO observations, nearly 46% of the fruits (including orange and
ineapple waste), vegetables, roots, and tubers grown are wasted, while
5% of fish and seafood are wasted, and 30% of cereals are wasted
 Caldeira et al., 2019 ; Seberini, 2020 ). This value accounts for the food
hat is produced over nearly 1.4 billion hectares of land worldwide,
hich makes up for 28% of the world’s agricultural area, as per data
cquired and analyzed by the FAO. Food wastage in such high amounts
as been observed to incur a grim toll not just on humans (leading to
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Fig. 1. General categories of sources of food waste generation and total annual household food waste produced from various countries (source files UNEP food waste 
index report 2021, https://thewire.in/food/global-food-waste-index-china-india , CarlaCaldeira et al. Ref. No. ( Tang et al., 2023 )). 
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alnutrition in many parts of the world), but also on the overall envi-
onment and the balance of the ecosystem, which consequently has led
o food wastage being a global concern. 

The agenda 2030 SDG 12.3 suggests that “by 2030, halve the per
apita global food waste at the retail and consumer level, and reduce
ood losses along production and supply chains including post-harvest
osses ”. The FAO has also come up with two indices for more efficient
rogress towards attaining the SDG, which include the FLI and the FWI,
hat aid in calculating the levels and ratios of these factors in order to
tudy their statistics and compare and contrast as to whether or not any
rogress is being made with regards to these aspects. 

Using these indices and factors, various sustainable methods could
e imbibed and implemented to not only reduce food waste but also
o derive sustainable outcomes from waste produced in order to reduce
he environmental impact of the same. Food wastes could thus be clas-
ified as "avoidable," "potentially avoidable," or "unavoidable" in order
o categorize and analyze the levels at which food waste could or could
ot be reduced. According to Papargyropoulou et al., 60% of total food
astes are avoidable (such as bread crusts, leftovers, spoilt fruits and
egetables, expired food items, and so on), 20% are potentially avoid-
ble (such as bread crusts, vegetable skins, and so on), and the remaining
0% are unavoidable (such as bones from animal products, eggshells,
anana skins, and so on) ( Papargyropoulou et al., 2014 ). Studying de-
ographics, with the rate of population growth taking place at this very
oment, it has been estimated that by the year 2050, the world will
ave an approximate count of 9 billion people. To meet the nutritional
eeds of this large population, a 15% increase in global food production
3 
as been estimated (taking into account increased levels of food waste).
iven such circumstances and projections, concern about reducing food
aste and making sustainable choices and developments becomes all

he more pressing in this case. 

.1. The impacts of food wastage in the current scenario 

The current situation of increasing magnitude of food waste even-
ualities has resulted in a slew of social, economic, and environmental
onsequences that now require immediate attention and resolution of
he issues. As already discussed, when calculating the statistics of the
otal amount of food wasted on a global level, it accounts for the food
rown over billions of hectares of land worldwide. Hence, this implies
hat large amounts of energy, water, and other natural resources that
ave been exploited to grow the food are also wasted when the food
s wasted. This, therefore, can be juxtaposed to the enormous environ-
ental effects and distress that food wastage is capable of incurring.
ccording to the UN Environment Programme’s FWI report 2021, In-
ia alone contributed approximately 68.7 million metric tonnes of food
aste in the year 2021 ( Fig. 1 ). 

According to studies, food waste in some countries may account
or nearly half of total solid waste produced or generated ( Balaji and
rshinder, 2016 ). The Food Wastage Footprint (FWF) is a project im-
lemented by the FAO that helps survey the global footprint of food
astage and analyze its impact on the environment (water, soil, atmo-

phere, and biodiversity). This project established the parameters of an
CA to assess the extent of environmental impacts incurred by each of

https://thewire.in/food/global-food-waste-index-china-india
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he waste management techniques commonly used to treat waste gener-
ted at various stages of the food chain. The methodology of the same,
hich was initially developed during the 1990s, is primarily used to

onduct an environmental comparison of the proposed food waste man-
gement techniques proposed by the ISO guidelines, ISO 14,040 (2006)
nd ISO 14,044 (2006) ( Pallas ). It is commonly used as feedstock to de-
elop upgrading technologies and is primarily used to investigate the
reatment of food wastes generated by four distinct sectors of the food
upply chain: processing, wholesale and retail, food service, and house-
olds. The data obtained through LCA suggests that the major tech-
iques most usually employed to treat food wastes, as iterated by the
SO guidelines, are anaerobic digestion, composting, incineration, sew-
rage, and landfilling ( Pappalardo et al., 2020 ; Uçkun Kiran et al., 2014 ;
djabou et al., 2021 ; Ahmed et al., 2022 ). In many instances, it has been
bserved that these wastes are dealt with principally by dumping them
n landfills (as it is the easiest and cheapest waste treatment method
f all), which paves the way for severely concerning land and air pol-
ution (and sometimes even water pollution). Decomposition of these
astes leads to the production and emission of the harmful methane
as, which is a greenhouse gas that possesses a potential much stronger
han that of carbon dioxide, into the atmosphere, goading the environ-
ent further towards global warming ( Tang et al., 2023 ). Composting

nd incinerating are also waste treatment methods that are more com-
only employed when compared to anaerobic digestion due to their

ost effectiveness ( Pallas ; Uçkun Kiran et al., 2014 ; Edjabou et al., 2021 ;
hmed et al., 2022 ; Tang et al., 2023 ). These techniques too lead to the
roduction of large amounts of greenhouse gasses and other harmful
hemicals, which, when released into the environment, cause varying
egrees of imbalances and malfunctions ( Ke et al., 2023 ). Around 7% of
he greenhouse gas emissions occurring worldwide are a consequence
f food waste dumping ( Di Marcantonio et al., 2021 ). Tonini et al. re-
orted that nearly 70.5 percent of the total wastes generated from the
ood processing sector and 50 percent of the wastes collected from the
holesale and retail sectors are incinerated; 21% of the total wastes

rom foodservice sectors are incinerated, while 54% of it is dumped in
andfills; and while 33.4 percent of the total volume of food wastes accu-
ulated from households are incinerated, 27.5 percent of it is dumped

n landfills ( Tonini et al., 2018 ) as shown in Fig. 2 . Similarly, Fig. 1 also
hows the current context of the food waste hierarchy, which was ini-
ially set out in the Directive 75/442/EEC (amended by 91/156/EC and
ecast as 2006/12/EC) and most recently revised according to the Di-
ective 2008/98/EC (the ‘rWFD) ( Adetunji et al., 2022 ). The hierarchy
rioritizes the various ways in which food waste can be avoided and
elegates disposal to technologies that are more suitable for upgrading.

The results clearly indicate the unacceptability of using "landfilling"
s a resort to treat wastes generated from the food sector. As indicated in
he diagram, the moderately acceptable methods for treatment of food
astes are the reuse and recycling processes that are widely referred to
s incorporating the various commercialization techniques for the pro-
uction of many value-added products from the waste food materials,
n an attempt to make the treatment procedure more environmentally
ound. From all this information, it can be concluded that even though
nough efforts are being made to treat food wastes, the development of
strong" sustainable methods to mitigate the production of food wastes
nd the treatment of the same is required in order to save the environ-
ent from the deleterious repercussions of the same. This article majorly

ocuses on the different ways in which food wastes can be or are being
tilized to produce other products that, in turn, could be put to use for
ther sustainable purposes. This not only lowers the environmental im-
act of the food wastes but also diminishes the levels of losses and would
einforce the "reuse" and "recycling" of the same. 

.2. Utilization of food waste feed stocks in fabric industries 

As a consequence of the extensive increase in the levels of food waste
roduction and the environmental, economic, and socioeconomic effects
4 
hat are tarnishing the face of the earth in a myriad of ways, modern
echnologies that utilize these wastes to yield or produce fabrics have
een put into practice in recent years, and the various routes for the
anufacture of fiber materials are shown in Fig. 3 . 

The term "textile" or "textile fabric" refers to a thin, flexible sheet
ade by tying or interlacing "yarns" in a variety of ways, such as, cro-

heting, knitting, weaving, and braiding ( Humphries, 1999 ). Typically,
olymeric chains found in fibers have a fixed chemical sequence that re-
eats themselves along the length of the molecule. In general, fibers are
ategorized as either natural or man-made, depending on their sources.
rotein fibres (wool and silk), cellulose fibres (cotton and linen), and
ineral fibres (asbestos) are examples of the former category. Instead,
an-made fibres are either formed from natural fibres that have un-
ergone chemical treatment or regeneration to create a fiber with the
esired qualities (synthetic fibres) or they are created by chemical syn-
hesis followed by fiber production. Polyamides, polyesters, polyolefin,
crylics, vinyl, and elastomeric fibres are examples of synthetic fibres,
hereas rayon and cellulose acetate fibres are examples of regenerated
bres. The technique used to create these fibres is known as coagulation
pinning, which was first used to create Kevlar, acrylic, and PAN fibres
 Radishevskii and Serkov, 2005 ). These fibers materials are then twisted
o convert yarn, which is subsequently knitted, woven, or braided to cre-
te the finished textile product made from diverse food waste. 

The ideology behind such an initiative is primarily to alleviate the
mpacts that result from food waste generation by recycling it to manu-
acture products that could enter the market and be put to use on some
ther aspect or level, which would not just mitigate the economic losses
hat are incurred by food wastage but also help in producing a higher
ield from a given harvest (that is, the harvest primarily serves the pur-
ose of being used as food and the waste generated from the same is
eing used to yield fabric, hence augmenting the overall yield and in-
tilling a sense of higher socioeconomic upliftment from the given sce-
ario). Ergo, this could be termed as a means for attaining sustainability
nd a circular economy by reusing and repurposing food wastage. 

Due to factual statements and data suggesting that plant materials
re a rich source of fiber, this technology is more commonly applied
o agricultural food wastes. In many studies conducted on the subject
atter, data suggested by observations obtained suggests that an esti-
ated total of nearly 250 million metric tonnes of fiber are generated ev-

ry year worldwide through crops like bananas, pineapples, flax, hemp,
nd sugarcane ( Karimah et al., 2021 ). While the global demand for the
ame is restricted to less than half of this value, the majority of this fiber
ontributes largely to the food waste produced. Alarming values from
arious studies suggest that huge quantities of waste are obtained from
anana cultivation alone every year; rice straws and oilseeds (like flax
nd hemp) cultivated over approximately 32 and 1.5 million acres of
and, respectively, also contribute to the food waste that is wasted every
ear ( Cecci et al., 2019 ; Pappu et al., 2015 ). Hence, by means of exer-
ising various technologies, provisions have been developed to utilize
hese food wastes to extrapolate fiber, which in turn (when explained
n simple terms) is spun to produce fabric. 

Due to its potential uses in the areas of packaging, composites, elec-
ronic films, medicine delivery, water treatment, etc., the use of cellu-
ose (CNF) has significantly grown in the food-based waste industries.
n addition to that a large surface area of CNF makes excellent rein-
orcements with variety of polymer nanocomposites. Extensive research
s still being conducted to extract CNF from various sources (wood
ulp, sugarcane bagasse, cotton fiber, banana peel, etc.) using various
echniques ( Theivasanthi et al., 2018 ; Tibolla et al., 2018 ; Feng et al.,
018 ; Kyle et al., 2018 ) and different techniques can be used to ex-
ract cellulose nanofibres ( Nickerson and Habrle, 1947 ; Norkrans and
ånby, 1956 ; Bondeson et al., 2006 ; Nakagaito and Yano, 2004 ;
akagaito and Yano, 2005 ; Dufresne et al., 2000 ). Particularly, fruit

amples include significant levels of fibres that are mostly made up of
ellulose (81.27%) and hemicellulose (12.31%), with smaller amounts
f lignin (3.46%) and other components ( Rahman, 2011 ). PALF has su-
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Fig. 2. Characterized life cycle assessment results of the environmental categories addressed by DavideTonini et al. (Reproduced with permission, ( Di Marcantonio 
et al., 2021 ) Copyright © 2018, Elsevier). 
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Fig. 3. Categorization of various routes for 
the manufacture of fiber materials (source 
file https://textilelearner.net/classification-of- 
textile-fibers/ ). 
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erior mechanical qualities to other sources of food waste due to its large
uantity of cellulosic content. In this connection, the high generation of
ruit wastes were focused to prepare the highly nano fiber materials. 

In general, the extraction of cellulose nanofibres involves alkali treat-
ent, bleaching, acid hydrolysis, and defibrillation by either traditional

r non-conventional processes. Here, we provide a technique for isolat-
ng cellulose nanofibres from pineapple leaf fibres which is both eco-
omical and eco-friendly. In general, acid hydrolysis reactions were
ommonly employed by using nitric acid, sulphuric acid, phosphoric
cid and their combinations which produces hazardous waste, corro-
ive to the metals and require large quantity of water for neutralization.
owever, the usage of mineral acids may form the needle like cellulose
anocrystals by the breaking of cellulose units in their respective amor-
hous regions ( Chauve and Bras, 2013 ). More importantly, the cellulose
aterials were extensively used to extract from CNF using organic with

he help of milling technique was widely employed ( Song et al., 2018 ).
ue to its ability to disrupt the longitudinal axis of the cellulosic struc-

ure, ball milling is proven to be a successful approach for the synthesis
f nanocellulose ( Moon et al., 2011 ; Mayer-Laigle et al., 2014 ). As a re-
ult, there is a reduction in the crystallinity of cellulose, which leads to
he separation of cellulose nanofibers ( Kim et al., 2013 ; Avolio et al.,
012 ; Feng et al., 2004 ; Ouajai and Shanks, 2006 ). In addition, ball
illing can generate a large amount of CNF at ambient pressure and tem-
erature compared to other mechanical equipment with minimal overall
osts and energy consumption ( Sofla et al., 2016 ). Based on the limita-
ions of the aforementioned reports, a study emphasized on the separa-
ion of CNF from pineapple leaf fibres (PALF) through an eco-friendly
nd inexpensive approach using ballmilling for defibrillation and lime
uice for acid hydrolysis. The resultant isolated CNF were characterized
sing various microscopic and spectroscopic analyzes (XRD, FT-IR, FE-
EM, AFM, HRTEM, and Thermal analysis). The study concluded that
cid hydrolysis of cellulose materials using organic acid (lime juice)
nd ball milling technique is an effective route for the isolation of
NF. 

The green technology proposed will reduce the pollution (air, wa-
er, soil) of the nature by turning the useless agricultural residue to a
ighly potential resource. Wastes obtained from various food products
ike Oranges, Pineapples, Bananas, and a variety of other crops are ma-
orly used as sources for the application of this technology to convert
he fiber extrapolated from them to generate fabric. 
6 
.3. Orange wastes to fabric 

Orange is a citrus fruit that is very commonly consumed and is also
 product that possesses prime utility in food industries for manufactur-
ng a variety of food products. According to studies conducted, a rough
alue of 51.8 million metric tonnes of oranges were recorded to be pro-
uced worldwide in the year 2014, while more recent data suggests that
n estimated amount of 15 to 25 million tonnes of peel wastes from the
ame are either thrown in landfills or incinerated without proper re-
ycling alternatives ( Sachidhanandham, 2020 ). The reported chemical
haracterization of the orange peel waste was summarized in Table S1
nd it was showed that majority of the portion was made by fiber ma-
erial ( de la Torre et al., 2019 ). The orange peel is primarily composed
f two portions, namely the epicarp or flavedo, which is the coloured
ortion of the peel that comprises essential oils and pigments, and the
esocarp or albedo, which is the inner white portion of the peel that

s highly rich in cellulose, as shown in Fig. 4 ; however, the polysaccha-
ide molecule is a polymer of glucose units connected by 1,4-glycosidic
inkages. The fiberous wastes generated after pressing whole oranges to
btain juice are intended to yield cellulose after the pressing of whole
ranges in juice extraction processes. The obtained cellulose, by way of
arious processes, can be spun into filaments used for the formulation
f fabric ( Fig. 5 ). 

Under mild chemical sequential extraction conditions, orange bags
rom nature and industry were both examined as starting materials for
he manufacture of nanocellulose materials. The other part accounted
or acid (5% v/v and 100 °C) and/or alkaline treatments (NaOH, 1.6–
.0% m v − 1 , 120 °C), and further bleaching with NaClO 2 (1–3% m
 

− 1 , 80 °C). Ultrasound treatment produced cellulose nanofibers with
0–70% crystallinity and excellent purity (above 98%). According to
eld emission scanning electron microscopy, cellulose nanofibers sep-
rated from natural bagasse had mean diameters of 18.4 nm 6.0 nm,
hile nanofibers isolated from industrial bagasse had mean diameters
f 20.5 nm 7.0 nm, respectively. X-ray diffraction and solid-state nuclear
agnetic resonance (CP-MAS 13C NMR) data were used to calculate the

rystallinity of the obtained materials. The materials identified have a
ide variety of possible uses and constitute a green option for the treat-
ent of orange fruit biomass ( Mariño et al., 2018 ). 

Experimental data proves that alpha-cellulose is the major con-
tituent of cellulose fibres that are employed for the manufacturing of

https://textilelearner.net/classification-of-textile-fibers/
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Fig. 4. Labelled transection of orange. 

Fig. 5. Production of nano fiber materials from 

the orange peel waste. 
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Fig. 6. A. Composition of lignocellulosic 
biomass and the particle size distribution 
of CNF (Source: Phanthon, P. et al. (2018) 
( Theivasanthi et al., 2018 )). B. Acid hydrolysis 
of cellulose fibril. 
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abric or textiles. However, the strength of the cellulose fibers predomi-
antly depends on factors like the crystallinity of the polymer and/or its
hain length or degree of polymerization. Yang et al.’s study concluded
hat fabric synthesized from wastes obtained from oranges necessitates
he micro- or nano-crystallization of these alpha-cellulose molecules. In
rder to garner a perception of how the fabric is manufactured from
he said wastes, the extraction of the raw material and the mechanisms
mployed for the same have to be understood ( Yang et al., 2022 ). 

Plant cell walls are majorly composed of lignocellulosic biomass,
hich comprises lignin (10–25%), hemicellulose (20–35%), and cel-

ulose (35–50%), as depicted in Fig. 6 A ( Schuler et al., 2022 ). The
onomers that formulate the structure of cellulose, anhydrous glucose
nits, consist of several hydroxyl groups that participate in forming
nter- and intramolecular hydrogen bonds within the cellulose fibers,
hich provide for its significant toughness and high tensile strength.
he monomers that formulate the structure of cellulose, anhydrous glu-
ose units, consist of several hydroxyl groups that participate in form-
ng inter- and intramolecular hydrogen bonds within the cellulose fibers,
hich provide for its significant toughness and high tensile strength (Fig.
1). These hydrogen bonds are further strengthened and tightly packed
r aggregated in intensively ordered zones, which are termed the "crys-
alline regions" of the cellulose fibers. At these crystalline parts, the fi-
res incur extensive stiffness and strength, which is why nanocellulose
r nano-crystalline cellulose can be obtained from naturally occurring
ellulose fibers, which in turn can be utilized for the manufacturing of
abric. It has a high stiffness of up to 220 GPa of elastic modulus, which
s greater than that of Kevlar fiber. Furthermore, nanocellulose’s ten-
ile strength was found to be 10 GPa, which is relatively larger than
8 
ast iron, and its strength-to-weight ratio was eight times stronger than
tainless steel. Besides that, nanocellulose is transparent and contains a
eactive surface of hydroxyl groups that can be functionalized to pro-
uce a variety of surface properties ( Dufresne, 2012 ; Dufresne, 2013 ;
bdul Khalil et al., 2014 ). Santanocito’s method of extracting the cellu-

ose from orange peels involves treating the raw material with hydrogen
eroxide under certain conditions, which can be achieved with the use
f sodium hydroxide solution ( Santanocito, 2016 ). 

Nevertheless, bases like hydrogen peroxide, sodium hydroxide, and
alcium hydroxide (the most commonly used being sodium hydroxide)
elp in the solubilization of lignin from the lignocellulosic biomass by
ffecting the acetyl groups in hemicellulose and the linkages of the
ignin-carbohydrate ester ( Yulina et al., 2020 ). This solubilization helps
n leaving behind the cellulosic mass, which can then be attained by
onsecutive filtration and washing. The pH of this treatment is usually
referred to be in a range of 11 to 12, at a temperature range of 65 °C
o 90 °C (more specifically 80 °C), for a given period of time, which is
sually approximately around 30 min ( Mandal and Chakrabarty, 2011 ;
ee and Tan, 2021 ). This solid cellulosic component is then treated with
 carboxylic acid, most preferably acetic acid and/or formic acid, at a
emperature range of 50 °C to 100 °C (more specifically at a temperature
f 80 °C) ( Nur Hanani et al., 2017 ; Jee and Tan, 2021 ; Lundahl et al.,
017 ). In this reaction, acid is mainly used for the purpose of hydrolyz-
ng the amorphous portions of the cellulose fibres to leave behind the
rystalline parts, which form the short rod-shaped nanocrystals (with a
–20 nm diameter) (as depicted in Fig. 6 B) that could be spun to produce
abric. This protocol of procedure for alpha-cellulose extraction is pri-
arily applicable to scenarios when only the albedo of the orange peel
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s being utilized as the source; when both the albedo and the flavedo
re treated, further steps are followed after the acid treatment. These
ollowing steps involve again filtering and washing the mass obtained
ost-acid hydrolysis, which is then again made to undergo the afore-
entioned alkali treatment (performed at the beginning of the protocol)
ntil it is finally filtered again and dried to yield cellulose nanocrystals
hat comprise 90 wt.% of alpha-cellulose ( Yadav et al., 2022 ). 

These CNC/CNF are then suitable for treatment to produce cellu-
osic filament material, which has a variety of desirable properties such
s being strong, lightweight, chemically versatile, and biodegradable,
ndicating that products made from these filaments have high mechan-
cal competence ( Hendriksz, 2017 ). Sarah et al. proposed a variety of
ethods, including wet-, dry-, melt-, and electro-spinning techniques,

ould be employed for the formulation of fabric filaments from cellu-
ose nanofibers attained from orange peel wastes ( Sarah et al., 2018 ).

hile this is the way orange peel wastes could be processed and re-
ycled to produce fabric, the same peel wastes could be boiled (fresh
r sundried) to obtain a light orangish-yellow dye, which too has been
bserved to possess significant application in the fabric or clothing in-
ustries. In terms of quality, softness, shiny surface, and color, a fabric
ade from orange peel waste textiles resembled silk. Most commonly,

itrus fruit properties were retained on fabric using nanotechnology and
icroencapsulation, and the technology-aided in retaining these prop-

rties for up to 20 washes ( Jadoun et al., 2020 ). The results showed
hat biodegradable material was well-suited for mixing with cotton, silk,
lastane, and orange. The pair decided to present this in a variety of
orums to increase the demand, scope, and market for the developed
extile. 

.4. Pineapple leaves to fabric materials 

Pineapple is an extensively cultivated fruit around the globe due to
ts high nutritional value, which grades it as a highly desirable product,
hile at the same time, as a result of its high fiber content, the wastes

hat it yields are of prime utility in the textile manufacturing industry.
he global production of the said item was approximately calculated
o be around 16.6 million metric tonnes in the year 2004, which rose
o 21 million metric tonnes by the year 2007, and ended up at a fig-
re of 51 million metric tonnes in the year 2016 ( Pandit et al., 2020 ).
s pineapples are predominantly harvested along with their associated

eaves, during consumption, even though the fruit is utilized to its max-
mum most of the time, the leaves are always observed to be discarded
nd are regarded as "agricultural" or "consumer wastes." As a result,
hese waste materials are typically treated through processes such as in-
ineration or decomposition (both of which have severe environmental
onsequences). 

"Pina Clothing" basically describes clothes that are manufactured
rom pineapple leaves. As reported earlier, it was initially started in the
hilippines and was later adopted by several countries in Europe, which
ade it quite a popular product in the nineteenth century; however, its

cceptance and demand declined with the increased utility of the other
onventional fabric materials ( Jose et al., 2016 ; Jain et al., 2018 ). Cur-
ently, the extensive increase in food demand leading to a surge in the
lobal production levels of pineapple has resulted in the generation of
igh amounts of waste in the form of pineapple leaves, which in turn
as again invited the culture of using fabric manufactured from the said
iscarded materials. These textiles are made from the strong, white silky
ALF extracted from discarded pineapple leaves and can be spun on jute
r cotton spinning systems ( Fig. 7 A). Pineapple leaves, on average, have
een calculated to have a length of 55 to 75 mm and a weight that is usu-
lly in the range of 15 to 50 g. The percentage fiber yield from pineapple
aste leaves is usually around 1.55–2.5% ( Siregar et al., 2012 ). 

Deriving information from a study that was conducted by Ravin-
ran et al., it can be concluded that cellulose nanofibers can be eas-
ly obtained from pineapple leaves and can be thoroughly studied by
ubjecting them to various analytical techniques like FESEM, HRTEM,
9 
FM, DLS, and thermal analysis ( Ravindran and Thomas, 2019 ). From
he same literature work, it can be stated that the crystallinity of the
morphous regions of the pineapple leaves could be augmented by
early 77% by the removal of lignin and hemicellulose (a result that
as obtained from X-ray diffraction). The extracted cellulose nanofibers
ave been observed to be excellent components to formulate polymer
anocomposites with. Table S2 shows the physical and chemical com-
osition of fresh and dried pineapple peels based on literature reports.
ontemplating the various chemical analyzes conducted on pineapple
eels, they are primarily observed to be composed of cellulose, lignin,
emicelluloses, and other carbohydrates; thus, they are desirable candi-
ates for functioning as adsorbents and the preparation of carbons with
ell-developed micro- and microporosity ( Agarry, 2012 ). According to
 cost-benefit analysis, the various green methodologies that have been
uggested for the cost-effective production or extraction of nanofibers
re also capable of producing carbon nanofiber (CNF) that can be used
n the food industry, paper manufacturing, biomedicine, and machinery
ools ( Ravindran and Thomas, 2019 ). 

Analysis and elaborate determination of the chemical and physical
roperties and composition of pineapple peels have been of prime signif-
cance as they are mainly composed of cellulose, hemicelluloses, lignin,
nd other carbohydrates. Hence, as already observed from other food
aste compounds exhibiting similar chemical properties and having a
ide array of usability in the fabric industry, pineapple peels also have
een observed to possess qualities that make them potential agents for
he formulation of adsorbents as well as the preparation of carbons,
robably with well-developed micro- and microporosity ( Dai et al.,
018 ). 

In the year 2017, globally, an approximate area of 1098,705 hectares
f land was used for the cultivation of pineapples, which yielded 1318
housand tonnes of PALF. According to estimations, the amount of PALF
enerated only in India is roughly around six lakh metric tonnes per
ear ( Jain et al., 2018 ). Table S3 shows information pertaining to the
verage yield of pineapple fruit in different nations and the consequent
pproximate levels of PALF that could be manufactured from the wastes
enerated from the same. 

The extraction of fibers from these waste leaves can be done man-
ally or mechanically. The manual technique, also known as "hand
tripping" or "scraping," predominantly involves manually scraping the
bers off the leaves using broken porcelain plates, which are thor-
ughly washed in running water and then air- or sun-dried. These ex-
racted fibers are removed off of their associated pectic substances,
hich are present in the soft cells, by treating them with microorgan-

sms ( Bondeson et al., 2006 ; Nakagaito and Yano, 2004 ). The mechani-
al process of extracting fibres from waste pineapple leaves involves the
se of decorticating machines. The developed machines make use of a
air of rollers (performing a crusher-like technology), one metal knife
crapper roller, and one serrated roller of specific sizes arranged at cer-
ain angles to remove the waxy layer on the leaves in order to extract
he fibers ( Yusof et al., 2015 ). 

The functionality of the machine is such that, when the leaves are
ntered into it, the aid of the rollers aids in the grinding and crushing
f the outer waxy layers of the leaves; when the leaves are removed or
ulled out of the machine, the rollers function again to further grind the
resence of any waxier layers on the leaves, which are then removed
as depicted in Fig. 7 B) to yield the desired PALF ( Jain et al., 2018 ).
his extracted PALF is usually again scoured and dried and put through
arious treatments like retting (in which bacteria or fungi are used) and
egumming (using dilute acids, bases, or enzymes) to remove the vari-
ty of other associated matter that exists alongside PALF, which include
ellulose, lignin, pentosans, fat, wax, ash content, nitrogenous matter,
nd pectin. Extrapolating from information derived from various studies
onducted, PALF can be described as a soft fiber possessing a desirable
hite luster that has a scaly structure with a high degree of crystallinity

which contributes to its high flexural and torsional rigidity) and a low
olerance to moisture ( Ravindran and Thomas, 2019 ). Hence, this fiber
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Fig. 7. A. Depiction of the different categories 
of fiber that can be extracted from Pineapple 
Leaf Fiber. Reprinted with permission from ref. 
[55a]. Copyright 2019, Elsevier. B. Function- 
ing of Decorticating Machines Source: Pandit, 
P. et al. (2020) ( Mayer-Laigle et al., 2014 ). 

h  

f  

f  

b  

p  

a  

t  

d  

p  

o  

r

3

 

s  

c  

t  

i  

l  

(  

t  

t  

t  

2  

o  

s  

i  

a  

y  

a  

S
 

p  

m  

t  

k  

t  

b  

b  

a  

t  
as proven to be of decent utility in the textile industry, where it is used
or the formulation of fabric, usually in combination with silk and other
abric materials. It is used for the manufacturing of clothes, table linens,
ags, etc., which thereby leads to sustainability as the wastes (from the
ineapple cultivation industry) are recycled and a higher outcome from
 given harvest is generated. In addition to that, Table 3 gives informa-
ion pertaining to the content of insoluble fiber that can be extracted or
erived from pineapple peels (a quantitative comparison between fresh
eels and dry peels). It also gives a generalized idea pertaining to the
verall composition and yield of different components that can be de-
ived from either fresh or dried pineapple peels. 

.5. Wastes from bananas to fabric 

Bananas have been observed to be abundantly grown in tropical and
ubtropical countries while being graded as one of the oldest cultivated
rops and the fourth most important crop grown in the world due to
he banana fruit’s being of prime nutritional significance and the plant
tself having various other utilities as banana flowers, stems, peels, and
eaves are all put to use for different consumptions or related purposes
 Maleque et al., 2007 ). However, based on data accumulated from cer-
10 
ain literature, even though the consumption and utilization of banana
rees are significantly high, billions of tonnes of banana tree stems are
hrown away or wasted every year ( de la Torre et al., 2019 ; Mariño et al.,
018 ; Yang et al., 2022 ; Schuler et al., 2022 ; Dufresne, 2012 ). That is,
nce bananas are harvested, the rest of the plant (unless put to use for
ome other purpose) will be discarded. Information from various stud-
es has concluded that for every tonne of banana fruit harvested, an
pproximate figure of 4 tnes of waste from its plants is generated every
ear, which is traditionally and more commonly disposed of by inciner-
tion or dumping in landfills ( Aurore et al., 2009 ; Chauhan Gupta and
rivastava, 2022 ). 

Whilst already having established that such techniques not only im-
ose a detrimental effect on the environment but also lead to wastage of
aterials that could be utilized for other purposes, it has been observed

hat nearly 37 Kg of banana tree wastes (stems) can be used to yield a
ilo of banana fibers which in turn could be employed for the produc-
ion of fabric, papers, etc. Aurore et al. (2009) that would attribute to
eing a rational alternative method of treating wastes generated from
anana plants. A significant portion of a banana plant is made up of
 pseudo-stem that predominantly comprises a soft central core and
ightly wrapped leaf sheaths that unwrap from the stem to form dis-
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Fig. 8. A. Method for the production of cellu- 
lose nanofibers from the banana peel (BP) and 
bract (BB). Reprinted with permission from ref. 
( Schuler et al., 2022 ). Copyright 2018, Elsevier. 
B. Composition comparison of Pineapple fresh 
peels and dried peels. 
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t  
inguishable mature leaves. Post-harvest, when the banana plant is con-
idered a waste product, the pseudo-stem is mainly used to yield fibres
hat could be used in the production of textiles, papers, ropes, etc. These
bers, which contain 50–60% cellulose, 25–30% hemicelluloses, 3–5%
ectin, and 12–18% lignin, are chemically similar to those extracted
rom pineapple leaves (or pineapple waste products) ( Zhang et al., 2022 )
 Fig. 8 A). The chemical composition of the banana along with its peel
as summarized in the pie chart ( Fig. 8 B). 

These fibers can be extracted by methods similar to the ones used
or the extraction of fibers from pineapple leaves; that is, they can be
xtracted with the aid of decorticator machines or by hand. As reported
y Harini et al., (2018) , the manual process involves cutting the pseudo-
tems into pieces and then using blunt blades to scrape out fibers, while
he mechanical process involves the coordinated functioning of a pair
f rollers and a beater that split the pseudo-stems into 2–4 parts, from
hich they separate the fibers contained therein. These extracted fibers
re then treated with bio enzymes and other chemicals to achieve the
11 
esired lightweight and high strength properties, as well as a good elon-
ation factor and spinnability. Various methods of spinning could be
dopted to spin banana waste fibers into the fabric, which include open-
nd spinning, bast fiber spinning, semi-worsted spinning, and ring spin-
ing ( Gupta et al., 2022 ; Bello et al., 2018 ; Basak et al., 2015 ; Jordan and
hester, 2017 ; Benítez et al., 2013 ; Bajpai et al., 2012 ). This technique
f extracting fibers from banana wastes to produce fabric or textiles
as been investigated and may have been in practice since the 13th
entury. However, with the increasing utility and popularity of con-
entional fabric materials, such sustainable approaches were no longer
iven any attention. Now, with the socioeconomic sector facing a ma-
or downslope due to high amounts of food wastage, the application of
hese innovations is being done again to produce textiles that include
isposable fabrics, filter cloths, tea bags, and light-density woven fab-
ics ( Mohiuddin et al., 2014 ). 

A study conducted by Harini et al. analyzed the microcellulose fibres
hat were extracted from banana peel ( Harini et al., 2018 ). The corre-
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Fig. 9. Scanning electron images of micro [M] & nano cellulose fibers [N] [BP – Banana peel BB – Banana Bract; BM – Ball milled. Reprinted with permission from 

ref. ( Schuler et al., 2022 ). Copyright 2018, Elsevier. 
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ponding SEM images revealed irregularly arranged bundles of cellu-
ose fibres with particle sizes ranging from 19.2 to 30 m ( Schuler et al.,
022 ). The DLS particle size analysis of banana peel mass yielded an
pproximate particle size range of 520–26 m with an average particle
ize of 351 m, as shown in Fig. 9 . Linear bundles of crystalline cellu-
ose were observed to have been extracted in the same study from BBM,
hich, when visualized, had a particle size ranging between 15 and
5 m in diameter and 274 and 434 m in length. When the same crys-
alline cellulose fibres were analyzed by the process of DLS analysis,
he approximate particle size was estimated to range between 51 and
43 m and 431 m, respectively. Bajpai and Pappu et al. reported that
he use of naturally sourced fibres is more advantageous than using syn-
hetic ones due to their numerous advantages, such as weight reduction,
nhanced performance, and biodegradability ( Bajpai et al., 2012 ). Es-
ecially when fibres are extracted naturally ( Mohiuddin et al., 2014 ).
espite the various technical challenges involved, natural fibers such as
12 
ute are becoming more prevalent in composite materials. Due to their
co-friendly nature, they are replacing synthetic fiber in various appli-
ations ( Thakur et al., 2022 ; Rana et al., 2021 ). Several major sectors,
ncluding automotive, packaging, and construction, have shown a strong
nterest in the development of novel bio-composite materials using ad-
anced manufacturing techniques such as 3D/4D printing over the last
ecade ( Joshi et al., 2020 ; Daminabo et al., 2020 ). Natural fibers can
e used in a composite material in the form of raw fiber, woven fibers,
extile fiber, or short fibers, and some research has shown that fibers
odified to ‘particles form’ have higher strength. 

Recent literature reports have even demonstrated the extraction
f cellulose nanocrystals from natural fibers, which might be use-
ul as a composite in the automotive and water treatment indus-
ries ( Alothman et al., 2021 ; Beluns et al., 2021 ; Rana et al., 2021 ;
ieli ń ska et al., 2021 ). To achieve better properties, many studies have
sed a combination of natural and synthetic fibers or two different types
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Scheme 1. Ethanol production from lignocellulosic food waste. 
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Fig. 10. Million gallons of bioethanol produced in the years 2013 and 2020 in 
different countries. 
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f natural fibers. Many researchers have also reported an increase in
ertain composite properties. The surface of natural fibers was modified
arious chemical treatments in order to increase the Adhesion with the
inder at the interfacial level ( Thakur et al., 2022 ; Supian et al., 2021 ;
sim et al., 2021 ). 

. Food wastes to alcohol (Biofuel) biodiesel from fish wastes 

In general, liquid wastes are generated in the form of whey (that
s usually pressed out of yogurt or cheese), wastewater that is utilized
or various purposes, brewery effluents, oils, etc. ( Thakur et al., 2022 ).
n spite of such a high magnitude of variability amongst the different
inds of food wastes, it is apparent that the nutrient composite of them
ll would include Carbohydrates, Proteins, Lipids, Minerals, and Vita-
ins which make them appropriate for performing microbial activities.
ence, both solid and liquid wastes could be utilized for alcohol pro-
uction purposes by the action of microbes breaking down these waste
roducts to in turn generate renewable fuels. 

While Food Wastage stands as a concerning predicament from the
ocioeconomic point of view, another major issue that asks for an equal
mount of gravity and importance is the rapid exhaustion of fossil fuels
or the generation of energy. Production of biofuels, more specifically
io-ethanol, from lignocellulosic matter by the action of microorgan-
sms, is an area of study and literature that has hence been able to garner
uch attention and contemplation in recent years. The process of pro-
ucing fuels in the form of alcohol from lignocellulosic matter is itself an
conomically exhausting procedure which is why, with the augmenting
evels of food wastage that is incurred, technologies are/have been de-
eloped and employed to use these wastes (as a cheap raw material) to
ave microbial activities performed on in order to produce bio-ethanol
 Scheme 1 ). 

The production of bioethanol, which could be used as a potential
ource of energy or fuel was first discovered by Alexander Graham Bell,
n the year 1917 stating that any vegetable matter, crop residues, farm
aste that are capable of supporting fermentation can be used to yield
ioethanol ( Prasoulas et al., 2020 ). As per records made in the year
013, the largest producers of the said alcoholic compound were the
S, Europe, Brazil, Canada, and China giving a total yield of 23.4 bil-

ion gallons while as per global statistics made in the year 2020, United
tates, Brazil, European Union, China, and India were the largest pro-
ucers giving a total yield of 13,800, 7930, 1250, 880 and 480 mil-
ion gallons, respectively ( Fig. 10 ). Liquid food wastes like whey water,
ofu processing wastewater, Pulp from different fruits and vegetables,

astewater released from fruits and vegetables as a result of cutting,
rinding, mashing, cooking, etc. are all rich in sugars, amino acids, and
ther nutrients that are required for the sustained growth of fermenta-
ive microorganisms. Solid wastes like rejected whole food items, skins,
eels, seeds, leaves, etc. too are rich in all the same said nutrients,
specially in Carbohydrates; data extrapolated from various literature
uggest that whilst nearly 65% of solid food wastes majorly comprise
f Carbohydrates, they are usually also rich in other carbon-containing
ompounds ( Maleque et al., 2007 ; Aurore et al., 2009 ; Chauhan Gupta
nd Srivastava, 2022 ; Zhang et al., 2022 ); hence both solid and liquid
astes serve as suitable substrates for the growth of microorganisms

hat, through biodegradation pathways, can produce fuel alcohols like
thanol, butanol, and propanol ( Muhammad and Rosentrater, 2020 ). 

Various microorganism species have been identified and proven to
e utilitarian for such processes which include, Aspergillus sp., Penicil-
13 
ium sp., Trichoderma sp., Neurospora sp., Fusarium sp., Saccharomyces
p., Escherichia sp., Zymomonas sp., etc., the primary function of these
icroorganisms being to breakdown such food waste products to yield

iofuels in the form of alcohols ( Ebrahimi et al., 2008 ; Hegde et al.,
018 ; Zou et al., 2020 ). For these wastes to fully get metabolized by such
acterial and/or fungal species to yield alcohol, they need to undergo
arious steps and stages of processes that comprise pretreatment, enzy-
atic hydrolysis, fermentation, and bio-ethanol recovery ( Zhang et al.,
013 ). The process flow diagram for the production of bioethanol from
ood waste was illustrated in Fig. 11 . 

In a study conducted by Alok Patel et al., food wastes were predom-
nantly utilized in two stages; in the first stage, the carbohydrates and
roteins from the food waste were extracted by following the enzymatic
ydrolytic pathway by cultivating heterotrophic microalgae on the food
aste products, which resulted in a biomass yield of 0.346 ± 0.09/g sug-
rs and lipid yield of 0.216 ± 0.06 / g sugars. In the second stage, oil
14.15% w/w) was extracted from the same food waste by adopting
he methodology of hydrolysis, and it was converted into biodiesel by a
imple two-step transesterification reaction, which generated 135.8 g of
atty acid methyl esters/kg of food waste and 13.8 g of crude glycerol/kg
f food wastes, respectively. Finally, crude glycerol obtained from both
rocesses was used at 20 g/L to cultivate heterotrophic microalgae, re-
ulting in a cell dry weight and total lipid concentration of 6.23 g/L
nd 2.91 g/L, respectively. A total of 248.21 g of fatty acid methyl es-
ers were obtained from the 1 kg of food waste through this integrated
rocess. This was one of the recorded successful methods of biodiesel
roduction from food wastes ( Patel et al., 2019 ). 

Innumerable studies that have been conducted to gain perception
f the activity of fermentative microorganisms suggest that these afore-
entioned bacterial and/or fungal species majorly act on simple sugars

o convert them into alcohol and other byproducts. The said process
ould occur aerobically or anaerobically by direct conversion of sugar
nto alcohol and carbon dioxide or by first degrading the sugar to a
eparate product, like pyruvate (in the case of Entner-Doudoroff Path-
ay), which is then further broken down to yield alcohol and carbon
ioxide ( Spector, 2009 ; Patel et al., 2021 ) and the schematic represen-
ation was shown in Fig. 12 . Hence, as already observed, food wastes
re complex materials composed of a multitude of large compounds like
tarches, fatty tissues, and cellulosic materials, which initially need to
e broken down or hydrolyzed by pretreatment processes in order to
apitulate simpler substances, or more specifically “fermentable sugars ”
as fermentation process primarily acts on sugars to yield appropriate
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Fig. 11. Process of breakdown of a simple sugar molecule like glucose to intermediate products which further breakdown to produce alcohol (ethanol). 

Fig. 12. Valorization of food waste to mul- 
tiple bio-energies based on enzymatic pre- 
treatment: A critical review and blueprint for 
the future. Reprinted with permission from ref. 
( Jadoun et al., 2020 ). Copyright 2018, Elsevier. 
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Fig. 13. Process of treating solid food waste 
by chemical hydrolysis followed by microbial 
growth to yield ethanol which could be utilized 
as a biofuel. Reprinted with permission from 

ref. ( Aurore et al., 2009 ). Copyright 2016, El- 
sevier. 
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nd products), that would hence result to be more pertinent to support
he sustained growth and multiplication of the desired microorganisms
n order to produce alcohol. This process is more commonly termed as
Saccharification ”. Acid, Heat, and Enzymatic Hydrolysis are methods
hat are most commonly employed as pretreatments for such processes;
nzymatic hydrolysis being the most commonly practiced of all (which
tilizes enzymes like amylases, amyloglucosidases, cellulases, lactase,
nvertases, pectinases, etc.) due to the cost-benefit that it incurs over
he other processes in aspects of requiring milder conditions and not
aving any corrosion hazard hassles ( Kádár et al., 2004 ; Mahmud et al.,
022 ). 

The process of enzymatic hydrolysis of food wastes comprising com-
lex carbohydrates predominantly involves the utilization of a mixture
f enzymes like carbohydrates which is a concoction of a number of en-
ymes namely, beta-glucanase, arabinase, cellulase, hemicellulase, xy-
anase, glucoamylase, or other enzyme mixtures that might be composed
f other additional enzymes like alpha-amylase, beta-amylase, etc. (en-
ymes selected on the basis of the composition of the food wastes)
o breakdown the complex molecules into simpler fermentable sugars
ike maltose, amylose, glucose and fructose ( Nieto-Veloza et al., 2021 ;
atsakas et al., 2014 ; Karmee and Lin, 2014 ; Demirbas, 2008 ; Yeh et al.,

016 ). Whilst having established the importance of sugars for the pro-
uction of ethanol, too high concentrations of the same too might re-
ult to be deleterious for the process, thus food wastes that are ob-
erved to contain high levels of sugars in them are usually diluted to
 concentration of 15% - 20% which is apt for fermentative procedures
 Tareen et al., 2021 ). Studies also suggest that food wastes, prior to being
ubjected to enzymatic treatment for saccharification, should/has to be
ut through thermal pretreatment which leads to partial breakdown of
he food wastes, thus improving product yield and purity ( Tareen et al.,
021 ). 

Fermentation of food wastes to produce bio-ethanol, as iterated here-
nabove, can be done using various microorganisms. As per data ac-
uired from various literature sources and studies conducted, there
re predominantly two major operations that are adopted for this pro-
ess of treating food wastes, these include SHF and SHF technique, the
ubstrates are first pretreated with enzymes (like 𝛽-glucanase, arabi-
ase, cellulase, hemicellulase, xylanase, glucoamylase, etc.) to undergo
accharification, and then once the intended/desired concentration of
ugar has been attained, it is inoculated with the fermentative microor-
15 
anisms which act on the sugar to break it down and yield alcohol
 Fig. 13 ). 

In a particular study conducted, the production of ethanol from fast-
rowing perennial C 4 grass Miscanthus floridulus was investigated by
sing a SSF route. M. floridulus biomass was analyzed and was found to
e composed of 36.3% glucan, 22.8% hemicellulose, and 21.3% lignin
based on dried mass). Prior to being treated with SSF, harvested stems
f M. floridulus were pre-treated separately by using alkali at room tem-
erature, alkali treatment at 90 °C, steam explosion, and acid-catalyzed
team explosion. The delignification rates, as the study was conducted,
ere determined to be 73.7%, 61.5%, 42.7%, and 63.5%, respectively,
y these four methods, and the hemicellulose removal rates were 51.5%,
5.1%, 70.5%, and 97.3%, respectively. The SSF of residual solids after
arious pre-treatments was performed with dried yeast (Saccharomyces
erevisiae) and cellulases by using 10% water-insoluble solids (WIS)
f the pre-treated M. floridulus as the substrate. The extracted ethanol
rom SSF of M. floridulus after the 72 h were found to be 48.9 ± 3.5,
8.4 ± 1.0, 46.4 ± 0.1, and 69.0 ± 0.1% (w/w), respectively; how-
ver, the ethanol concentrations after 72-h SSF were determined to be
5.4 ± 1.1, 27.5 ± 0.3, 13.9 ± 0.1, and 30.8 ± 0.1 g/L, respectively.
he overall results were concluded that the highest amount of ethanol
0.124 g/g-dried raw material) was generated from the dried raw mate-
ial of M. floridulus after the alkaline pretreatment at 363 K. The acid-
atalyzed steam explosion pre-treatment also resulted in a high ethanol
ield (0.122 g/g-dried raw material). Pre-treatment resulting in high
ignin and hemicellulose removal rates could make biomass more ac-
essible to enzyme hydrolysis and lead to higher ethanol production
 Tareen et al., 2021 ; da et al., 2022 ). 

While on the flip side, the procedure for Simultaneous Saccharifi-
ation and Fermentation (SSF) includes adding both the hydrolyzing
nzymes and the fermentative microorganisms to the substrate at once
 Nieto-Veloza et al., 2021 ). Suggestions made based on proven theoreti-
al data state that SHF garners a better alcohol yield when compared to
SF as, in this process the enzymes fully get to act on the larger carbohy-
rates present in the food and then break them down into simple sugars
hich are then fermented separately (which gives a higher yield), un-

ike in SSF wherein the enzymes break down the carbohydrates to yield
ermentable sugars which get used up instantly by the microbes that are
lready present the reaction environment ( Zhang et al., 2013 ). Despite
he higher yield that is observed in the process of SHF, it is considered to
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e comparatively slightly more inconvenient as it imposes the require-
ent of two separate tanks for the two processes of saccharification and

ermentation to occur separately unlike SSF ( Nieto-Veloza et al., 2021 ).
Observations also prove that mixed cultures give a better yield of

lcohol instead of mono-cultures of bacteria or fungi (because differ-
nt species are capable of fermenting different types of sugars, for ex-
mple while Saccharomyces cerevisiae is capable of acting on glucose,
t lacks the ability to hydrolyze lactose which in turn could be broken
own by Klyuveromyces sp.) whilst also taking into account that it is
ighly imperative to have the composition of the food waste (that is
eing treated) analyzed correctly to help identify and select the ap-
ropriate microorganisms for inoculation ( Nieto-Veloza et al., 2021 ;
hang et al., 2013 ). 

The activity of microorganisms depends on a multitude of factors
hat need to be perceived, analyzed, and controlled. Amongst these fac-
ors, the nutrient composition of the food waste is one of the most signif-
cant fermentation-rate determining conditions. As already mentioned
efore, a decent Carbohydrate content is most imperative for the pro-
ess of fermentation to take place. Alongside of Carbohydrates, Proteins
nd Lipids are also usually present in all food items (their content and
atio varying greatly depending on the food waste type) which play a
ajor role in affecting the fermentative activity. While in certain sce-
arios it has been observed that proteins and lipids enhance the rate
f fermentation, in several cases it has also been recognized that they
amper the rate of fermentation by either hindering the saccharifica-
ion process or thwarting the activity of the microorganisms acting on
he waste food products; the content of inorganic compounds (minerals)
lso play a major role in determining the amount of bio-ethanol produc-
ion ( Patel et al., 2019 ; Spector, 2009 ; Patel et al., 2021 ). Hence, while
dopting such practices of production of alcohol from food wastes, first
heir composition needs to be analyzed and consequently, the deduc-
ion and establishment pertaining to the species of microorganisms that
ould function the best in such conditions to give the best yield require
ttention, which is followed by thermal pretreatment and the main op-
rations of either SHF or SSF to execute the fermentation process and
nally retrieve alcohol/bio-ethanol. Novel methods that are being ap-
lied in recent years for obtaining/extracting ethanol from food wastes
nclude the Vacuum Recovery Process for attaining a better yield from
 given amount of raw material ( Huang et al., 2015 ). 

Alcohols like butanol, methyl butanol, propanol, are all gaining in-
reasing attention for being used as biofuels, however, ethanol stands
s the highest produced and the most used of all. Even though the idea
f producing ethanol from food wastes and using it as a biofuel is an in-
ovation that was made a long time ago, it is now being put to practice
o a higher extent due to the increasing levels of food waste produc-
ion ( Kazemi Shariat Panahi et al., 2022 ). Inconveniences are majorly
 branch out of the high magnitude of heterogenicity and composition
ariability that exists amongst food wastes, depending on its nature,
eason, geographical location, etc. 

Whether the food wastes being treated to produce bio-ethanol are
FW, FPW, or derived from any other sources like retail, cafeterias, etc.,

t is mandatory for them to have a minimum solid content of 35% w/w
o undergo the said process of fermentation to produce ethanol, and
he substances that are commonly subjected to this process are wastes
rom potatoes, corn, cereals, and cereal products, sugarcane, bagasse,
olasses, banana peel, and other fruit wastes, whey, etc. all of which

re majorly rich in Carbohydrates ( Kazemi Shariat Panahi et al., 2022 ).
hile ethanol stands as the most-used alcohol as a biofuel, butanol

oo has a major role to play, as it is produced by the fermentation
f wastes acquired from dairy products, fruit products (like apple po-
ace), potatoes, whey, etc. and has proven to be an effective biofuel that

estows a superior quality over ethanol in terms of non-corrosiveness,
on-hygroscopicity, and clarity. The production pathway of Butanol or
iobutanol is more-or-less the same as the ones that are followed for the
ynthesis of bioethanol from food wastes, except the enzymes used are
ifferent ( Rana et al., 2021 ). 
16 
As fossil fuels continue to deplete and the predicament of food waste
anagement persist, it has been recorded that the Energy Independence

nd Security Act of the United States has set a target and expects to
chieve a production of 16 million gallons of cellulosic ethanol by the
ear 2022 as reported by Uçkun Kiran et al. (2014) . Biofuels obtained
rom food waste biomass are categorized as Second-Generation bio-
uels which can be of various kinds, ranging from bioethanol to bio-
as and biomethane ( Alam and Tanveer, 2020 ; Ringer et al., 2006 ;
lam and Tanveer, 2020 ; Vamvuka, 2011 ; Isah and Ozbay, 2020 ).
econd Generation biofuels are considered to be cleaner when com-
ared to the other kinds as this utilizes the thrown away materials
o yield products that not just prevents the depletion of fossil fu-
ls but also intercepts the occurrence of repercussions of food waste
roduction. 

.1. Biodiesel from fish wastes 

Saleh et al. (2022) investigated the production of fish protein hy-
rolysate from waste fish scraps and marine species such as horse mack-
rel, white croaker, flying fish, chub mackerel, and sardine using enzy-
atic treatment ( Saleh et al., 2022 ). They attempted to demonstrate

n the study that fish protein hydrolysate could be used as a cryopro-
ectant to prevent protein denaturation during storage of various other
ood products. According to the same study, collagen or keratin is found
n livestock and fish waste, which can be converted to useful products
ia enzymic hydrolysis to produce a new physiologically functional food
aterial. To prove the concept, yellowtail fishbone and swine skin, both
igh in collagen, were used as waste materials to produce protein hy-
rolysates and peptides and these hydrolysates could be of potential use
s food ingredients ( Singh et al., 2022 ). Various enzymes and bioactive
eptides can be (and also have been) obtained from fish waste. In a study
ublished in 2022, Desai et al. studied the auto-hydrolysis of waste fish
iscera to peptone hydrolysates and found that it can be used in micro-
iological media to support growth and bacteriocin production by lactic
cid bacteria ( Desai et al., 2022 ). There are several alternatives uses for
sh processing waste, including the production of fish mince, the use of
sh gelatin, the use of fish as a source of nutraceutical ingredients, the
roduction of fishmeal, and the potential use of fish and protein con-
entrates as a food source. The potential uses of fish waste are depicted
n Table 1 . 

As a result of this still not being as a part of the mainstream vehi-
le market, electric cars are considered to be luxury items. According to
he statistical values, it can be concluded that globally the total number
f electric cars in use is less than 0.1% of the total number of cars in
se. Electric cars are on the pathway of gaining massive popularity in
ecent years due to the fact that they are highly eco-friendly, do not pro-
uce any harmful emissions, and also have not been attributed to the
ost of fuelling. The cumulative total number of electric cars that are
n use in the year 2021 has been anticipated to be around the approxi-
ate figure of 10 million, the cost of each one of which is around 7–10

housand dollars, that accounts for an amount that is significantly less
han the amount that is usually spent on fuels ( Gelmanova et al., 2018 ).
rgo, this as an alternative is considered to be highly preferable not just
ue to its high compliance with the environment, but also due to its eco-
omic friendliness. Going through data that have been documented over
 range of literature, it can be concluded that over the past two decades
esearchers have been suggesting the use of biodiesel as an alternative
o the diesel that is obtained from fossil fuels, as they are cleaner and
lso attribute to mitigated depletion of our natural non-renewable fos-
il fuel reserves. Biodiesel being a renewable source of energy that can
e synthesized in large amounts, hence a scenario of the scarcity of the
ame is unlikely. Thus, the military and defense are now considering
sing biodiesel as a source of fuel as not only is it clean and supportive
o the environment, it is also non-perishable, unlike the diesel that is
btained from fossil fuels. 
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Table 1 

Potential use of fish wastes (Source; Ajay S. DesaiD et al. (2022), ( Desai et al., 2022 )). 

Final waste product Treatment Physicochemical characteristics 

Mainly heads, bones, 
skin, viscera, parsley 

Heat treatment at 65 °C, 80 °C, 105 °C, 150 °C for 
12 h to reduce the moisture content. 

High source of minerals (58%), proteins (19%), and detection of 
toxic metals (As, Pb, Hg and Cd) at non-problematic concentrations 

Raw fish oil Filtration treatment with and without catalysts 
(e.g., iron oxide and calcium phosphate 
monobasic) and ozone treatment 

Almost identical HHV (10,700 kcal//kg) and lower flash and pour 
points 37 °C and 16 °C, respectively, compared to commercial 
diesel fuel no production of sulfur oxides, lowered or no soot, 
polyaromatic and carbon dioxide emissions. 

Fish skin, bone and fin Collagen isolation 36 ± 54 Collagen recovery and denaturation temperatures of skin 
collagen (25 ± 26.5), bone collagen (29.5 ± 30.0) and in fin 
collagen (28.0 ± 29.1 

Fish bone Heat treatment of raw bone at 600 °C for 24 hr or 
900 °C for 12 h 

Better removal capacity and well-recrystalized hydroxyapatite at 
600 °C, raw bone shoed lower activity and crystallinity bone 
sample heated at 900 °C showed devolved similar activity with raw 

bone and developed crystallinity of hydroxyapatite. 
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Fig. 14. Graphical representation of the countries that recorded to have the 
highest fish production (by capture and aquaculture) in the year 2020. 
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By means of adapting various chemical processes and/or techniques,
iodiesel can be synthesized from sources like vegetable oils and ani-
al fats. Biodiesel is basically a liquid bio fuel which is a mixture of

ong-chain monoalkylic esters that could be utilized as an alternative
o diesel. "Diesel" is a source of fuel obtained from the rapidly deplet-
ng fossil fuel reserves which also leads to magnanimous amounts of
ollution when burnt to provide energy (mostly to power engines), ob-
igates us to look for cleaner, more sustainable, and renewable sources
f energy or fuel as an alternative for the same. While we strive in the
poch of rapid industrialization that demands augmenting requirements
or fossil fuel-based oils, "Biodiesel" being a fuel that is predominantly
ormulated from natural and renewable resources, possesses lower tox-
city and incurs highly mitigated levels of air pollution (lower levels of
reenhouse Gas and other toxic emissions) when combusted to yield
nergy ( Ringer et al., 2006 ). This makes biodiesel an exceedingly de-
irable fuel alternative to diesel which is both sustainable as well as
enewable. As understood from various literature and studies (and iter-
ted hereinabove), the major sources for the production of biodiesel are
egetable oils and animal fats; vegetable oils like corn, coconut, peanut,
nd rapeseed oil leading to the majority of the biodiesel production (that
ccounted for nearly 95% of the overall worldwide biodiesel production
s per data recorded in the year 2018). Hence, even though there is the
roduction of a cleaner source of fuel, it tags along with a major draw-
ack of causing an imbalance in the food supply (when considered from
 large-scale point of view) ( Yuvaraj et al., 2019 ; Samat et al., 2018 ;
hang et al., 2020 ). 

To cater to such concerns, recent studies have suggested that the
sage of wastes obtained from fish can be used as alternative raw ma-
erials for the production of biodiesel. As per data reported by the Food
nd Agriculture Organization of United Nations (FAO), the global rise in
quaculture production from the year 1990 to 2018 has been by a total
f 527% which leads to extrapolating a calculated percentage numerical
f 90% of the total global fish stocks being within biologically sustain-
ble levels in the year 1990 that, with the course of time, reduced to
5.8% by the year 2017. According to records, the inflation in aquacul-
ure production in the past three decades has been from 5 million tonnes
o 63 million tonnes ( Spector, 2009 ). The nations with the highest pro-
uction of fish in the world are China (58.8 million tons), India (9.46
illion tonnes), Indonesia (6.10 million tonnes), Peru (5.85 million

onnes), and the US (5.36 million tonnes), vide the statistics reported
n the year 2020 ( Fig. 14 ); India has been leading number two in terms
f global fish production for several years due to its access to a huge
oastline which has resulted in it being recorded to contribute nearly
.43% of the Global fish production since the year 2014 ( Samat et al.,
018 ; Zhang et al., 2020 ; Jaiswal et al., 2014 ; Kara et al., 2018 ). As per
eviewed literature, in the year 2015, the cumulative global fish pro-
uction was at a value of 166.8 million whilst the percentage of human
onsumption of the same food commodity has been calculated to be
t 50% − 70% ( Alam and Tanveer, 2020 ; Vamvuka, 2011 ; Saleh et al.,
17 
022 ; Singh et al., 2022 ). As mostly the muscle/flesh parts of fish are
onsumed, the remaining 30% − 50% of the calculated wastage from the
otal fish captured is usually accounted by the non-edible parts which
nclude the dorsal fins, head, viscera, tail, skin, liver, eyes, backbone,
tc. which are considered to possess no value and are usually thrown
way as garbage, hence forming the huge mass of industrial fish pro-
essing wastes which are commonly dumped into landfills that in turn
ossess a wide array of environmental detriments (as already iterated
efore) ( Kara et al., 2018 ; Mohanty and Hauzoukim, 2020 ; Girish et al.,
017 ; Monteiro et al., 2018 ). 

These solid wastes are generated at various levels in the value chain,
tarting from unintentional capturing to onboard handling, transport,
rocessing, storage, retail, and consumption ( Kara et al., 2018 ). There-
ore, in order to pave pathways to make use of these magnanimous
mounts of wastes, a plethora of valorization techniques have been
rainstormed to treat the same to derive other useful products, thus
ransforming these wastes into economic resources ( Singh et al., 2022 ).
uch initiatives comprise of utilizing fish discards to yield Enzymes, Fish
rotein Hydrolysates, Fish Meal, Fish Oil, Collagen and Gelatin produc-
ion ( Isah and Ozbay, 2020 ); off recently, it has also been observed that
he oils extracted from the same wastes could be exploited as a source or
 raw material for yielding biodiesel ( Huang et al., 2015 ; Kazemi Shariat
anahi et al., 2022 ; Alam and Tanveer, 2020 ; Ringer et al., 2006 ). As
er data recorded, fish oils have been observed to comprise more than
0 different fatty acids and the percentage of oil extracted from fish
iscards may vary from 1.4% to 40.1% depending on factors like the
pecies of fish from which the wastes have been acquired ( Singh et al.,
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Scheme 2. Structures of Eicosapentanoic Acid (EPA) and Decosahexaenoic Acid 
(DHA). 
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022 ). Going by the aforementioned statistics, wastes (fish discards
r bi-products) worth 50% of the total amount of fish captured are
enerated, 40% to 65% of which has been observed to constitute oil
hat is majorly (calculated up to 90%) enriched with omega-3 fatty
cids (Eicosapentaenoic Acid (EPA) and Docosahexaenoic Acid (DHA)),
hich in turn could be used to produce biodiesel ( Mohanty and Hau-

oukim, 2020 ; Girish et al., 2017 ) and the structures of EPA and DHA
as shown in Scheme 2 . 

As already mentioned before, a large mass of the total global produc-
ion of biodiesel is essentially formulated from vegetable oils or animal
ats which not just poses grave distress to the aspect of food security, but
cquiring such raw materials accounts for approximately 60% to 70% of
he total cost for biodiesel production ( Girish et al., 2017 ). Hence, using
aste materials such as fish discards and valorizing them to produce
iodiesel significantly reduces the cost of raw materials and augments
rofitability and sustainability. The most generally practiced method for
he production of biodiesel is the process of transesterification. There are
ajorly two methods of transesterification that are practiced, which in-

lude, Conventional Transesterification and in-situ Transesterification;
he conventional method being of prime choice for application on oil ex-
racted from fish wastes to produce biodiesel ( Demirbas, 2008 ). While
he in-situ method does not necessitate the extraction of oils (thus being
 much cheaper alternative), the conventional method does, whilst also
equiring additional refining processes like degumming, deacidification,
ecolorization, deodorization, dewaxing, etc., and yet this method is
ore preferable for production of biodiesel from fish wastes as, the fish
aste biomass is significantly different from that of vegetable oils; the

hemical composition of biodiesel produced from fish oil being such
hat, as reported by Kara, K. et al., it has been detected to have a higher
eating value compared to the biodiesel produced from vegetable oils
r animal fat as the acid value of waste fat from aquatic animals is much
igher when compared to the latter ( Kara et al., 2018 ). 

The process of manufacturing biodiesel from aquatic food wastes ini-
ially involves the process of "extraction" which is usually performed
sing the Soxhlet. The chronology of procedures that are commonly
ollowed includes pulverizing the waste materials to increase its over-
ll surface area for the drying procedures that follow (in order to re-
uce the moisture content of the sample), post which the process of
il extraction is carried out by treating the sample with solvents like
exane, chloroform and methanol via methods of either Soxhlet Extrac-
ion or Microwave-assisted Lipid Extraction, in order to obtain the best
ield possible ( Huang et al., 2015 ; Kazemi Shariat Panahi et al., 2022 ;
lam and Tanveer, 2020 ; Ringer et al., 2006 ). Another method of lipid
xtraction from aquatic food wastes as documented by Yuvaraj, D. et al.
uggested that treating the same with high temperatures of 100 °C in
n expeller, wherein the biomass content of the wastes are segregated
rom the liquid fraction; the liquid fraction then is subjected to solvent
xtraction methods to efficiently obtain fish oils ( Yuvaraj et al., 2019 ).
hese extracted crude fish waste lipids are then subjected to a transes-
erification process to yield Fatty Acid Methyl Esters (FAME) which is
he main formulating component of biodiesel ( Scheme 3 ). Hence, the
sh oil obtained from the wastes is usually directly subjected to the
rocess of transesterification (without any further treatment) in which
he molar ratio of methanol (alcohol) to oil ranges from 6:1 to 12:1 at
18 
oderately high temperatures of 60°C-65°C with constant stirring uring
agnetic stirrer bar in the presence of Potassium Hydroxide as a catalyst

o obtain an optimal yield of Fatty Acid Methyl Esters (FAME), which
s basically biodiesel, and glycerol ( Alam and Tanveer, 2020 ). Purifi-
ation procedures mainly involve centrifugation which aids in separat-
ng the biodiesel from the glycerol which is then followed by washing
ith hot water to remove traces of methanol and/or catalysts or glyc-

rol ( Monteiro et al., 2018 ). As per suggestions made in a recent study
ocumented by Zhang, T et al., the biodiesel manufactured from fresh-
ater fish waste oils has higher stability as they are richer in Saturated
nd Monounsaturated fatty acids unlike the oils obtained from marine
sh wastes that have a higher Polyunsaturated Fatty Acid content that
hen utilized to synthesize biodiesel yields a product that possesses a
esirable low-temperature tolerance ( Zhang et al., 2020 ). 

The most common treatment method for FFAs in industrial applica-
ions is acid esterification, which is the reaction of FFAs with an excess
f methanol in the presence of sulphuric acid as a catalyst to produce
iodiesel and water ( Anwar et al., 2018 ). ( Chai et al., 2014 ) used acid
sterification to reduce the FFAs content from 5 to 0.5 wt percent at a
emperature of 65 C, methanol to FFAs molar ratio of 40:1, and a cat-
lyst of 10% H 2 SO 4 . ( Kara et al., 2018 ) used 1.5 wt. percent H 2 SO 4 at
0 °C for 3 h with methanol to oil molar ratio of 15: 1 and a stirring
peed of 700 rpm. With a maximum conversion of 92.6 percent, the
FA content was reduced from 21 to 1.5 wt.%. ( Abdullah et al., 2017 )
sed an acid treatment method to reduce the FFA of palm oil by six
eight percent at a concentration of aluminum catalyst (Al 2 (SO 4 ) 3 .14
 2 O) for 3 h at 60 °C with a stirring rate of 300 rpm and methanol to
il molar ratio of 20:1. FFAs decreased from 36 to 0.82 wt percent. Sa-
ar et al. ( Sahar et al., 2018 ) investigated the effect of three acids (HCl,
 2 SO 4 , and H 3 PO 4 ) on used cooking oil containing 2.75 wt.% FFAs.
hey discovered that H 2 SO 4 was the most efficient catalyst because the
FA decreased from 2.75 to 0.33 wt. percent, resulting in an 88.8 per-
ent conversion at 60 °C and a 2.5:1 Methanol to oil molar ratio. 

Glycerolysis, on the other hand, can reduce the FFA of waste raw ma-
erials in the absence of acid or methanol ( Felizardo et al., 2011 ). Glyc-
rolysis is the process of converting FFA into glyceride molecules and
ater. The glyceride produced can be processed directly into biodiesel
y a basic transesterification reaction. Therefore, FFA can be regarded
s a raw material for producing valuable products such as monoglyc-
rides, diglycerides, and triglycerides through the glycerolysis reaction.
ole and Gogate suggested that the glycerolysis reaction may be an ef-

ective method for removing FFA present in starting materials with high
FA content ( Gole and Gogate, 2014 ). Mostafa et al. studied the effects
f temperature, catalytic concentration, and molar ratio of glycerin to
atty acids on the efficiency of glycerolysis of fatty acids ( Mostafa et al.,
013 ). They concluded that the optimal conditions for the glycerolysis
eaction were a temperature of 195 °C, a 1: 1 molar ratio, a 0.3 wt.% zinc
hloride catalyst, and a mixing rate of 500 rpm. They concluded that the
ptimal conditions for the glycerolysis reaction were a temperature of
95 °C., a 1: 1 molar ratio, a 0.3 wt.% zinc chloride catalyst, and a mixing
ate of 500 rpm. They found that the purity of monoglycerides, diglyc-
rides, and triglycerides was 99%. Anderson et al. studied high FFA glyc-
rolysis in foam oils for biodiesel production ( Anderson et al., 2016 ).
hey used a 1.8 wt.% zinc-based catalyst (Zn-Al 2 O 3 ) in 60 min to reduce
he FFA content from 86 to 1 wt.% at a temperature of 238 °C. Hermida
t al. studied the synthesis of glycerolysis by glycerolysis of lauric acid
a fatty acid with a 12-carbon chain) ( Hermida et al., 2011 ). An im-
etus of a propyl sulfonic corrosive functionalized SBA-15 mesoporous
HSO 3 SBA-15) was utilized in the glycerolysis response. The change ac-
omplished of FFAs to glycerides was almost all the way at a tempera-
ure of 160 °C, a molar proportion of oil to glycerol 4:1, and an impetus
rouping of 5 wt%. Kombe et al. applied the low temperature glycerol-
sis cycle to reduce the FFAs content in the rough jatropha oil. They
ould diminish the FFAs of feedstock from 4.54 to 0.06 wt% that was
ppropriate for the base transesterification ( Kombe, 2015 ). The ideal
esponse conditions were at a response season of 73 min, a temperature
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Scheme 3. Production of biodiesel from the 
fish oil by transesterification reaction. 
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f 65 °C, and 2.24 g/g glycerol to oil mass proportion. Elgharbawy et al.
tilized unrefined glycerol and potassium hydroxide to lessen the FFAs
n various high FFAs feedstocks. The feedstocks were two kinds of uti-
ized cooking oil that had 7.6 and 11.97 wt% of FFAs ( Elgharbawy et al.,
021 ). The treatment could effectively decrease the FFAs content under
 wt% that was fitting for base impetus transesterification. Glyceroly-
is treatment enjoys numerous upper hands over corrosive esterification
reatment as it keeps away from the utilization of corrosive impetuses
nd the inordinate of sum methanol ( García Martín et al., 2019 ). In this
anner, it does exclude balance or liquor evacuation steps. Glycerolysis

s an extremely quick response that might happen in under 1 h while cor-
osive treatment is a sluggish response that might happen in multiple h.
otwithstanding, the glycerolysis cycle isn’t pervasive in the biodiesel
usiness regardless of its capacity to diminish high measures of FFAs.
he justification for this is that most scientists utilized costly metallic

mpetuses at a high response temperature ( Kombe et al., 2013 ). The de-
ail process and economic analysis was provided in the supplementary
aterial. 

. Limitations of the study 

Food waste signifies a waste of land, water, energy, and other
esources. Poor FW management has exaggerated severe difficulties
ffecting the economy, ecology, and society during the last decade
 Luque and Du, 2010 ). As a result, it is clear that transitioning from
 well-established fossil-based economy to a bioeconomy will be dif-
cult in biorefinery industries ( Dessie et al., 2020 ). The environmen-
al impact caused by inadequate FW management practises such as FW
urning, composting, using FW as feed for domesticated animals, and
umping FW in landfills should be minimized to the greatest extent prac-
icable. As an alternative, efficient FW valorization can provide both FW
anagement and energy generation in the form of biofuels. In terms

f social sustainability, economic growth, and adverse environmental
onsequences, valorizing FWs through the deployment of integrated
iorefinery models to biofuels production is a viable method (Isah &
zbay, 2020) ( Isah and Ozbay, 2020 ). Various pilot facilities and full-

cale plants have recently been developed in various countries, with
he primary focus being on the technical and economic sustainability
f biofuel production using FW. Another problem is the FW’s inconsis-
ency in composition and structural intricacy. Various elements, such as
he location of the FW, the time of choosing the FW, and the diverse
ietary habits of various individuals, are some of the primary factors
hat greatly alter the type and content of FW ( Karmee, 2016 ). Because
W is so complex, it requires extensive chemical analysis to determine
ts nutritional composition, water content, and other factors before it
an be used as a feedstock in biorefinerie ( Karmee, 2016 ). Although
19 
W is a resource with no value, the costs and issues associated with
ts collection and transportation needs are serious considerations. Food
anufacturers should develop a well-defined FW collection and trans-
ortation strategy in collaboration with diverse stakeholders, such as
ousing societies in major cities, suppliers, associations, and local gov-
rnments in rural regions. To minimize waste diffusion and to assure
he collection of FW from the place of its formation, each civilization
hould build a shared waste dumping facility. Various major restaurants
nd food parks can also be connected to small and medium-sized biore-
neries to reduce the cost of FW transportation ( Karmee, 2016 ). Based
n the literature reports, due to the complex nature of food waste mate-
ials, the conversion of textile materials and biofuel is not an easy task
o upgrade in an economical route. Therefore, extensive research stud-
es are required in order to understand the molecular level of complex
ood waste products (especially fruit based waste samples). In addition
o that, a well-structured and less expensive valorization strategies for
W to biofuels must be investigated. 

. Concluding remarks and future directions 

Despite the rapidly rising costs of energy supply and waste disposal,
s well as growing public concern about environmental quality, con-
erting food waste to energy is becoming an environmentally friendly
nd economically appealing practice. The composition of food waste
aterials varies greatly depending on their source and use. The charac-

eristics of food wastes are the high moisture content, which is favorable
o thermal treatments such as incineration, pyrolysis, and gasification.
owever, it is still considered an energetically unfavorable process. As
 result, the utilization of food waste in this area is fraught with difficul-
ies due to the variability of waste compositions, which has a significant
mpact on the processes. In this perspective article, we have highlighted
he complexities involved in addressing this critical issue in today’s soci-
ty, which involves government policies and regulations, stakeholders,
ndustrial products, and most notably, consumers and the welfare of the
ociety. Several strategies for valorizing food waste have been executed,
ncluding recycling, composting, and associated disciplines, but these
annot achieve sufficient processing of food waste residues, which are
ll of the limited value in all cases. Another biggest turmoils encountered
n the already exceedingly soaring levels of food wastage was when the
orld found itself at a crossroads with the COVID-19 Pandemic. While

he causes of food waste generation could be classified into several cate-
ories, including market food waste generators, wastes caused by infras-
ructure flaws, environmental factors, and retail and consumer patterns
 Elkhalifa et al., 2019 ), the COVID-19 Pandemic was not identified as an
nvironmental food waste driver because it was a human disease with
o effect on food sources ( Caldeira et al., 2019 ). 
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Despite the fact that it had no direct effect on the agricultural
ector (did not affect crops or animals), conclusive data accumulated
rom statistical studies vouches for the immense surge in the levels of
ood wastage that was incurred during this period ( Roe et al., 2021 ;
lginoz et al., 2020 ; Kalaiselvan et al., 2022 ; Schmidt et al., 2015 ;
andermeersch et al., 2014 ; Stancu et al., 2016 ). While the patterns
f food waste are normally determined by the economic state of na-
ions (patterns differ depending on whether a country is developed,
eveloping, or under-developed), when studying food waste after the
tart of the COVID-19 period, it could be stated that the patterns com-
letely changed. With lockdowns being imposed practically all around
he world and restaurants and hotels being shut, it was predominantly
he household sector that generated the maximum amounts of food
aste. Data extrapolated from statistical literature reports suggested

hat even during the COVID lockdown period in the US, the consumption
attern of food at restaurants and hotels had declined by more than 60%,
hile grocery food purchases had witnessed a spike of 70% ( Uçkun Ki-

an et al., 2014 ). The pandemic-driven lockdowns and limitations led
o people’s panic-buying and stockpiling of food products, which, when
oupled with the limited shelf life of certain food products and a lack of
ooking skills, resulted in a massive increase in the levels of consumer-
evel food wastage. That, in turn, when observed in a bigger picture, cre-
ted a dent in the food supply chain and therefore significantly affected
he food security status in places where food scarcity was originally not
ven an issue. 

Therefore, a multidisciplinary approach is required to achieve a zero-
aste economy for a more sustainable bio-based society. Legislation, in

onjunction with another critical approach (education), can have a sig-
ificant impact on driving positive behavioral changes in society. The
etailed literature reports stated in this manuscript clearly showed how
o develop the sustainable management of food waste on an industrial
cale. Most importantly, policymakers must play an active role in this
cenario, especially with regard to transportation restrictions for biore-
ources, which can become an important feedstock in the future. It is
ossible that by increasing and publicizing the use of food waste for
on-food applications such as chemicals, consumers will learn to over-
ome any behavioral inertia and enable a new supply chain for a future
ustainable society as well. Alternatively, food waste can be converted
o biofuel, and this material is a potential strategy to replace the existing
etroleum-based products in the chemical industry. More particularly,
lastic and petroleum-based polymers significantly suffer due to their
on-degradable nature, which produces high levels of polluting natural
esources. Therefore, extensive research studies have been carried out
n textile materials to produce high-quality nano fabric materials. Ac-
ording to literature reports, only a few food waste materials have been
uccessfully employed due to the more complex nature of food waste
nd the process development. Hence, systematic multi-disciplinary ap-
roaches are required to manage food waste materials into valuable
hemicals to meet the direct public domain. Deriving conclusions from
he overall study that was conducted by gathering information from
 wide range of referral articles and literary works, what can be con-
oted is that, the major amounts of food wastage occur from developed
ountries due to their higher purchasing power and food being available
n excess, while on the other hand, nations that are either developing
r under-developed, face a paramount shortage of food. Food wastages
ave also been observed and concluded to have crucial detrimental ef-
ects on the environment and the economy. For every food item that is
rown, cultivated and yielded, wastages of any kind lead to the loss of
he initial investment that is made. 

In order to cater to this issue, as elucidated in the aforementioned
eview, various methods of yielding fabric from food wastes and pro-
ucing biofuels of various kinds from food items, etc. are techniques
hat are being employed to valorize these wastages so that these could
e utilized to produce other new products which in turn leads to the
sage of the food products or the food-related products that would oth-
20 
rwise have been wasted, hence, preventing losses and enhancing the
conomy. 

eclaration of Competing Interest 

The authors declare that they have no known competing financial
nterests or personal relationships that could have appeared to influence
he work reported in this paper. 

ata Availability 

The data that has been used is confidential. 

cknowledgment 

Aparajita Lahiri heartily offers her earnest gratitude and gratefulness
o her excessively supportive parents who, despite all the difficulties that
hey have been through, have never exempted themselves from being
er constant pillar of support. She also thanks her guide, Dr. D. Santha-
araj, who is also the author of this article, for having graced her with
his opportunity. Had he not been there through every step of the way
f putting the idea of this paper into proper words, it would have been
 road that would certainly be difficult to cross. 

upplementary materials 

Supplementary material associated with this article can be found, in
he online version, at doi: 10.1016/j.hazadv.2023.100266 . 

eferences 

bdul Khalil, H.P.S., Davoudpour, Y., Islam, M.N., Mustapha, A., Sudesh, K., Dun-
gani, R., Jawaid, M., 2014. Production and modification of nanofibrillated cellu-
lose using various mechanical processes: a review. Carbohydr. Polym. 99, 649–665.
doi: 10.1016/j.carbpol.2013.08.069 . 

bdullah, R.N., Rahmawati, S., Ariyani, D., Nata, I.F., 2017. Conversion of palm oil sludge
to biodiesel using alum and KOH as catalysts. Sustain. Environ. Res. 27 (6), 291–295.
doi: 10.1016/j.serj.2017.07.002 . 

detunji, C.O., Olaniyan, O.T., Anani, O.A., Bodunrinde, R.E., Osemwegie, O.O.,
Ubi, B.E., 2022. Chapter 17 - integrated processes for production of pharma-
ceutical products from agro-wastes. In: Varjani, S., Pandey, A., Bhaskar, T., Mo-
han, S.V., Tsang Biofuels, D.C.W.B.T.-B. (Eds.), Biochemicals. Elsevier, pp. 439–461.
doi: 10.1016/B978-0-323-89855-3.00021-2 . 

garry, S., 2012. Batch equilibrium and kinetic studies of simultaneous adsorption and
biodegradation of phenol by pineapple peels immobilized pseudomonas aeruginosa
NCIB 950. Br. Biotechnol. J. 2, 26–48. doi: 10.9734/BBJ/2012/902 . 

hmed, A., Li, W., Varjani, S., You, S., 2022. Chapter 23 - Waste-to-energy technologies for
sustainability: life- cycle assessment and economic analysis. In: Varjani, S., Pandey, A.,
Bhaskar, T., Mohan, S.V., Tsang Biofuels, D.C.W.B.T.-B. (Eds.), Biochemicals. Elsevier,
pp. 599–612. doi: 10.1016/B978-0-323-89855-3.00008-X . 

l-Rumaihi, A., McKay, G., Mackey, H.R., Al-Ansari, T., 2020. Environmental impact as-
sessment of food waste management using two composting techniques. Sustainability
doi: 10.3390/su12041595 . 

lam, M.S., Tanveer, M.S., 2020, Chapter 5 - Conversion of Biomass into Biofuel: A
Cutting-Edge Technology. In: Singh, L., Yousuf, A., Mahapatra, D.M. (Eds.). Elsevier,
pp. 55–74. doi: 10.1016/B978-0-12-821264-6.00005-X . 

lexander, C., Gregson, N., Gille, Z., 2013. The handbook of food research chapter. Food
waste 471–485. doi: 10.13140/2.1.2239.2964 . 

lothman, O.Y., Kian, L.K., Saba, N., Jawaid, M., Khiari, R., 2021. Cellulose nanocrystal
extracted from date palm fibre: morphological, structural and thermal properties. Ind.
Crops Prod. 159, 113075. doi: 10.1016/j.indcrop.2020.113075 . 

nderson, E., Addy, M., Xie, Q., Ma, H., Liu, Y., Cheng, Y., Onuma, N., Chen, P., Ruan, R.,
2016. Glycerin esterification of scum derived free fatty acids for biodiesel production.
Bioresour. Technol. 200, 153–160. doi: 10.1016/j.biortech.2015.10.018 . 

nwar, M., Rasul, M.G., Ashwath, N., Rahman, M.M., 2018. Optimisation of second-
generation biodiesel production from australian native stone fruit oil using response
surface method. Energies doi: 10.3390/en11102566 . 

sim, M., Jawaid, M., Fouad, H., Alothman, O.Y., 2021. Effect of surface modified date
palm fibre loading on mechanical, thermal properties of date palm reinforced phenolic
composites. Compos. Struct. 267, 113913. doi: 10.1016/j.compstruct.2021.113913 . 

urore, G., Parfait, B., Fahrasmane, L., 2009. Bananas, raw materials for mak-
ing processed food products. Trend. Food Sci. Technol. 20 (2), 78–91.
doi: 10.1016/j.tifs.2008.10.003 . 

volio, R., Bonadies, I., Capitani, D., Errico, M.E., Gentile, G., Avella, M., 2012. A multi-
technique approach to assess the effect of ball milling on cellulose. Carbohydr. Polym.
87, 265–273 . 

https://doi.org/10.1016/j.hazadv.2023.100266
https://doi.org/10.1016/j.carbpol.2013.08.069
https://doi.org/10.1016/j.serj.2017.07.002
https://doi.org/10.1016/B978-0-323-89855-3.00021-2
https://doi.org/10.9734/BBJ/2012/902
https://doi.org/10.1016/B978-0-323-89855-3.00008-X
https://doi.org/10.3390/su12041595
https://doi.org/10.1016/B978-0-12-821264-6.00005-X
https://doi.org/10.13140/2.1.2239.2964
https://doi.org/10.1016/j.indcrop.2020.113075
https://doi.org/10.1016/j.biortech.2015.10.018
https://doi.org/10.3390/en11102566
https://doi.org/10.1016/j.compstruct.2021.113913
https://doi.org/10.1016/j.tifs.2008.10.003
http://refhub.elsevier.com/S2772-4166(23)00037-2/sbref0052


A. Lahiri, S. Daniel, R. Kanthapazham et al. Journal of Hazardous Materials Advances 10 (2023) 100266 

B  

 

B  

 

B  

 

B  

 

 

B  

 

 

B  

 

B  

C  

 

 

C  

 

C  

C  

 

C  

 

 

 

C  

 

d  

 

 

 

D  

 

D  

 

 

d  

 

 

D  

 

D  

 

 

D  

 

D  

D  

 

D  

 

D  

E  

 

E  

 

E  

 

E  

 

E  

 

F  

 

F  

 

 

F  

F  

 

G  

 

G  

 

G  

 

G  

 

G  

 

G  

 

H  

 

H  

 

H  

H  

 

 

H  

 

H
I  

J  

J  

 

J  

 

J  

J  

J  

 

J  

 

J  

 

K  

K  

 

 

 

K  
ajpai, P.K., Singh, I., Madaan, J., 2012. Comparative studies of mechanical and morpho-
logical properties of polylactic acid and polypropylene based natural fiber composites.
J. Reinf. Plast. Compos. 31 (24), 1712–1724. doi: 10.1177/0731684412447992 . 

alaji, M., Arshinder, K., 2016. Modeling the causes of food wastage in In-
dian perishable food supply chain. Resour. Conserv. Recycl. 114, 153–167.
doi: 10.1016/j.resconrec.2016.07.016 . 

asak, S., Samanta, K., Saxena, S., Chattopadhyay, S., Narkar, R., Mahangade, R.,
Hadge, G.B., 2015. Flame resistant cellulosic substrate using banana pseudostem sap.
Pol. J. Chem. Technol. 17. doi: 10.1515/pjct-2015-0018 . 

ello, K., Sarojini, B.K., Narayana, B., Rao, A., Byrappa, K., 2018. A study on adsorption
behavior of newly synthesized banana pseudo-stem derived superabsorbent hydrogels
for cationic and anionic dye removal from effluents. Carbohydr. Polym. 181, 605–615.
doi: 10.1016/j.carbpol.2017.11.106 , Feb 1Epub 2017 Dec 2. PMID: 29254013 . 

eluns, S., Gaidukovs, S., Platnieks, O., Gaidukova, G., Mierina, I., Grase, L.,
Starkova, O., Brazdausks, P., Thakur, V.K., 2021. From wood and hemp biomass
wastes to sustainable nanocellulose foams. Ind. Crops Prod. 170, 113780.
doi: 10.1016/j.indcrop.2021.113780 . 

enítez, A.N., Monzón, M.D., Angulo, I., Ortega, Z., Hernández, P.M., Marrero, M.D., 2013.
Treatment of banana fiber for use in the reinforcement of polymeric matrices. Mea-
surement 46 (3), 1065–1073. doi: 10.1016/j.measurement.2012.11.021 . 

ondeson, D., Mathew, A., Oksman, K., 2006. Optimization of the isolation of nanocrystals
from microcrystalline cellulose by acid hydrolysis. Cellulose 13, 171–180 . 

aldeira, C., De Laurentiis, V., Corrado, S., van Holsteijn, F., Sala, S., 2019. Quan-
tification of food waste per product group along the food supply chain in the
European Union: a mass flow analysis. Resour. Conserv. Recycl. 149, 479–488.
doi: 10.1016/j.resconrec.2019.06.011 . 

ecci, R.R.R., Passos, A.A., de Aguiar Neto, T.C., Silva, L.A., 2019. Banana pseudostem
fibers characterization and comparison with reported data on jute and sisal fibers. SN
Appl. Sci. 2 (1), 20. doi: 10.1007/s42452-019-1790-8 . 

hai, M., Tu, Q., Lu, M., Yang, Y.J., 2014. Esterification pretreatment of free fatty acid in
biodiesel production, from laboratory to industry. Fuel Process. Technol. 125, 106–
113. doi: 10.1016/j.fuproc.2014.03.025 . 

hauhan, C., Dhir, A., Akram, M.U., Salo, J., 2021. Food loss and waste in food supply
chains. a systematic literature review and framework development approach. J. Clean.
Prod. 295, 126438. doi: 10.1016/j.jclepro.2021.126438 . 

hauhan Gupta, T.K., Srivastava, V.S., 2022. Applicability of banana fiber as re-
inforcement in composites. In: Rao, V.V., Kumaraswamy, A., Kalra, S., Sax-
ena, A. (Eds.), Computational and Experimental Methods in Mechanical Engineer-
ing. Smart Innovation, Systems and Technologies. Springer, Singapore vol. 239
doi: 10.1007/978-981-16-2857-3_10 . 

hauve, G., Bras, J., Industrial point of view of nanocellulose materials and their possi-
ble applications, in: Handb. Green Mater., WORLD SCIENTIFIC, 2013: pp. 233–252.
doi: 10.1142/9789814566469_0014 . 

a, A., Nogueira, C., de A. Padilha, C.E., de A. Gilherme, A., de Souza, D.F.S.,
de Oliveira, J.A., dos Santos, E.S., 2022. Strategies for the cellulosic ethanol
production by using high-concentration poly(ethylene glycol) in the pretreat-
ment, enzymatic hydrolysis, and fermentation steps. BioEnergy Res 15, 493–506.
doi: 10.1007/s12155-021-10306-z . 

ai, H., Ou, S., Huang, Y., 2018. Utilization of pineapple peel for production of nanocel-
lulose and film application. Cellulose 25, 1743–1756. doi: 10.1007/s10570-018-
1671-0 . 

aminabo, S.C., Goel, S., Grammatikos, S.A., Nezhad, H.Y., Thakur, V.K., 2020.
Fused deposition modeling-based additive manufacturing (3D Printing): tech-
niques for polymer material systems. Mater. Today Chem. 16, 100248.
doi: 10.1016/j.mtchem.2020.100248 . 

e la Torre, V., Martin-Dominguez, M.G., Acedos, J., Esteban, V.E., Santos,
Ladero, M., 2019. Utilisation/upgrading of orange peel waste from a bio-
logical biorefinery perspective. Appl. Microbiol. Biotechnol. 103, 5975–5991.
doi: 10.1007/s00253-019-09929-2 . 

emirbas, A., 2008. Biofuels sources, biofuel policy, biofuel economy and
global biofuel projections. Energy Convers. Manag. 49 (8), 2106–2116.
doi: 10.1016/j.enconman.2008.02.020 . 

esai, A.S., Brennan, M., Gangan, S.S., Brennan, C., 2022. Chapter Seven - Utiliza-
tion of Fish Waste As a Value-Added Ingredient: Sources and Bioactive Properties
of Fish Protein Hydrolysate; Galanakis, C. M. B. T.-S. F. P. and P., Ed 203–225.
doi: 10.1016/B978-0-12-824296-4.00004-9 . 

essie, W., Luo, X., Wang, M., Feng, L., Liao, Y., Wang, Z., Yong, Z., Qin, Z., 2020. Current
advances on waste biomass transformation into value-added products. Appl. Micro-
biol. Biotechnol. 104, 4757–4770 . 

i Marcantonio, F., Twum, E.K., Russo, C., 2021. Covid-19 pandemic and food waste: an
empirical analysis. Agronomy 11, 1063. doi: 10.3390/agronomy11061063 . 

ufresne, A., Dupeyre, D., Vignon, M.R., 2000. Cellulose microfibrils from potato tuber
cells: processing and characterization of starch–cellulose microfibril composites. J.
Appl. Polym. Sci. 76, 2080–2092 . 

ufresne, A., 2012. Chapter 1 nanocellulose: potential reinforcement in compos-
ites. in natural polymers: volume 2: nanocomposites. Roy. Soc. Chem. 2, 1–32.
doi: 10.1039/9781849735315-00001 . 

ufresne, A., 2013. Nanocellulose: a new ageless bionanomaterial. Mater. Today 16 (6),
220–227. doi: 10.1016/j.mattod.2013.06.004 . 

brahimi, F., Khanahmadi, M., Roodpeyma, S., Taherzadeh, M.J., 2008. Ethanol
production from bread residues. Biomass Bioenergy 32 (4), 333–337.
doi: 10.1016/j.biombioe.2007.10.007 . 

djabou, M.E., Takou, V., Boldrin, A., Petersen, C., Astrup, T.F., 2021. The Influence of
recycling schemes on the composition and generation of municipal solid waste. J.
Clean. Prod. 295, 126439. doi: 10.1016/j.jclepro.2021.126439 . 

lgharbawy, A.S., Sadik, W.A., Sadek, O.M., Kasaby, M.A., 2021. Glycerolysis treatment
21 
to enhance biodiesel production from low-quality feedstocks. Fuel 284, 118970.
doi: 10.1016/j.fuel.2020.118970 . 

lginoz, N., Khatami, K., Owusu-Agyeman, I., Cetecioglu, Z., 2020. Life cycle assess-
ment of an innovative food waste management system. Front. Sustain. Food Syst.
23. doi: 10.3389/fsufs.2020.00023 . 

lkhalifa, S., Al-Ansari, T., Mackey, H.R., McKay, G., 2019. Food waste to
biochars through pyrolysis: a review. Resour. Conserv. Recycl. 144, 310–320.
doi: 10.1016/j.resconrec.2019.01.024 . 

ava, F., Totaro, G., Diels, L., Reis, M., Duarte, J., Carioca, O.B., Poggi-Varaldo, H.M.,
Ferreira, B.S., 2015. Biowaste biorefinery in Europe: opportunities and research &
development needs. N. Biotechnol 32, 100–108 . 

elizardo, P., Machado, J., Vergueiro, D., Correia, M.J.N., Gomes, J.P., Bor-
dado, J.M., 2011. Study on the glycerolysis reaction of high free fatty acid
oils for use as biodiesel feedstock. Fuel Process. Technol. 92 (6), 1225–1229.
doi: 10.1016/j.fuproc.2011.01.020 . 

eng, Y.T., Han, K., Owen, D.R.J., 2004. Discrete element simulation of the dynamics of
high energy planetary ball milling processes. Mater. Sci. Eng. A. 375, 815–819 . 

eng, Y.-.H., Cheng, T.-.Y., Yang, W.-.G., Ma, P.-.T., He, H.-.Z., Yin, X.-.C., Yu, X.-.X., 2018.
Characteristics and environmentally friendly extraction of cellulose nanofibrils from
sugarcane bagasse. Ind. Crops Prod. 111, 285–291 . 

arcía Martín, J.F., Carrión Ruiz, J., Torres García, M., Feng, C.-.H., Álvarez Mateos, P.,
2019. Esterification of free fatty acids with glycerol within the biodiesel production
framework. Processes doi: 10.3390/pr7110832 . 

elmanova, Z.S., Zhabalova, G.G., Sivyakova, G. А., Lelikova, О.N., Onishchenko, О.N.,
Smailova, А. А., Kamarova, S.N., 2018. Electric cars. advantages and disadvantages.
J. Phys.: Conf. Ser. 1015, 052029. doi: 10.1088/1742-6596/1015/5/052029 . 

irish, C.R., Gambhir, M.M., Deshmukh, T., 2017. Production of biodiesel from fish waste
and characterization of production biodiesel. Int. J. Civil Engg. and Tech. 8 (9), 1–6 .

ole, V.L., Gogate, P.R., 2014. Intensification of glycerolysis reaction of higher free fatty
acid containing sustainable feedstock using microwave irradiation. Fuel Process. Tech-
nol. 118, 110–116. doi: 10.1016/j.fuproc.2013.08.018 . 

uggisberg, S., 2021. Transparency in the activities of the food and agri-
culture organization for sustainable fisheries. Mar. Policy, 104498
doi: 10.1016/j.marpol.2021.104498 . 

upta, G., Baranwal, M., Saxena, S., Reddy, M.S., 2022. Utilization of banana waste as
a resource material for biofuels and other value-added products. Biomass Convers.
Biorefinery doi: 10.1007/s13399-022-02306-6 . 

arini, K., Ramya, K., Sukumar, M., 2018. Extraction of nano cellulose fibers from the ba-
nana peel and bract for production of acetyl and lauroyl cellulose. Carbohydr. Polym.
201, 329–339. doi: 10.1016/j.carbpol.2018.08.081 . 

egde, S., Lodge, J.S., Trabold, T.A., 2018. Characteristics of food processing wastes and
their use in sustainable alcohol production. Renew. Sustain. Energy Rev. 81, 510–523.
doi: 10.1016/j.rser.2017.07.012 . 

endriksz, V. (2017). Sustainable Textile Innovations: banana Fibres. URL:
https://fashionunited.uk 

ermida, L., Abdullah, A.Z., Mohamed, A.R., 2011. Synthesis of monoglyceride through
glycerol esterification with lauric acid over propyl sulfonic acid post-synthesis
functionalized SBA-15 mesoporous catalyst. Chem. Eng. J. 174 (2), 668–676.
doi: 10.1016/j.cej.2011.09.072 . 

uang, H., Qureshi, N., Chen, M.-.H., Liu, W., Singh, V., 2015. Ethanol production from
food waste at high solids content with vacuum recovery technology. J. Agric. Food
Chem. 63 (10), 2760–2766. doi: 10.1021/jf5054029 . 

umphries, M., 1999. Fabric Glossary, 2nd edn Prentice Hall . 
sah, S., Ozbay, G., 2020. Valorization of food loss and wastes: feedstocks for biofuels and

valuable chemicals. Front. Sustain. Food Syst. 4, 82. doi: 10.3389/fsufs.2020.00082 . 
adoun, S., Verma, A., Arif, R., 2020. Modification of textiles via nanomaterials and their

applications. Front. Text. Mater 135–152. doi: 10.1002/9781119620396.ch6 . 
ain, S., Newman, D., Cepeda-Márquez, R., Zeller, K., 2018a. Food waste manage-

ment: full report an implementation guide for cities. World Biogas Assoc. 1–145.
https://www.worldbiogasassociation.org/wp-content/uploads/2018/05/Global- 
Food-Waste-Management-Full-report-pdf.pdf . 

ain, J., Jain, S., Sinha, S., 2018b. Characterization and thermal kinetic analysis of pineap-
ple leaf fibers and their reinforcement in epoxy. J. Elastom. Plast. 51 (3), 224–243.
doi: 10.1177/0095244318783024 . 

aiswal, K., Jha, B., Ramaswamy, A.P., 2014. Biodiesel production from discarded fish
waste for sustainable clean energy development. J. Chem. Pharm. Sci. 113–114 . 

ee, J.H., Tan, L.S., 2021. Investigation on the potential of bioethanol synthesis from
Honeydew Melon Rind. Prog. Energy Environ. 16 (SE–Original Article), 45–58 . 

ordan, W., Chester, P., 2017. Improving the properties of banana fiber rein-
forced polymeric composites by treating the fibers. Procedia Eng. 200, 283–289.
doi: 10.1016/j.proeng.2017.07.040 . 

ose, S., Salim, R., Ammayappan, L., 2016. An overview on production, properties,
and value addition of pineapple leaf fibers (PALF). J. Nat. Fiber. 13 (3), 362–373.
doi: 10.1080/15440478.2015.1029194 . 

oshi, S., Rawat, K., C, K., Rajamohan, V., Mathew, A.T., Koziol, K., Kumar Thakur, V.,
B, A.S.S., 2020. 4D printing of materials for the future: opportunities and challenges.
Appl. Mater. Today. 18, 100490. doi: 10.1016/j.apmt.2019.100490 . 

ádár, Z., Szengyel, Z., Réczey, K., 2004. Simultaneous saccharification and fermentation
(SSF) of industrial wastes for the production of ethanol. Ind. Crops Prod. 20 (1), 103–
110. doi: 10.1016/j.indcrop.2003.12.015 . 

alaiselvan, N., Glivin, G., Bakthavatsalam, A.K., Mariappan, V., Premalatha, M., Raveen-
dran, P.S., Jayaraj, S., Sekhar, S.J.A., 2022. Waste to energy technology for en-
richment of biomethane generation: a review on operating parameters, types of
biodigesters, solar assisted heating systems, socio economic benefits and challenges.
Chemosphere 293, 133486. doi: 10.1016/j.chemosphere.2021.133486 . 

ara, K., Ouanji, F., Lotfi, E.M., Mahi, M., Kacimi, El.M., Ziyad, M., 2018. Biodiesel pro-

https://doi.org/10.1177/0731684412447992
https://doi.org/10.1016/j.resconrec.2016.07.016
https://doi.org/10.1515/pjct-2015-0018
https://doi.org/10.1016/j.carbpol.2017.11.106
https://doi.org/10.1016/j.indcrop.2021.113780
https://doi.org/10.1016/j.measurement.2012.11.021
http://refhub.elsevier.com/S2772-4166(23)00037-2/sbref0042
https://doi.org/10.1016/j.resconrec.2019.06.011
https://doi.org/10.1007/s42452-019-1790-8
https://doi.org/10.1016/j.fuproc.2014.03.025
https://doi.org/10.1016/j.jclepro.2021.126438
https://doi.org/10.1007/978-981-16-2857-3_10
https://doi.org/10.1142/9789814566469_0014
https://doi.org/10.1007/s12155-021-10306-z
https://doi.org/10.1007/s10570-018-\penalty -\@M 1671-0
https://doi.org/10.1016/j.mtchem.2020.100248
https://doi.org/10.1007/s00253-019-09929-2
https://doi.org/10.1016/j.enconman.2008.02.020
https://doi.org/10.1016/B978-0-12-824296-4.00004-9
http://refhub.elsevier.com/S2772-4166(23)00037-2/sbref0154
https://doi.org/10.3390/agronomy11061063
http://refhub.elsevier.com/S2772-4166(23)00037-2/sbref0045
https://doi.org/10.1039/9781849735315-00001
https://doi.org/10.1016/j.mattod.2013.06.004
https://doi.org/10.1016/j.biombioe.2007.10.007
https://doi.org/10.1016/j.jclepro.2021.126439
https://doi.org/10.1016/j.fuel.2020.118970
https://doi.org/10.3389/fsufs.2020.00023
https://doi.org/10.1016/j.resconrec.2019.01.024
http://refhub.elsevier.com/S2772-4166(23)00037-2/sbref0019
https://doi.org/10.1016/j.fuproc.2011.01.020
http://refhub.elsevier.com/S2772-4166(23)00037-2/sbref0053
http://refhub.elsevier.com/S2772-4166(23)00037-2/sbref0038
https://doi.org/10.3390/pr7110832
https://doi.org/10.1088/1742-6596/1015/5/052029
http://refhub.elsevier.com/S2772-4166(23)00037-2/sbref0138
https://doi.org/10.1016/j.fuproc.2013.08.018
https://doi.org/10.1016/j.marpol.2021.104498
https://doi.org/10.1007/s13399-022-02306-6
https://doi.org/10.1016/j.carbpol.2018.08.081
https://doi.org/10.1016/j.rser.2017.07.012
https://fashionunited.uk
https://doi.org/10.1016/j.cej.2011.09.072
https://doi.org/10.1021/jf5054029
http://refhub.elsevier.com/S2772-4166(23)00037-2/sbref0031
https://doi.org/10.3389/fsufs.2020.00082
https://doi.org/10.1002/9781119620396.ch6
https://www.worldbiogasassociation.org/wp-content/uploads/2018/05/Global-Food-Waste-Management-Full-report-pdf.pdf
https://doi.org/10.1177/0095244318783024
http://refhub.elsevier.com/S2772-4166(23)00037-2/sbref0135
http://refhub.elsevier.com/S2772-4166(23)00037-2/sbref0068
https://doi.org/10.1016/j.proeng.2017.07.040
https://doi.org/10.1080/15440478.2015.1029194
https://doi.org/10.1016/j.apmt.2019.100490
https://doi.org/10.1016/j.indcrop.2003.12.015
https://doi.org/10.1016/j.chemosphere.2021.133486


A. Lahiri, S. Daniel, R. Kanthapazham et al. Journal of Hazardous Materials Advances 10 (2023) 100266 

 

 

K  

 

 

K  

 

K  

K  

 

 

K  

 

 

K  

 

K  

 

K  

 

K  

 

K  

K  

 

 

L  

 

L  

 

L  

 

L  

 

L  

M  

 

 

M  

M  

 

M  

M  

 

M  

 

M  

 

M  

 

M  

 

M  

M  

 

M  

N  

 

N  

 

N  

N  

 

N  

 

N  

N  

 

 

O  

P  

P  

P  

 

P  

P  

 

 

P  

 

P  

 

P  

 

 

P  

 

 

R  

R  

R  

R  

 

R  

 

R  

R  

S  

S  

 

 

S  

 

S  

 

 

S  

S  

 

 

S  

 

duction from waste fish oil with high free fatty acid content from moroccan fish-
processing industries. Egypt. J. Pet. 27 (2), 249–255. doi: 10.1016/j.ejpe.2017.07.010 .

arimah, A., Ridho, M.R., Munawar, S.S., Adi, D.S., Ismadi, R.D., Subiyanto, B., Fatri-
asari, W., Fudholi, A., 2021. A review on natural fibers for development of eco-
friendly bio-composite: characteristics, and utilizations. J. Mater. Res. Technol. 13,
2442–2458. doi: 10.1016/j.jmrt.2021.06.014 . 

armee, S.K., Lin, C.S.K., 2014. Valorisation of food waste to biofuel: cur-
rent trends and technological challenges. Sustain. Chem. Process. 2 (1), 22.
doi: 10.1186/s40508-014-0022-1 . 

armee, S.K., 2016. Liquid biofuels from food waste: current trends, prospect and limita-
tion. Renew. Sustain. Energy Rev. 53, 945–953 . 

azemi Shariat Panahi, H., Dehhaghi, M., Guillemin, G.J., Gupta, V.K., Lam, S.S.,
Aghbashlo, M., Tabatabaei, M., 2022. Bioethanol production from food wastes
rich in carbohydrates. Curr. Opin. Food Sci. 43, 71–81. doi: 10.1016/j.cofs.2021.
11.001 . 

e, X., Wei, T., Wei, G., Chen, A., Cheng, X., Li, Z., Qin, Z., Pang, Z., Pan, J., Chen, Y.,
Wei, C., Guan, X., He, X., Qiu, G., Wu, H., Wei, C., 2023. Integrated process for zero
discharge of coking wastewater: a hierarchical cycle-based innnovation. Chem. Eng.
J. 457, 141257. doi: 10.1016/j.cej.2022.141257 . 

ennard, N.J., Food Waste Management BT - Zero Hunger, in: W. Leal Filho, A.M. Azul, L.
Brandli, P.G. Özuyar, T. Wall (Eds.), Springer International Publishing, Cham, 2019:
pp. 1–17. doi: 10.1007/978-3-319-69626-3_86-1 . 

ennard, N.J., 2020. Food Waste Management. In: Leal Filho, W., Azul, A.M., Brandli, L.,
Özuyar, P.G., Wall, T. (Eds.), Zero Hunger. Encyclopedia of the UN Sustainable De-
velopment Goals. Springer, Cham doi: 10.1007/978-3-319-95675-6_86 . 

im, H.J., Lee, S., Kim, J., Mitchell, R.J., Lee, J.H., 2013. Environmentally friendly pre-
treatment of plant biomass by planetary and attrition milling. Bioresour. Technol.
144, 50–56 . 

ombe, G., Temu, A., Rajabu, H., Mrema, G., Lee, K., 2013. Low temperature glycerolysis
as a high FFA pre-treatment method for biodiesel production. Adv. Chem. Eng. Sci. 3
(4), 248–254. doi: 10.4236/aces.2013.34032 . 

ombe, G.G., 2015. Re-esterification of high free fatty acid oils for biodiesel production.
Biofuels 6 (1–2), 31–36. doi: 10.1080/17597269.2015.1039453 . 

yle, S., Jessop, Z.M., Al-Sabah, A., Hawkins, K., Lewis, A., Maffeis, T., Charbonneau, C.,
Gazze, A., Francis, L.W., Iakovlev, M., Nelson, K., Eichhorn, S.J., Whitaker, I.S., 2018.
Characterization of pulp derived nanocellulose hydrogels using AVAP® technology.
Carbohydr. Polym. 198, 270–280. doi: 10.1016/j.carbpol.2018.06.091 . 

am, C.-.M., Yu, I.K.M., Hsu, S.-.C., Tsang, D.C.W., Chapter 18 - Life-cycle assessment of
food waste recycling, in: T. Bhaskar, A. Pandey, E.R. Rene, D.C.W.B.T.-W.B. Tsang
(Eds.), Elsevier, 2020: pp. 481–513. doi: 10.1016/B978-0-12-818228-4.00018-6 . 

aufenberg, G., Kunz, B., Nystroem, M., 2003. Transformation of vegetable waste into
value added products:: (A) the upgrading concept; (B) practical implementations.
Bioresour. Technol. 87, 167–198. doi: 10.1016/S0960-8524(02)00167-0 . 

in, Z., Ooi, J.K., Woon, K.S., 2022. An integrated life cycle multi-objective optimization
model for health-environment-economic nexus in food waste management sector. Sci.
Total Environ. 816, 151541. doi: 10.1016/j.scitotenv.2021.151541 . 

undahl, M.J., Klar, V., Wang, L., Ago, M., Rojas, O.J., 2017. Spinning of cellu-
lose nanofibrils into filaments: a review. Ind. Eng. Chem. Res. 56 (1), 8–19.
doi: 10.1021/acs.iecr.6b04010 . 

uque, R., Du, C., 2010. Handbook of Biofuels production: Processes and Technologies.
Elsevier . 

ahmud, S., Haider, A.S.M.R., Shahriar, S.T., Salehin, S., Hasan, A.S.M.M., Jo-
hansson, M.T., 2022. Bioethanol and biodiesel blended fuels — feasibil-
ity analysis of biofuel feedstocks in Bangladesh. Energy Rep. 8, 1741–1756.
doi: 10.1016/j.egyr.2022.01.001 . 

aleque, M., Belal, F.Y., Sapuan, S.M., 2007. Mechanical properties study of pseudo-stem
banana fiber reinforced epoxy composite. Arab. J. Sci. Eng. 32 (2B), 359–364 . 

andal, A., Chakrabarty, D., 2011. Isolation of nanocellulose from waste sugarcane
bagasse (SCB) and its characterization. Carbohydr. Polym. 86 (3), 1291–1299.
doi: 10.1016/j.carbpol.2011.06.030 . 

ariño, M.A., Rezende, C.A., Tasic, L., 2018. A multistep mild process for preparation of
nanocellulose from orange bagasse. Cellulose 25, 5739–5750 . 

atsakas, L., Kekos, D., Loizidou, M., Christakopoulos, P., 2014. Utilization of household
food waste for the production of ethanol at high dry material content. Biotechnol.
Biofuel. 7 (1), 4. doi: 10.1186/1754-6834-7-4 . 

ayer-Laigle, C., Solhy, A., Arancon, R.A.D., de Vries, H., Luque, R., 2014. Mechanical
pretreatments of lignocellulosic biomass: towards facile and environmentally sound
technologies for biofuels production. RSC Adv. 89 (4), 48109–48127 . 

ohanty, S.S., Hauzoukim, S.S., 2020. A review on fish processing wastes generation in
India and its further utilization prospects into different value added compounds. India.
J. Nat. Sci. 24177–24182 . 

ohiuddin, A.K.M., Saha, M.K., Hossian, M.S., Ferdoushi, A., 2014. Usefulness of banana
(musa paradisiaca) wastes in manufacturing of bio-products: a review. Agric 12 (1
SE–Review Articles), 148–158. doi: 10.3329/agric.v12i1.19870 . 

onteiro, M.R., Kugelmeier, C.L., Pinheiro, R.S., Batalha, M.O., da Silva César, A., 2018.
Glycerol from biodiesel production: technological paths for sustainability. Renew. Sus-
tain. Energy Rev. 88, 109–122. doi: 10.1016/j.rser.2018.02.019 . 

oon, R.J., Martini, A., Nairn, J., Simonsen, J., Youngblood, J., 2011. Cellulose nanoma-
terials review: structure, properties and nanocomposites. Chem. Soc. Rev. 40, 3941–
3994. doi: 10.1039/C0CS00108B . 

ostafa, N., Maher, A., Abdelmoez, W., 2013. Production of mono-, di-, and triglycerides
from waste fatty acids through esterification with glycerol. Adv. Biosci. Biotechnol.
4, 900–907. doi: 10.4236/abb.2013.49118 . 

uhammad, N.I., Rosentrater, K.A., 2020. Techno-economic evaluation of food waste fer-
mentation for value-added products. Energies doi: 10.3390/en13020436 . 

akagaito, A.N., Yano, H., 2004. The effect of morphological changes from pulp fiber
22 
towards nano-scale fibrillated cellulose on the mechanical properties of high-strength
plant fiber based composites. Appl. Phys. A. 78, 547–552 . 

akagaito, A.N., Yano, H., 2005. Novel high-strength biocomposites based on microfibril-
lated cellulose having nano-order-unit web-like network structure. Appl. Phys. A. 80,
155–159 . 

ickerson, R.F., Habrle, J.A., 1947. Cellulose intercrystalline structure. Ind. Eng. Chem.
39, 1507–1512 . 

ieto-Veloza, A., Zhong, Q., Kim, W.-.S., D’Souza, D., Krishnan, H.B., Dia, V.P., 2021.
Utilization of Tofu processing wastewater as a source of the bioactive peptide lunasin.
Food Chem. 362, 130220. doi: 10.1016/j.foodchem.2021.130220 . 

iutanen, V., Korhonen, J., 2003. Industrial ecology flows of agriculture and food industry
in Finland: utilizing by-products and wastes. Int. J. Sustain. Dev. World Ecol. 10 (2),
133–147. doi: 10.1080/13504500309469792 . 

orkrans, B., Rånby, B.G., 1956. Studies of the enzymatic degradation of cellulose. Phys-
iol. Plant. 9, 198–211. doi: 10.1111/j.1399-3054.1956.tb09001.x . 

ur Hanani, S., Zuliahani, A., Nawawi, W.I., Razif, N., Rozyanty, A.R., 2017. The
effect of various acids on properties of microcrystalline cellulose (MCC) ex-
tracted from rice husk (RH). IOP Conf. Ser. Mater. Sci. Eng. 204, 12025.
doi: 10.1088/1757-899x/204/1/012025 . 

uajai, S., Shanks, R.A., 2006. Solvent and enzyme induced recrystallization of mechani-
cally degraded hemp cellulose. Cellulose 13, 31–44 . 

allas, G., Life cycle-based sustainability standards and guidelines,
https://pre-sustainability.com/articles/lca-standards-and-guidelines 

andit, P., Pandey, R., Singha, K., Shrivastava, S., Gupta, V., Jose, S., 2020. Pineapple leaf
fibre. Cultiv. Product. 1–20. doi: 10.1007/978-981-15-1416-6_1 . 

apargyropoulou, E., Lozano, R., Steinberger, K., Wright, J., Ujang, N., bin, Z., 2014. The
food waste hierarchy as a framework for the management of food surplus and food
waste. J. Clean. Prod. 76, 106–115. doi: 10.1016/j.jclepro.2014.04.020 . 

appalardo, G., Cerroni, S., Nayga, R.M., Yang, W., 2020. Impact of Covid-19 on household
food waste: the case of Italy. Front. Nutr. 91. doi: 10.3389/fnut.2020.585090 . 

appu, A., Patil, V., Jain, S., Mahindrakar, A., Haque, R., Thakur, V.K., 2015.
Advances in industrial prospective of cellulosic macromolecules enriched ba-
nana biofibre resources: a review. Int. J. Biol. Macromol. 79, 449–458.
doi: 10.1016/j.ijbiomac.2015.05.013 . 

arfitt, J., Barthel, M., Macnaughton, S., 2010. Food waste within food supply chains:
quantification and potential for change to 2050. Philos. Trans. R. Soc. B Biol. Sci.
365, 3065–3081 . 

atel, K.H., Rova, U., Christakopoulos, P., Matsakas, L., 2019. Sustainable biorefinery con-
cept for biofuel production through holistic volarization of food waste. Bioresour.
Technol. 294, 122247. doi: 10.1016/j.biortech.2019.122247 . 

atel, A., Patel, H., Divecha, J., Shah, A.R., 2021. Enhanced production of ethanol from
enzymatic hydrolysate of microwave-treated wheat straw by statistical optimization
and mass balance analysis of bioconversion process. Biofuels 12 (10), 1251–1258.
doi: 10.1080/17597269.2019.1608037 . 

rasoulas, G., Gentikis, A., Konti, A., Kalantzi, S., Kekos, D., Mamma, D., 2020. Bioethanol
production from food waste applying the multienzyme system produced on-site by
fusarium oxysporum F3 and mixed microbial cultures. Fermentation doi: 10.3390/fer-
mentation6020039 . 

adishevskii, M.B., Serkov, A.T., 2005. Coagulation mechanism in wet spinning of fibres.
Fibre Chem. 37, 266–271 . 

ahman, M., 2011. Study on Modified Pineapple Leaf Fiber. J. Text. Appar. Technol.
Manag. 7 . 

ana, A.K., Frollini, E., Thakur, V.K., 2021a. Cellulose nanocrystals: pretreatments, prepa-
ration strategies, and surface functionalization. Int. J. Biol. Macromol. 182, 1554–
1581. doi: 10.1016/j.ijbiomac.2021.05.119 . 

ana, A.K., Mishra, Y.K., Gupta, V.K., Thakur, V.K., 2021b. Sustainable materials in the
removal of pesticides from contaminated water: perspective on macro to nanoscale
cellulose. Sci. Total Environ. 797, 149129. doi: 10.1016/j.scitotenv.2021.149129 . 

avindran, L., Thomas, M.S., S., 2019. Novel processing parameters for the extraction of
cellulose nanofibres (CNF) from environmentally benign pineapple leaf fibres (PALF):
structure-property relationships. Int. J. Biol. Macromol. 131, 858–870 . 

inger, M., Putsche, V., Scahill, J., 2006. J. large-scale pyrolysis oil production: a technol-
ogy assessment and economic analysis. United States: N doi: 10.2172/894989 , Web . 

oe, B.E., Bender, K., Qi, D., 2021. The impact of COVID-19 on consumer food waste.
Appl. Econ. Perspect. Policy 43 (1), 401–411. doi: 10.1002/aepp.13079 . 

achidhanandham, A., 2020. Textiles from Orange Peel Waste. Sci. Technol. Develop. J.
23. doi: 10.32508/stdj.v23i2.1730 . 

ahar, S., Sadaf, J.I., Ullah, I., Bhatti, H.N., Nouren, S., Habib-ur-Rehman, J.N., Iqbal, M.,
2018. Biodiesel production from waste cooking oil: an efficient technique to convert
waste into biodiesel. Sustain. Cities Soc. 41, 220–226. doi: 10.1016/j.scs.2018.05.037 .

aleh, N.E., Wassef, E.A., Abdel-Mohsen, H.H., 2022. Chapter nine -
Sustainable Fish and Seafood Production and Processing 259–291.
doi: 10.1016/B978-0-12-824296-4.00002-5 . 

amat, A.F., Safiah Muhamad, N.A., Abd Rasib, N.A., Mohd Hassan, S.A., Ah-
mad Sohaimi, K.S., Iberahim, N.I, 2018. The potential of biodiesel produc-
tion derived from fish waste. IOP Conf. Ser. Mater. Sci. Eng. 318, 12017.
doi: 10.1088/1757-899x/318/1/012017 . 

antanocito, A.M., (2016). Production of Textile from Citrus Fruit. United States Patent.
EP 3 030 584 B1 https://patents.google.com/patent/WO2015018711A1/en 

arah, S., Rahman, W.A.W.A., Majid, R.A., Yahya, W.J., Adrus, N., Hasannuddin, A.K.,
Low, J.H., 2018. Optimization of pineapple leaf fibre extraction methods and their
biodegradabilities for soil cover application. J. Polym. Environ. 26 (1), 319–329.
doi: 10.1007/s10924-017-0942-4 . 

chmidt, J.H., Weidema, B.P., Brandão, M.A., 2015. Framework for modelling in-
direct land use changes in life cycle assessment. J. Clean. Prod. 99, 230–238.
doi: 10.1016/j.jclepro.2015.03.013 . 

https://doi.org/10.1016/j.ejpe.2017.07.010
https://doi.org/10.1016/j.jmrt.2021.06.014
https://doi.org/10.1186/s40508-014-0022-1
http://refhub.elsevier.com/S2772-4166(23)00037-2/sbref0155
https://doi.org/10.1016/j.cofs.2021.\penalty -\@M 11.001
https://doi.org/10.1016/j.cej.2022.141257
https://doi.org/10.1007/978-3-319-69626-3_86-1
https://doi.org/10.1007/978-3-319-95675-6_86
http://refhub.elsevier.com/S2772-4166(23)00037-2/sbref0051
https://doi.org/10.4236/aces.2013.34032
https://doi.org/10.1080/17597269.2015.1039453
https://doi.org/10.1016/j.carbpol.2018.06.091
https://doi.org/10.1016/B978-0-12-818228-4.00018-6
https://doi.org/10.1016/S0960-8524(02)00167-0
https://doi.org/10.1016/j.scitotenv.2021.151541
https://doi.org/10.1021/acs.iecr.6b04010
http://refhub.elsevier.com/S2772-4166(23)00037-2/sbref0153
https://doi.org/10.1016/j.egyr.2022.01.001
http://refhub.elsevier.com/S2772-4166(23)00037-2/sbref0082
https://doi.org/10.1016/j.carbpol.2011.06.030
http://refhub.elsevier.com/S2772-4166(23)00037-2/sbref0058
https://doi.org/10.1186/1754-6834-7-4
http://refhub.elsevier.com/S2772-4166(23)00037-2/sbref0050
http://refhub.elsevier.com/S2772-4166(23)00037-2/sbref0137
https://doi.org/10.3329/agric.v12i1.19870
https://doi.org/10.1016/j.rser.2018.02.019
https://doi.org/10.1039/C0CS00108B
https://doi.org/10.4236/abb.2013.49118
https://doi.org/10.3390/en13020436
http://refhub.elsevier.com/S2772-4166(23)00037-2/sbref0043
http://refhub.elsevier.com/S2772-4166(23)00037-2/sbref0043
http://refhub.elsevier.com/S2772-4166(23)00037-2/sbref0044
http://refhub.elsevier.com/S2772-4166(23)00037-2/sbref0040
https://doi.org/10.1016/j.foodchem.2021.130220
https://doi.org/10.1080/13504500309469792
https://doi.org/10.1111/j.1399-3054.1956.tb09001.x
https://doi.org/10.1088/1757-899x/204/1/012025
http://refhub.elsevier.com/S2772-4166(23)00037-2/sbref0054
https://pre-sustainability.com/articles/lca-standards-and-guidelines
https://doi.org/10.1007/978-981-15-1416-6_1
https://doi.org/10.1016/j.jclepro.2014.04.020
https://doi.org/10.3389/fnut.2020.585090
https://doi.org/10.1016/j.ijbiomac.2015.05.013
http://refhub.elsevier.com/S2772-4166(23)00037-2/sbref0018
https://doi.org/10.1016/j.biortech.2019.122247
https://doi.org/10.1080/17597269.2019.1608037
https://doi.org/10.3390/fermentation6020039
http://refhub.elsevier.com/S2772-4166(23)00037-2/sbref0032
http://refhub.elsevier.com/S2772-4166(23)00037-2/sbref0046
https://doi.org/10.1016/j.ijbiomac.2021.05.119
https://doi.org/10.1016/j.scitotenv.2021.149129
http://refhub.elsevier.com/S2772-4166(23)00037-2/sbref0079
https://doi.org/10.2172/894989
https://doi.org/10.1002/aepp.13079
https://doi.org/10.32508/stdj.v23i2.1730
https://doi.org/10.1016/j.scs.2018.05.037
https://doi.org/10.1016/B978-0-12-824296-4.00002-5
https://doi.org/10.1088/1757-899x/318/1/012017
https://patents.google.com/patent/WO2015018711A1/en
https://doi.org/10.1007/s10924-017-0942-4
https://doi.org/10.1016/j.jclepro.2015.03.013


A. Lahiri, S. Daniel, R. Kanthapazham et al. Journal of Hazardous Materials Advances 10 (2023) 100266 

S  

 

 

S  

 

S  

 

S  

 

S  

 

S  

 

S  

 

S  

 

S  

 

 

T  

 

 

T  

 

 

T  

 

T  

 

T  

 

 

T  

 

U  

V  

V  

 

Y  

 

 

Y  

 

Y  

 

 

Y  

 

 

Y  

 

 

Y  

Y  

 

Z  

 

Z  

 

Z  

 

 

Z  

 

Z  

 

chuler, P., Cormier, M.-.A., Werner, R.A., Buchmann, N., Gessler, A., Vitali, V., Saurer, M.,
Lehmann, M.M., 2022. A high-temperature water vapor equilibration method to deter-
mine non-exchangeable hydrogen isotope ratios of sugar, starch and cellulose. Plant.
Cell Environ. 45 (1), 12–22. doi: 10.1111/pce.14193 . 

eberini, A., 2020. Economic, social and environmental world impacts of food waste on
society and zero waste as a global approach to their elimination. SHS Web Conf. 74.
doi: 10.1051/shsconf/20207403010 . 

ingh, S., Negi, T., Sagar, N.A., Kumar, Y., Tarafdar, A., Sirohi, R., Sindhu, R., Pandey, A.,
2022. Sustainable processes for treatment and management of seafood solid waste.
Sci. Total Environ. 817, 152951. doi: 10.1016/j.scitotenv.2022.152951 . 

iregar, J., Sapuan, S., Rahman, M.Z.A., Zaman, K., 2012. Effects of alkali treatments
on the tensile properties of pineapple leaf fibre reinforced high impact polystyrene
composites. Pertanika J. Sci. Technol. 20, 409–414 . 

ofla, M.R.K., Brown, R.J., Tsuzuki, T., Rainey, T.J., 2016. A comparison of cellulose
nanocrystals and cellulose nanofibres extracted from bagasse using acid and ball
milling methods. Adv. Nat. Sci. Nanosci. Nanotechnol. 7, 35004 . 

ong, K., Ji, Y., Wang, L., Wei, Y., Yu, Z., 2018. A green and environmental benign method
to extract cellulose nanocrystal by ball mill assisted solid acid hydrolysis. J. Clean.
Prod. 196, 1169–1175. doi: 10.1016/j.jclepro.2018.06.128 . 

pector, M.P., 2009. Metabolism, Central (Intermediary); Schaechter, M. B. T.-E. of M.
Academic Press, Oxford, pp. 242–264. doi: 10.1016/B978-012373944-5.00078-X Ed. .

tancu, V., Haugaard, P., Lähteenmäki, L., 2016. Determinants of consumer
food waste behaviour: two routes to food waste. Appetite 96, 7–17.
doi: 10.1016/j.appet.2015.08.025 . 

upian, A.B.M., Jawaid, M., Rashid, B., Fouad, H., Saba, N., Dhakal, H.N., Khiari, R.,
2021. Mechanical and physical performance of date palm/bamboo fibre re-
inforced epoxy hybrid composites. J. Mater. Res. Technol. 15, 1330–1341.
doi: 10.1016/j.jmrt.2021.08.115 . 

ang, R., Liu, Y., Ma, R., Zhang, L., Li, Y., Li, G., Wang, Dingmei, Lin, J., Li, Q., Yuan, J.,
2023. Effect of moisture content, aeration rate, and C/N on maturity and gaseous
emissions during kitchen waste rapid composting. J. Environ. Manage. 326, 116662.
doi: 10.1016/j.jenvman.2022.116662 . 

areen, A.K., Punsuvon, V., Sultan, I.N., Khan, M.W., Parakulsuksatid, P., 2021. Cellulase
addition and pre-hydrolysis effect of high solid fed-batch simultaneous saccharifica-
tion and ethanol fermentation from a combined pretreated oil palm trunk. ACS Omega
6 (40), 26119–26129. doi: 10.1021/acsomega.1c03111 . 

hakur, S., Chaudhary, J., Singh, P., Alsanie, W.F., Grammatikos, S.A., Thakur, V.K., 2022.
Synthesis of bio-based monomers and polymers using microbes for a sustainable bioe-
conomy. Bioresour. Technol. 344, 126156. doi: 10.1016/j.biortech.2021.126156 . 

heivasanthi, T., Anne Christma, F.L., Toyin, A.J., Gopinath, S.C.B., Ravichandran, R.,
2018. Synthesis and characterization of cotton fiber-based nanocellulose. Int. J. Biol.
Macromol. 109, 832–836. doi: 10.1016/j.ijbiomac.2017.11.054 . 

ibolla, H., Pelissari, F.M., Martins, J.T., Vicente, A.A., Menegalli, F.C., 2018. Cel-
lulose nanofibers produced from banana peel by chemical and mechanical treat-
ments: characterization and cytotoxicity assessment. Food Hydrocoll. 75, 192–201.
doi: 10.1016/j.foodhyd.2017.08.027 . 

onini, D., Albizzati, P.F., Astrup, T.F., 2018. Environmental impacts of food waste:
learnings and challenges from a case study on UK. Waste Manag. 76, 744–766.
doi: 10.1016/j.wasman.2018.03.032 . 
23 
çkun Kiran, E., Trzcinski, A.P., Ng, W.J., Liu, Y., 2014. Bioconversion of food waste
toenergy: a review. Fuel 134, 389–399. doi: 10.1016/j.fuel.2014.05.074 . 

amvuka, D., 2011. Bio-oil, solid and gaseous biofuels from biomass pyrolysis pro-
cesses —an overview. Int. J. Energy Res. 35 (10), 835–862. doi: 10.1002/er.1804 . 

andermeersch, T., Alvarenga, R.A.F., Ragaert, P., Dewulf, J., 2014. Environmental sus-
tainability assessment of food waste valorization options. Resour. Conserv. Recycl.
87, 57–64. doi: 10.1016/j.resconrec.2014.03.008 . 

adav, V., Sarker, A., Yadav, A., Miftah, A.O., Bilal, M., Iqbal, H.M.N., 2022. Inte-
grated biorefinery approach to valorize citrus waste: a sustainable solution for
resource recovery and environmental management. Chemosphere 293, 133459.
doi: 10.1016/j.chemosphere.2021.133459 . 

ahia, E.M., Carrillo-López, A., Bello-Perez, L.A., 2019. Chapter 9 - Carbohydrates.
Woodhead Publishing, pp. 175–205. doi: 10.1016/B978-0-12-813278-4.00009-9 in:
E.M.B.T.-P.P. and B. of F. and V. Yahia (Ed.) . 

ang, G., Kong, Chen, H., Liu, Y., Zhu, B., Guo, D., Wei, L.G., 2022. Recent ad-
vances in the hybridization of cellulose and carbon nanomaterials: interactions, struc-
tural design, functional tailoring, and applications. Carbohydr. Polym. 279, 118947.
doi: 10.1016/j.carbpol.2021.118947 . 

eh, R.-.H., Lin, Y.-.S., Wang, T.-.H., Kuan, W.-.C., Lee, W.-.C., 2016. Bioethanol
production from pretreated miscanthus floridulus biomass by simultane-
ous saccharification and fermentation. Biomass Bioenergy 94, 110–116.
doi: 10.1016/j.biombioe.2016.08.009 . 

ulina, R., Gustiani, R.S., Kasipah, C., Sukardan, M.D., 2020. Preparation of microcrys-
talline cellulose from cotton yarn spinning mills wastes: effect of pretreatment and
hydrolysis reaction condition on the product characteristics. E3S Web Conf. 148.
doi: 10.1051/e3sconf/202014802004 . 

usof, Y., Yahya, S.A., Adam, A., 2015. Novel technology for sustainable pineapple leaf
fibers productions. Procedia CIRP 26, 756–760. doi: 10.1016/j.procir.2014.07.160 . 

uvaraj, D., Bharathiraja, B., Rithika, J., Dhanasree, S., Ezhilarasi, V., Lavanya, A.,
Praveenkumar, R., 2019. Production of biofuels from fish wastes: an overview. Biofu-
els 10 (3), 301–307. doi: 10.1080/17597269.2016.1231951 . 

hang, A.Y., Sun, Z., Leung, C.C.J., Han, W., Lau, K.Y., Li, M., Lin, C.S.K., 2013. Valori-
sation of bakery waste for succinic acid production. Green Chem 15 (3), 690–695.
doi: 10.1039/C2GC36518A . 

hang, T., Du, B., Lin, Y., Zhang, M., Liu, Y., 2020. Production of biodiesel and high-
protein feed from fish processing wastes using in situ transesterification. Molecules
25 (7), 1650. doi: 10.3390/molecules25071650 . 

hang, J., Wang, Y., Yang, B., Li, Y., Liu, L., Zhou, W., Zheng, S.-.J., 2022. Profiling of
phenolic compounds of fruit peels of different ecotype bananas derived from domestic
and imported cultivars with different maturity. Horticulturae doi: 10.3390/horticul-
turae8010070 . 

ieli ń ska, D., Rydzkowski, T., Thakur, V.K., Borysiak, S., 2021. Enzymatic engineering of
nanometric cellulose for sustainable polypropylene nanocomposites. Ind. Crops Prod.
161, 113188. doi: 10.1016/j.indcrop.2020.113188 . 

ou, L., Wan, Y., Zhang, S., Luo, J., Li, Y.-.Y., Liu, J., 2020. Valorization of food waste to
multiple bio-energies based on enzymatic pretreatment: a critical review and blueprint
for the future. J. Clean. Prod. 277, 124091. doi: 10.1016/j.jclepro.2020.124091 . 

https://doi.org/10.1111/pce.14193
https://doi.org/10.1051/shsconf/20207403010
https://doi.org/10.1016/j.scitotenv.2022.152951
http://refhub.elsevier.com/S2772-4166(23)00037-2/sbref0077
http://refhub.elsevier.com/S2772-4166(23)00037-2/sbref0055
https://doi.org/10.1016/j.jclepro.2018.06.128
https://doi.org/10.1016/B978-012373944-5.00078-X
https://doi.org/10.1016/j.appet.2015.08.025
https://doi.org/10.1016/j.jmrt.2021.08.115
https://doi.org/10.1016/j.jenvman.2022.116662
https://doi.org/10.1021/acsomega.1c03111
https://doi.org/10.1016/j.biortech.2021.126156
https://doi.org/10.1016/j.ijbiomac.2017.11.054
https://doi.org/10.1016/j.foodhyd.2017.08.027
https://doi.org/10.1016/j.wasman.2018.03.032
https://doi.org/10.1016/j.fuel.2014.05.074
https://doi.org/10.1002/er.1804
https://doi.org/10.1016/j.resconrec.2014.03.008
https://doi.org/10.1016/j.chemosphere.2021.133459
https://doi.org/10.1016/B978-0-12-813278-4.00009-9
https://doi.org/10.1016/j.carbpol.2021.118947
https://doi.org/10.1016/j.biombioe.2016.08.009
https://doi.org/10.1051/e3sconf/202014802004
https://doi.org/10.1016/j.procir.2014.07.160
https://doi.org/10.1080/17597269.2016.1231951
https://doi.org/10.1039/C2GC36518A
https://doi.org/10.3390/molecules25071650
https://doi.org/10.3390/horticulturae8010070
https://doi.org/10.1016/j.indcrop.2020.113188
https://doi.org/10.1016/j.jclepro.2020.124091

	A critical review on food waste management for the production of materials and biofuel
	1 Introduction and current context in food waste management
	2 Purpose of this review - impact of food waste in current scenario
	3 The origin of food wastes
	3.1 The impacts of food wastage in the current scenario
	3.2 Utilization of food waste feed stocks in fabric industries
	3.3 Orange wastes to fabric
	3.4 Pineapple leaves to fabric materials
	3.5 Wastes from bananas to fabric

	4 Food wastes to alcohol (Biofuel) biodiesel from fish wastes
	4.1 Biodiesel from fish wastes

	5 Limitations of the study
	6 Concluding remarks and future directions
	Declaration of Competing Interest
	Acknowledgment
	Supplementary materials
	References


