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A comprehensive review is focused on the sustainable utilization of agro waste for reinforced structural products. In
the current scenario, farmers' widespread practice of burning agricultural waste has emerged as a major contributor to
air pollution, highlighting the urgent need for sustainable waste management solutions. This review underscores the
urgency of shifting towards sustainable practices by repurposing agro waste for reinforced structural products, providing
an eco-friendly alternative to the environmentally detrimental practice of burning agricultural residues. The ever-
growing need for sustainable practices has driven research towards repurposing agricultural waste to create robust
structural materials. This review explores diverse agro-waste sources, ranging from crop residues to by-products, field
residue, process residue, and industrial residue, and examines their potential as reinforcements in structural products.
The review critically evaluates various processing methods, highlighting their impact on the mechanical and structural
properties of the resulting products. Additionally, the environmental implications, economic viability, and potential
challenges associated with the utilization of agro waste in structural applications are discussed. By consolidating existing
knowledge and recent advancements, this review aims to guide future research endeavors and policy decisions in
fostering sustainable practices within the construction and manufacturing industries. This review provides insights to
support the selection of agro waste for sustainable development, offering alternatives to practices that contribute to
pollution.
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INTRODUCTION paddy straw in composite materials exemplifies the
circular economy by converting waste into valuable
resources. This approach reduces reliance on raw
materials, minimizes waste disposal, and mitigates
environmental impacts from residue burning. It
provides a sustainable input for production while
supporting waste valorization, enhancing resource
efficiency, and reducing lifecycle waste. The study
highlights how such innovations foster sustainable
manufacturing and create value chains aligned with
circular economy goals.

Agriculture has been the backbone of human
civilization. It nourishes us with food and provides
us with clothing, and essential materials. It nurtures
billions from wheat fields to large fruit farms,
maintaining a delicate balance. While ensuring food
security is the utmost priority, the process generates
a significant amount of agricultural waste. The
utilization of grape stalks as forage or as a
component in feed has been used for the animals.
Agricultural waste comes in many forms such as
leftover crop residues like corn stalks and fruit peels, 1850
animal manure from livestock, and even packaging
used for transportation of food. It might seem very 25
small, but the real amount tells a whole different 200
story. Additionally, overflowing landfills struggle to 150
house the ever-growing mountains of waste, creating o
environmental and social pressures. The impact is a - l . B - B .
long way, affecting not only the immediate . Rice ~ Wheat Coarse Pulses Ol Seeds Sugarcane Cotton
surroundings but also human fitness and standard ceraals
sustainability. India, being an agro-based country, B Residus burnt
produces a large amount of agricultural waste; only
25-30% of the 620 million tons of agricultural waste
produced each year are used for energy production
and animal feed. Utilizing agricultural waste like

Fig. 1. Annual crop residue burnt in India in million
metric tons (2003-2016)
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While affecting the environment, it is also a huge
waste of potential resources which can be utilized as
a raw material for various products such as
hempcrete, bamboo fibers, rice husk composites, etc.
To address this challenge, innovative solutions like
composting can rework waste into nutrient-rich soil
amendments, boosting crop yields and reducing
reliance on chemical fertilizers. One of the best ways
to address this issue can be the utilization of these
residues and byproducts in developing different
products such as reinforced composites which will
also solve the waste management from composite
manufacturing industries and lead to sustainability.
The use of agricultural waste in structural products
faces challenges, including material variability from
crop differences, energy-intensive processing, and
adhesion issues with matrix materials, which can
impact mechanical performance. Durability
concerns, such as water absorption and microbial
degradation, also require costly treatments for
enhanced stability. To address these challenges,
advanced processing techniques, surface treatments,
and efficient supply chain management are
suggested to improve the viability of agricultural
waste in structural applications.

Categories of agricultural wastes

There are different categories of agricultural
wastes that are produced at every stage of the crop
before it reaches the market and is ready to consume.
Table 1 shows the types of agricultural wastes
produced by different crops.

Agricultural wastes are produced at different
stages in crop production. During harvest, leftover
plant materials like rice straw, rice husks, and wheat
straw fall to the ground and accumulate in the field,
forming what's known as field residue [1]. Rice
straw proves to be a valuable material for producing
insulation boards. These rice straw-wood particle
composite boards are manufactured using
established methods from the wood-based panel
industry [2]. Mohapatra et al. found that teak wood
dust particles showed a remarkable influence in
minimizing the thermal conductivity and linear
thermal expansion and are a great eco-friendly
composite choice that can be utilized for different
thermal applications [3]. Even common onion peels
can be a source of wood glue, as demonstrated in the
study of Odozi et al. [4, 5]. This research shows that
a specially treated extract from onion skins can meet
the demanding quality standards set by the
International Organization for Standardization (ISO)

for plywood adhesives [6]. Table 2 presents the types
of crop waste and their various applications. Based
on the various properties of the crops, their waste can
have different potential uses such as production of
biofuel, organic fertilizers, animal feed, and
industrial products. Based on potential use,
agricultural waste can be classified into the
following categories.

Agricultural waste used for composites

Composites are formed by combining two or
more materials that have quite different chemical
and physical properties and they work together to
give unique properties. Still, we can easily
differentiate the composite materials. In the new
material, the components do not form a solution or
mixture but remain separate and distinct in the
structure [7]. Some examples are shown in Table 3.

Due to high cellulose and low lignin content the
tensile strength of the most used natural fiber
composites are higher in Natural Fiber Composites
(NFCs) as the higher the crystalline parts of
cellulose, the stronger is the fiber strength [8]. As
also seen in the study of Srivastava et al. the addition
of bamboo fibers increased the hardness and tensile
strength of the composites [9]. In the case of flax and
hemp, as observed in the tests done by Kumaar et al.,
hemp composites showed great flexural strength,
boasting an impressive average value of 88.26
N/mm?. This indicates that hemp fibers play a major
role in enhancing a composite's ability to withstand
bending forces. On the other hand, flax composites
excelled in impact strength, averaging a value of 4 J.
This suggests that flax fibers contribute significantly
to composite's resistance to sudden impacts [10].

Agricultural waste used in civil structures.

Growth in the human population led to a
substantial increase in wastes generated by
households, industries, and agriculture, and also the
demand has increased in construction building
materials. Building materials that are present now
are mostly not manufactured by natural resources,
the majority of them are manufactured by non-
renewable resources. To meet the constant demand
for building materials there should be an alternative
to non-renewable building materials. Utilization of
agricultural waste is the better substitute for
manufacturing renewable building materials. Some
of the most used building materials that are made
from agriculture waste are shown in Table 4.
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waste produced by different crops.

Agricultural residue

Industrial residue

Field residue Process residue
Crop type Crop
Rice Straw, Stubbles Bran Husk
Wheat Straw, Stubbles Bran Chaff
Cereals Maize Stover Bran Corn ribs
Millets Stover Bran Broken grains
Barley Straw Malt Chaff
Chickpea Stalks Hull powder Pods
Pigeon pea Stover Pea husks Pods
Pulses Mung bean Stover Hulls Pods
Urad bean Stover Hulls Pods
Lentil Stover Lentil shells Pods
Mustard Stalks, Stubbles Oil cakes Husk
Groundnut Stalk Skins, dust Shells
Sesame Straw Oil cakes Hulls
Oilseeds -
Castor Stover Oil cakes Shells
Sunflower Stubble, Stalks Oil cakes Hulls
Soyabean Stems, Leaves Oil cakes Pods
Mango Leaves, Twigs Peel, stone, pulp waste Pedicel
Banana Pseudo stem Peel Peduncle
Tomato Leaves Peel Pedicel
Fruits & Vegetables Potato Haulms Peel Root hairs
Onion leaves Outer skin Root hairs
Orange Leave, Twigs Peel, inner skin Pedicel
Pineapple Leaves Outer skin, hardy core Head
Cotton Stover Seed hulls Ginning waste
Fiber crops Jute Leaves Jute dust Shells
Kenaf Leaves Hurd, Woody core Fiber dusts
Chilli Stems, leaves Seeds Stalks
Spices Ginger Leaves Peel Trimmings
Turmeric Leaves Peel Roots
Sugarcane Stubble Bagasse Leaves
Sugar & Beverages Tea Spent leaves Rolling Dusts
Coftee Pulp, Peel Parchment coffee Silverskin
Leafy vegetables Spinach Stems Processing water B
Fenugreek Leaves _ Pods
Sweet potato Vines, leaves Peels Trimmings
Roots & Tubers Tapioca Leaves Peels Trimmings
Carrot Leaves Tops Trimmings
Neem Twigs, leaves Oil cakes Oil cakes
Mango Leaves, Twigs Peels, Stones Pedicel
Trees Teak Leaves Bark Saw dust
Sal Dead leaves Bark Saw dust
Bamboo Leaves, Culms Peelings (edible shoots) Saw dust, Fiber dust
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crop waste and their applications

Crop Type: Cereals

Crops Rice Wheat Maize Millets Barley
. . Straw, Straw,
Field Residue Stubbles Stubbles Stover Stover Straw
. Wheat straw
Rice straw- as  polymer
L board . Al
Application oan composite Fodder Fodder gae
particle : control
reinforceme
board,
nt
Process residue Bran Bran Bran Bran Malt
. leestoc.k Human . Bioethanol Natural
Application feed, boiler . Human consumption .
fuel consumption production sweetener
Ind'ustrlal Husk Chaff Corn ribs Broken grains Chaff
residue
. Mulchi
Low-cost Soil colrlnc olsr?igr;
Application cellular preparation, Human consumption Human consumption anin?al &
v il 1 .
concrete boiler fue bedding
Crop Type: Pulses
Crops Chickpea Pigeon pea Mung bean Urad bean Lentil
Field Residue Stalks Stover Stover Stover Stover
L. Animal . Ammal feed, Mulching, Animal feed, | Mulching, animal | Biofuel,
Application feed, soil | biomass, green - . .
. composting feed, composting composting
preparation
manure
. Hull )
Process residue Pea husks Hulls Hulls Lentil shells
powders
' Biofuel, . _ ' ' Relnf(?rced
Anplication Oil water Reinforced materials, Reinforced materials, materials,
pp absorbent animal feed, biofuel animal feed, biofuel animal feed,
treatment .
biofuel
Ind.ustrlal Pods Pods Pods Pods Husk
residue
Composting,
biofuel,
Compostin Mulching, . building
v . : . . Composting, .
Application g, animal | composting, Composting, mulching . materials
. mulching
feed animal feed and
packaging
materials
Crop Type: Oilseeds
Crops Mustard Groundnut Sesame Castor Sunflower Soyabean
Field Residue Stalks, Stalk Straw Stover Stubble, Stalks Sterns,
Stubbles Leaves
Anmmal feed,
Paper Paper production, composites,
. Mulch, Mulching, Thatching per composites, biofuel, biofuel,
Application . : . production . .
fumigants composting mulching biofuel mulching and mulching
’ composting and
composting
Process residue Oil cakes Skins, dust Oil cakes Oil cakes Oil cakes Oil cakes
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Fillers in Preservative Fertilizers . Fertilizer, -
.. . . Biofuel, . Fertilizer,
Application reinforced S, food | animal . : composting, mushroom .
. . bioplastic .. composting
composites coloring feed cultivation
Industrial Husk Shells Hulls Shells Hlulls Pods
residue
. Lightwei .
Reinforced ightwelg . Composting,
. ht concrete, Biomass, . .
. composites . . Mulching, fiberboard, animal feed,
Application Nanosheets biofuel, reinforced . .
R rubber . . biofuel reinforced
. animal composites .
production composites
feed
Crop Type: Fruits and vegetables
Crops Mango Banana Tomato Potato Onion Orange Pineapple
. . L y L )
Field Residue ea'VGS Pseudo stem Leaves Haulms Leaves eal've Leaves
Twigs Twigs
iﬁuzlsgfers’ Natural Composting, Natural Air Natural
Application Medicine . eI; & esticides animal feed, dye, pest | freshen fibers,
pap P biofuel control er biofuel
production
. Peel, stone, Outer  skin, ?eel, Outer  skin,
Process residue Peel Peel Peel inner
pulp waste hardy core . hardy core
skin
o Biofuel, Fertilizer, Food . Natural Bio-
Application . . . Composting dye, com- . _
cosmetics cosmetics coloring . plastic
posting
I ial . . . . Pedicel
nd'ustrla Pedicel Peduncle Pedicel Root hairs Root hairs edice Head
residue
Application Compostin; Com-
PP - P g posting - - - -
Crop Type: Fiber crops
Crops Cotton Jute Kenaf
Field Residue Stover Leaves Leaves
Biofuel, composting,
Application animal feed, compressed fiber | medicine Animal feed, composting, biofuel
panel
Process residue Seed hulls Jute dust Shells
L i imal fe . . i terial kagi
Application Compo.stmg, anima eed, Biofuel, biochar Complosne materials, packaging
packaging materials materials
I ial .. . .
nd.ustna Ginning waste Jute caddies Fiber dusts
residue
Application Boiler fuel Particle board, biogas Composite fillers, soil preparation
Crop Type: Spices
Crops Chilli Ginger Turmeric
Field Residue Stems. Leaves Leaves Leaves
Application Compost, pest repellent Fragrance, pest repellent Medicine, natural dye
Process residue Seeds Peel Peel
Application Pest repellent Pest repellent Natural dye, composting
Ind.ustrlal Stalks Trimmings Roots
residue
Application Composting Composting Composting
Crop Type: Sugar and beverages
Crops Sugarcane Tea Coftee
Field Residue Stubble Spent leaves Pulp, Peel
Application Composting, biofuel Fertilizers, fragrance Biogas, cosmetics
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Process residue Stubble Spent leaves Pulp, peel
Application Composting, biofuel Fertilizers, fragrance Biogas, cosmetics
Ind.ustnal Leaves Dusts Silver skin
residue
. Mulching, biofuel, animal feed . . .
Application LCHInE, bioTuct, animat feed, Cosmetics, dye Cosmetics, compost, biofuel
animal bedding
Crop Type: Leafy vegetables
Crops Spinach Fenugreek
Field Residue Stems Leaves
Application Composting Cosmetics
Process residue Stems Processing water
Application Composting _
Industrial
nd'us ria Pods
residue -
Application _ Biofuel, composting
Crop Type: Roots & Tubers
Crops Sweet potato Tapioca Carrot
Field Residue Vines, Leaves Leaves Leaves
Application Composting Animal feed, medicines Flavouring
Process residue Peels Peels Tops
. Food louri Animal feed, biofuel . .
Application 00 . colouring, fimat feed, biotuct, Animal feed, garnish
composting composting
Industrial L N o
rrelsc,iilil:a Trimmings Trimmings Trimmings
Application _ _ _
Crop Type: Trees
Crops Neem Mango Teak Sal Bamboo
. . Twi L L
Field Residue WIES, caves, Leaves Dead leaves Caves,
leaves Twigs Culms
Medicine, Plates ackagin, Composites
L cosmetics, Medicines, Natural dye, Composting, > packaging, P ’
Application . .. . composting, plates,
pest Cosmetics medicines, animal feed .. .
medicines composting
repellents
Peelings
. . Peels, .
Process residue Oil cakes Bark Bark (edible
stones
shoots)
Pest
repellents, .. . Composting,
L . . Medicine,  natural  dyes, | Composites, dyes and .
Application soil Cosmetics . . . .. biofuel,

. animal feeding colouring, medicines .
preparation animal feed
fertilizer

Ind.ustnal Oil cakes Pedicel Saw dust Saw dust Saw dust,
residue fiber dust
Fertilizer,
pest
Application repellent, B Composites Composites Composites
soil
preparation

10
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Table 3. Natural composites with their chemical content, properties, and uses.

Natural . Chemical contents Properties Uses
composite
Cotton Cellulose 88-96% Protein-1.9% | Cotton is absorbent, breathable, }[lJOS:dl tallélanidnarlrll(:(liigcalcslgrﬂ\:ilzfs’
Pectin 1.2% Ash-1.2% [11, 12] | durable and drapes well. P
as absorbent and saloons.
Cellulose 74% Hemicellulose Flr.e res1.stance, less: shrlnkag.e, Homfe furmshmg, hygienic
Bamboo 13% Lignin 10% [13] anisotropic  properties, elastic | clothing, medical and
o g ° modulus and tensile strength. bathroom textiles.
Sisal Waxes 2% Hemicellulose 10% | High flexibility, high friction | Door = mats,  constructing
Lignin 12% Cellulose-70% [14] | resisting and acid-resisting materials, yarn and twine.
] _Q_ V)
Hemicellulose 80 18% High tensile strength, fiber is finer | Tapestry, rugs, shawls, posters
Hemp Cellulose-67-75% and biodegradable and towels
Lignin-2-5% [15] & '
Pectin-3-5% . . . .
Kenaf Hemicellulose-21.5% E;gehggglsgtlrl(t)’nhttlzmelellosacgze’azie;y Animal bedding, packing
Cellulose-45-57% strenoth £ yarn, & materials, cloth and paper.
Lignin-8-13% [16] gt
Wax-1.7% Lignin-2.2% Buildin, materials
Flax Pectin-2.2% Less flexible, Fiber is soft lustrous automotgive apolications. pa er’
Hemicellulose-18-20.6% and stronger than cotton. and textiles PP - pap
Cellulose-71-17% [17] )
el Tl 0,
Wax.O.3A> Pectin 1(')9% Stain-repellent  property, high | Fishing nets, sewing threads,
. Hemicellulose-16.7% . ; . . o
Ramie affinity for dyeing and highly | clothing, home furnishing and
Cellulose-76.2% absorbent acking accessories
Lignin-0.7% [16] : packing '
Fibroin-70-80% Excellent resilience, good L . .
. .. o . . . Clothing, industries, furniture,
Silk Sericin-20-30% elasticity and higher tensile medicine and biomaterials
wax-1-2% [18] strength than glass fiber. )
Cellqlose-71 High .te.n.sﬂe stre?ngth with low Aggrotech, Protech,
Jute Hemicellulose-20.4% extensibility, antistatic property, cotextiles carpets  and
Lignin-13% Pectin-0.2% high tenacity and low thermal gecorative ’colour EZ)ar ds
Protein-2.5% [16] conductivity. )
Cellulose-21-43% High flexural rigidity, highly
Coconut Lignin-15-45% variable fiber length and low | Coir disk, blocks,Coir net.
Hemicellulose 20% [19] tenacity.
Cellulose-36% . . Bagasse ash as a binder in
. More fineness, high tensile .
Sugarcane Hemicellulose-24% streneth and low elveaemic level concrete gave an improvement
Lignin-21% [20] £ gy " | in thermal stability.
- - 0,
Cellqlose 3365 A)O Tenacity, fineness, moisture | Ropes, carpets, clothing
Hemicellulose-19% . . . o
Banana Pectin-10-15% regain, elongation and tensile garment's,' home furnishings
Lignin-3-5% [17] strength. and traditional costumes.
Nacre Aragonite-95% Protein-2.5% Lightweight, high strength and | For architectural purposes,

Polysaccharides-2.5% [21]

toughness. ceramic tile and marble base.

Table 4. Agro waste and its application in civil structures.

Agro waste Properties Further application in civil structures
Hem Low density and low resistance to microorganisms, | Lime/concrete/panel/loose fill, building
p high strength and stiffness [22]. blocks
High crack resistance, increases intensity, Enhanced .
Paddy straw toughness, good thermal insulation [23]. Brick/plaster/concrete
Olive Enhaqces both strength gmd durability, reduces the Panel/lime/concrete
effective water-cement ratio [24].
Bamboo Increases compressive strength and ductility of Concrete beams

concrete [25].
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SC}%lreollllSndnut Shows average strength [26]. Concrete panels cast

Rice husk Good in thermal insulation [27]. Mud ‘mix, blocks, wall cover, particle
board and cardboard

VHVZ:eycomb Long-lasting, prevents moisture [28]. Polishing on wood, Encaustic painting

Coconut shell good durability [29].

Abrasion-resistant properties, high toughness, and

Manuscripts, aggregate in mud flooring

Bagasse [30].

High compressive strength, low thermal conductivity

Bagasse ash can be used as a cement in
concrete production

Banana leaf
ash setting time of cement [31, 32].

Reduces water absorption, consistency and increases

As a cement mortar

Coconut coir | 1 stic limits[33].

Low thermal conductivity, can be stretched beyond its

Low-cost concrete structures especially in
earthquake regions.

Oaktree cork

Lightweight and high insulation [34, 35].

Cork board, Walls, and floors mating(37).

Shows an increase in compressive strength and water

Coffee husk absorption [36]. Hand-made bricks and mortar
Mycelium Lightweight and high in thermal insulation [37][38]. Only bricks
Table 5. Mechanical charecteristics of banana fiber, hemp fibe and jute fiber.
Mechanical properties Jute fiber Bamboo fiber Hemp fiber
Compressive strength 20.9MPa 15.8MPa-24.2MPa 19.5MPa-26.4MPa
Impact strength 94.46KJ 63.54KJ 10.94KJ
Youngs modulus 13-26.5Gpa 27-40Gpa 17-70Gpa
Tensile strength 300-700MPa 600MPa 270-900MPa
Density 1.3-1.49G/cm3 1.2-1.5G/cm3 1.47G/cm3
Flexural strength 32.36MPa 200-300MPa 156.78MPa

Study of mechanical properties of jute, bamboo,
and hemp natural fibers.

Sustainable development and global warming
have escalated the need to produce natural materials
that reduce carbon emissions. Plant fibers have
emerged as novel materials that is readily available,
biodegradable, feasible, and have high specific
strength. Although these materials lack a few
properties like they are not suitable for some
polymer matrices, the fibers might accumulate
together during processing and these materials
absorb moisture readily which reduces their
mechanical strength. Natural fibers have turned into
a demandable product in recent days. Composites
based on natural fibers are becoming a major
requirement for civil structures, wrapping, home
decor, and furnishings. They show satisfactory
mechanical properties, and they are biodegradable
and renewable. Based on the weight of the fibers
mechanical properties are influenced. Lesser
mechanical properties are shown when more than
enough fibers are added to a composite and there will
be no compatible bonding between matrix and fiber

12

also it shows less values of impact and flexural
strength. The cell wall composition of natural fibers
can also impact the mechanical properties of the
natural fibers. Table 5 shows the mechanical
characteristics of hemp fiber, jute fiber and bamboo
fiber.

Uses of crop byproducts

Balaji et al. explored the impact of varying ratios
of sisal fibers to coconut sheath fibers on the
mechanical properties of crop residues. They found
that increasing the proportion of sisal fiber led to
enhanced tensile strength, flexural strength, and
impact strength. However, the most favorable results
were observed at a 40% sisal fiber content. At this
ratio, with 40% short sisal fibers and the remaining
60% consisting of naturally woven coconut sheath
fibers, the composite material exhibited optimal
performance. This combination resulted in a tensile
strength of 68.5 MPa, a flexural strength of 128.8
MPa, and an impact strength of 18.95 kJ/m? [39].
Table 6 shows the chemical compositions of several
crop residues and their properties.
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Table 6. Chemical properties of different crops.

Crop

Chemical contents

Properties

Rice [40, 41]

38% cellulose, 25% hemicellulose, and
12% lignin, 6.1% silica

¢ Good insulating properties.

e Rich source of cellulose which helps in
reinforcement  of  biopolymer composite
materials.

33.5-40% cellulose, 21-26%

¢ Good insulating properties.

bagasse [46]

Wheat [42] | hemicellulose, and 11-23% lignin 3.6% | ® Rich source of cellulose which helps in
e 1 o . reinforcement  of  biopolymer  composite
silica and silicates, 3.6% crude protein ;
materials.
64.4% cellulose, 12% hemicellulose, 0.2% | e  Rich source of lignin which provides good tensile
Jute [43] . o) 1t
pectin, 11.8% lignin strength.
e Pentose-derived hemicellulose can be used as
27.7% pentose, 26.6% cellulose, 29.4% fillers and extenders in composites.
Coconut [44] L . .. . . .
lignin e Rich source of lignin which provides good tensile
strength.
Orange  peel | 23% sugar, 22% cellulose, 25% pectinand | ¢  Cellulose and hemicellulose contents provides
[45] 11% hemicellulose good reinforcement properties.
Sugarcane 50% cellulose, 25% hemicellulose and | ¢  Rich source of lignin which provides good tensile

25% lignin

strength.

Mustard oil

35.65% crude protein, 10.28% crude fiber,
0.69% ether extract, 7.61% total ash and

e  Mustard oil cake powders increases the tensile

cakes [47] 1% acid insoluble ash strength of the composites if use as fillers.
Banana fiber | 71.08% cellulose, 12.61% hemicellulose | ¢  Great reinforcement properties due to presence of
[48] and 7.67% lignin cellulose and hemicellulose.

Bamboo fiber
[10]

10% lignin

74% cellulose, 13% hemicellulose and

e  Great reinforcement properties due to presence of
cellulose and hemicellulose.

Structural products made by using agricultural
waste

Carbon nanotubes (CNTs), reinforced polymer
composites. Carbon nanotubes (CNTs) are structures
composed of cylindrical molecules, shaped by
hexagonally arranged hybridized carbon atoms.
Microscopic graphene sheets fold into these tiny
cylinders, occasionally capped with spherical
fullerenes, giving rise to carbon nanotubes. The
distinct electrical characteristic of carbon nanotubes
(CNTs) arises from the presence of delocalized
electrons along the z-axis. Kushwaha et al
conducted a study comparing a hybrid composite
reinforced with bamboo/CNTs to an epoxy
composite of bamboo treated with alkali [49].

Natural fillers as potential modifying agents for
epoxy composition. Epoxy resins have excellent
properties; hence, they are being used heavily in
industries.The fillers provide a balance between
adequate  strength, reduced weight, and
biodegradability, meeting the growing emphasis on
eco-friendly considerations in composite material
development [50].

Hempcrete as building blocks. Hempcrete,
crafted from hemp and a binder containing natural
hydraulic lime with a minimal cement content, offers

a robust and self-insulating construction solution
adaptable to diverse purposes. Its applications range
from timber frame infill to insulation and, when
mixed with aggregate, even for floor slabs. With a
carbon-negative impact, hempcrete emerges as a
compelling option for sustainable construction,
playing a pivotal role in achieving low embodied
carbon objectives and adhering to rigorous
sustainable building standards [51].

Application of sugarcane bagasse. Sugarcane
bagasse composites (SBC) offers notable
mechanical strength. The higher fiber content in the
SCB/lime mixture results in enhanced thermal
insulation, surpassing conventional materials such as
clay brick or hempcrete. Moreover, lime composites
exhibit improved water resistance, maintaining
minimal loss of mechanical strength even when
saturated [52].

Bioplastic made by banana peel. Bioplastics
made by banana peel can be a key to solve the
inability of synthetic plastic to degrade. The banana
peel-based biodegradable film is the most promising
option, given its superior degradability [53].

Particle board from rice husk. Rice husk, a
byproduct from rice mills, offers potential as a
sustainable building material due to its lightweight

13
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yet strong structure. The high concentration of
amorphous silica on its surface acts as a natural
binding agent [27].

Corn starch based biodegradable plastic and
composite. Corn starch is a widely used biomaterial
renowned for its cost-effectiveness and versatility in
various applications. It consists of approximately
25%amylose and 75% amylopectin, two distinct
polysaccharides that contribute to its unique proper-
ties. This makes corn starch an
environmentally friendly option, particularly in
applications where biodegradability is desired [54].

SUMMARY & FUTURE SCOPE

Agricultural waste, a significant pollution source,
holds promise in structural applications such as
hempcrete, rice husk particle board, and oil cake-

based  composite  fillers, contributing  to
sustainability. Products like low-cost cellular
concrete with rice husk and rice straw-wood

particle boards offer potential as eco-friendly
alternatives, surpassing conventional construction
materials in performance. @ The economic
advantage of utilizing these low-cost agricultural
wastes 1S substantial. However, future research
should focus on  refining manufacturing
techniques and enhancing product performance to
compete effectively with established structural
products. Additionally, numerous untapped
oilseed, fruit, and vegetable waste resources remain,
presenting opportunities for further
exploration in structural applications. Cereal
wastes, including stover, leaves, and stems,
currently employed in bioethanol and composting,
also warrant investigation for broader
structural utilization.

Rice straw is a renewable resource, and it has
good thermal insulation properties which could
make it a good replacement for conventional
insulation materials such as fiberglass or
rockwool. However, rice straw insulation boards
may have lower fire resistance than conventional
insulation and may also be more susceptible to
mold growth. Further research is mneeded to
improve the fire resistance and mold resistance of
rice straw insulation boards. This can improve the
strength and durability of concrete, as well as its
insulating properties. Wheat straw is a renewable
resource, and it has good mechanical properties
that could make it a good replacement for
conventional wood flooring materials.
However, wheat straw is susceptible to moisture
absorption and may not be as durable as wood
flooring materials. More research is needed to
improve the moisture resistance of wheat straw
flooring. Carbon nanosheets are a type of
nanomaterial with a wide range of potential
applications, including in batteries, solar cells, and
14

water filters. Using groundnut shells as a
source of carbon for carbon nanosheets could
help to reduce the environmental impact of their
production. Onion skins contain a substance
called quercetin, which has adhesive
properties. Glues made from onion skins could be
a more sustainable alternative to conventional
wood glues. However, more research is needed to
determine the strength and durability of onion
skin glues. Bioplastic is a type of plastic that is
made from renewable resources such as plant
starches or oils. Bioplastics can degrade more
quickly than conventional plastics, which can help
to reduce plastic pollution. Using orange peels as a
source of material for bioplastic could help to reduce
the environmental impact of plastic
production. Tableware packaging made from
sugarcane bagasse could be a more
sustainable alternative to  conventional
packaging  materials such as polystyrene or
polyethylene. Cation exchangers are materials that
can remove cations (positively charged ions) from
a liquid. They are used in a variety of
applications, including water treatment and
industrial processes. Using polymerized corn cob
as a cation exchanger could be a more sustainable
alternative to conventional ion exchange resins.
Hempcrete has good insulation properties and is
fire resistant. It is a relatively new building
material, but it has the potential to be a more
sustainable alternative to conventional concrete.
Bamboo is a  renewable resource with
good strength-to-weight ratio. Bamboo could
be a good replacement for steel in concrete
beams.

Addressing the challenges associated with the
widespread use of agricultural waste products in
construction requires concerted efforts. Variability in
quality poses a significant hurdle, necessitating
research into methods to produce consistent and high-
quality building materials from these residues.
Moreover, the high cost of collecting, processing, and
transporting agricultural waste materials needs to be

addressed  through  innovative  and  cost-
effective  solutions.  Further  research  and
development  are  essential  to optimize
processing  techniques, improve material
characterization, and enhance supply chain logistics.
Despite these challenges, leveraging
agricultural waste in construction  holds

promise for sustainability, offering opportunities
to reduce reliance on finite resources, minimize
waste generation, and mitigate greenhouse gas
emissions. Collaborative efforts  between
researchers, industry stakeholders, and
policymakers are crucial to realizing the full
potential of agricultural waste products as
sustainable sustainable building materials and
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This article comprehensively examines the various applications of carbon nanotubes (CNTs) and boron nitride
nanotubes (BNNTSs) in multiple scientific and technological fields. Carbon nanotubes (CNTs) and boron nitride nanotubes
(BNNTSs) possess distinctive mechanical, thermal, and electrical characteristics, rendering them viable options for various
applications. The article examines the present state of research in this field, emphasizing recent advancements in
synthesizing and characterizing these nanotubes. The study is expanded to investigate the applications of BNNTs and
CNTs in the biomedical domain. Notable properties allow cancer treatment, gene therapy, and tissue regeneration. The
prospective uses of CNTs and BNNTSs in energy storage, electronics, sensors, and materials science are examined
comprehensively. Owing to the piezoelectric properties of BNNT, it is suitable for use as a sensor and has diverse
applications in robotics. This review offers significant insights into nanotube synthesis techniques, applications, and a
case study, advancing nanotechnology and emphasizing the necessity for additional research to fully exploit its potential.

Keywords: Nanotubes, biomedical applications, BNNT, CNT

INTRODUCTION

Boron nitride nanotubes (BNNTs) and carbon
nanotubes (CNTs) are two types of nanotubes that
have gained significant interest in materials science
and nanotechnology. Despite their structural
similarities, BNNTs and CNTs exhibit distinct
properties that make them suitable for different
applications. While CNTs are well known for their
superior electrical conductivity, BNNTs stand out
due to their excellent thermal stability and chemical
resistance. Understanding these differences is
crucial for optimizing their use in advanced
technologies. BNNTs and CNTs are both members
of the family of nanotubes, which are tiny cylindrical

Carbon Nanotube

C-C atoms

structures made of nanomaterials with diameters on
the order of a few nanometers (10 meters) and
lengths up to several microns (10 meters).

BNNTs are formed by boron and nitrogen atoms
arranged in a hexagonal lattice, resembling the
structure of CNTs. Their structural representation is
illustrated in Figure 1. BNNTs exhibit remarkable
thermal and mechanical properties, including high
thermal stability, excellent thermal conductivity, and
superior tensile strength. Additionally, their unique
electrical characteristics make them highly suitable
for applications in electronic devices.

Carbon nanotubes consist of carbon atoms
organized in a cylindrical shape with a honeycomb
lattice configuration.

Boron Nitride Nanotube

Boron atoms in green
& Nitride atoms in red

Figure 1. Structure of CNT and BNNT
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They can exist as single-walled or multi-walled
structures, exhibiting exceptional mechanical,
electrical, and thermal characteristics. On the other
hand, boron nitride nanotubes are made of boron and
nitrogen atoms arranged in a similar cylindrical
structure. Due to their biocompatibility, they are
being studied for similar applications as carbon
nanotubes and biomedical applications. While both
nanotubes have similar structures and properties,
BNNTs have some advantages over CNTs in
specific applications. For example, they are more
oxidation-resistant and have better thermal stability
at high temperatures. However, carbon nanotubes
are more commonly studied and have a wider range
of applications due to their lower cost and higher
availability. As a result, their unique properties have
created many opportunities for use in various areas,
including electronics, energy storage, biomedicine,
and environmental cleanup. However, more research
is required to fully explore their capabilities and
applications.

This review explores the latest research on CNTs
and BNNTs, focusing on their unique properties and
real-world applications. By comparing their
strengths and examining their impact across
different fields, we highlight their potential to drive
innovation and inspire further advancements in
nanotechnology. The outstanding mechanical
strength of CNTs, high aspect ratio, and lightweight
nature make them excellent choices for
strengthening composite materials. They have found
applications in aerospace, automotive, and
construction industries, where their inclusion has
improved strength, stiffness, and durability of
various structural components. Additionally, the
extraordinary electrical conductivity and thermal
properties of CNTs have sparked interest in their
incorporation into next-generation electronic
devices, interconnects, and sensors, thereby
revolutionizing the field of nanoelectronics.

On the other hand, boron nitride nanotubes, often
referred to as "white graphene," possess remarkable
thermal stability, high thermal conductivity, and
excellent dielectric properties. These characteristics
make BNNTs highly desirable in thermal
management, high-temperature electronics, and
optoelectronic devices. Furthermore, their unique
biocompatibility and chemical inertness have led to
extensive exploration in biomedicine, including drug
delivery systems, tissue engineering scaffolds, and
biosensors.

Throughout this review, we will focus on the
individual applications of CNTs and BNNTs and
explore their synergistic potential when combined in
hybrid structures. By harnessing the
complementary properties of these nanomaterials,

18

researchers have developed novel  materials
with  enhanced performance, offering exciting
opportunities for breakthroughs in various fields.

BNNTs and CNTs are nanotubes that
have various biomedical applications. The BNNTs
basic blocks originated from the CNTs but have
better physical and chemical properties compared
to its counter CNT [1]. In the early 90s, various
studies were carried out exploring CNT to
understand the field of nanostructures [2].
Extreme material properties have been found
to grow when the structure is brought down to
the nanoscale [3].

In recent years, significant progress has been
made in synthesizing, characterization, and
functionalizing carbon and boron nitride nanotubes,
expanding their potential applications even further.
Researchers have explored various fabrication
techniques to tailor the properties of these
nanotubes, such as diameter, chirality, and surface
functionalization, to meet specific application
requirements.

Carbon nanotubes possess considerable energy
storage potential due to their extensive surface area,
superior electrical conductivity, and mechanical
robustness. They are extensively utilized in
supercapacitors and lithium-ion batteries as effective
conductive additives, establishing a conductive
network that enhances charge transport. Moreover,
their  distinctive architecture facilitates the
encapsulation of active substances, improving
battery stability and cycling efficacy. These
innovations can potentially revolutionize portable
electronics, electric vehicles, and renewable energy
technologies.

BNNTs are distinguished by their remarkable
thermal and chemical stability, rendering them
suitable for high-temperature applications. In
thermal management, BNNTs have been
investigated as additives in polymer composites and
coatings to enhance heat dissipation in electronic
devices. Their superior thermal conductivity and
resistance to extreme temperatures can improve the
performance and reliability of advanced electronic
systems. Furthermore, BNNTs exhibit promise in
optoelectronics owing to their distinctive optical
characteristics, including a broad bandgap and
significant light absorption, facilitating applications
in photovoltaics, light-emitting diodes (LEDs), and
photodetectors.

The biomedical sector has observed an increasing
interest in the application of carbon and boron nitride
nanotubes. Carbon nanotubes (CNTs) have been
examined for drug delivery systems, as their
extensive surface area and capacity to encapsulate



D. Deshwal, A. K. Narwal: Exploring the application of the carbon and boron nitride nanotubes: a review

therapeutic agents, facilitate targeted and controlled
release. The biocompatibility and unique optical
characteristics of BNNTSs render them exceptionally
appropriate  for bioimaging and Dbiosensing
applications. Moreover, their potential in biomedical
applications is significant, especially in tissue
engineering, where their biocompatibility and
mechanical properties, similar to those of natural
tissues, render them suitable for scaffolding
purposes. Moreover, their chemical inertness
renders them optimal for biosensors and diagnostic
platforms, providing high sensitivity and selectivity
in disease detection.

As we move forward, this review will look closer
at these applications, their challenges, and the
innovative solutions researchers are developing.
This study also explores future trends, including
hybrid structures, functionalization techniques, and
scalable production methods, shaping the next phase
of advancements in this field. The applications of
carbon and boron nitride nanotubes are vast and
diverse, spanning industries such as electronics,
energy, biomedicine, and more. Their exceptional
properties and continuous advancements in
fabrication techniques hold immense potential for
transforming  various  fields and  driving
technological advancements. By understanding the
capabilities and limitations of these nanotubes,
researchers can explore innovative approaches and
further unlock the remarkable applications of carbon
and boron nitride nanotubes. In summary, this
review aims to provide a comprehensive
understanding of the applications of carbon and
boron nitride nanotubes, showcasing their
remarkable properties and highlighting their
potential for transforming a wide range of industries.
By delving into the latest research findings and
advancements, we hope to inspire further
exploration and innovation in utilizing these
nanotubes, thus driving the advancement of
nanotechnology and its impact on society.

Synthesis of nanotubes

The integration of nanotubes with different
strategies has been discussed here. Spearheading and
rapid formation of BNNTs was largely enlivened
due to CNT synthesis processes, including arc
extraction, laser heating, and vaporization, boron
Nitride replacement strategy from CNT structures,
chemical vapor deposition method (CVD) uses
borazine, the induction heating of boron oxide with
CVD (BOCVD) and high ball processing [4]. Some
commonly used synthesis methods for nanotubes are
shown in Figure 2.

Chemical
M Vapor
Deposition

| |Laser Ablation
Method

Ball-Milling
Method

Thermal
L| Plasma Jet
Method

Nanotubes Synthesis Methods
M

Figure 2. Nanotubes synthesis methods

o Chemical vapor deposition method (CVD)

It is the best standard method, generally used to
obtain carbon nanomaterials on a large-scale, and
was recently adopted to obtain boron nitride
nanotubes. In contrast with different methodologies,
this procedure offers better controllability of
development boundaries concerning development
parameters related to the development process,
temperature, catalysts, stirring and test planning to
ensure purity and the highest obtained quality of
nanomaterials [5].

In comparison with the large-scale production,
nearly 100 grams of CNT being nhhobtained in the
CVD method, BNNT's has significantly lower
production rate - nearly 100 mg [6]. Therefore, an
approach for delivering a BN proclamation of
BNNTs mergers is called BOCVD (boron oxide
chemical vapor deposition) [7].

In BOCVD, MgO powder and boron were used
as reactants to produce B,O,. At high temperatures
(about 1000 °C — 1700 °C), a reaction was carried out
between B,O,and NH3 gas to produce BNNTSs. As a
result of the discovery of these BOCVD BNNTs, the
authors have also embarked on other related
activities, such as refining, distribution, operation,
doping, polymeric compounds, etc. However, the
commercialization and actual use of BNNTSs in the
industry is hampered by the generally low level of
creativity and the need to redesign the exhibition
room presented and tested [8].

e Laser ablation method

Enlivened by CNT's development, new
technologies like the laser removal or laser
dissipation procedure have been utilized for the
development of BNNTs since 1996. Mainly, the
advantages associated with using this laser ablation
method are that it produces high-quality nanotubes
of high crystallinity and high aspect ratio [9]. In this
method due to laser heating at a temperature of
around 2000 °C, phase transformation of boron or
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boron nitride takes place from solid to liquid in an
N, atmosphere. Because of the presence of N>
atmosphere, a direct reaction takes place between
boron and nitrogen, which stimulates the growth of
BNNTs [10]. Goldberg et al. was the one who for the
first time succeeded in BNNT synthesizing.

Multi-walled BNNT nanotubes were also
synthesized by the laser ablation method, in this
process nitrogen gas at very high pressure approx.
5GPa to 15GPa is injected in a diamond anvil cell
simultaneously at a very high temperature approx.
5000K laser heating the hexagonal and cubic boron
nitride (BN) in the cell [11].

Langley Research Center, NASA, also
synthesized BNNT’s accordingly. By CO; laser at
very high temperature ~ 4000K, they continuously
heated boron metal fiber in a chamber filled with
nitrogen gas at a pressure ~ 14 bar. BNNTs obtained
from this method were small in diameter (generally
< 5nm) but with high purity. The production rate of
this method was ~0.2 g per hour [12].

o Ball milling method

Grinding by a ball (ball milling) is utilized to
develop BNNTs which are of industrial grade with
minimal effort and low cost. In pervasive conditions,
the direct reaction was carried out between boron
and nitrogen that can be stimulated by presenting an
indistinct structure in boron powder. This change is
made effortlessly using a sufficient amount of
mechanical energy, controlled and monitored by a
few parameters, for example, operating time, and
power (rotation every minute) [13].

As a result, the amount of BNNT can be made by
running normally. This cycle is less than the
processing time that can be reached in several hours
and the emerging heat in the annealing of boron
powder plays an important role in the BNNT
formation. According to the study published by
Chen et al., in NH3 gas atmosphere, boron powder
was processed for 150 hours, afterward in the N»
atmosphere, the isothermal tempering was carried
out at 1000°C to 1200° C. In a subsequent study, the
authors suggested that extending the milling process
plays a crucial role in maximizing BNNT
production. A longer milling duration enhances the
nitration cycle between boron and NHs, thereby
accelerating the formation of nucleation structures
that facilitate BNNT synthesis [14].
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o Thermal plasma jet (TPJ) method

Even though BNNTSs produced by laser removal
strategy had very high quality, the production rate is
very low, i.e. 1 mg/h. Therefore, the plasma jet
method is a perfect solution to this problem. Thermal
plasma has the capacity to apply thermal energy over
a wide range of volumes, expanding the growth area
up to 100 cm?. TPJ method comprises two concentric
electrode terminals - one is anode and the second is
cathode. When a gas mixture of inert gases like Ar,
N, and H; passes through a nozzle between the two
concentric electrodes a wide range of arc—plasma
regions forms [15].

Literature review

CNTs and BNNTs have attracted considerable
attention in the scientific community because of their
unique properties and broad range of potential
applications. This literature review aims to provide a
thorough overview of the current research on CNTs
and BNNTs, focusing on key studies that
demonstrate their potential in diverse fields.

CNTs possess exceptional mechanical properties,
including high tensile strength and stiffness. These
properties have led to their extensive use as
reinforcing agents in composite materials. In a study,
CNT-reinforced composites have shown improved
mechanical properties, including increased tensile
strength and fracture toughness. These results
emphasize the potential of CNTs to enhance the
performance of structural materials in industries like
aerospace and automotive [16].

The excellent electrical conductivity of CNTs has
opened up avenues for their use in nanoelectronic
devices. The application of CNTs as interconnects in
integrated circuits showcases their high conductivity
and reliability.  Furthermore, CNTs have
demonstrated potential in energy storage devices,
including supercapacitors and lithium-ion batteries
[17]. The study reported enhanced energy storage
performance when CNTs have been used as
electrode materials due to their high surface area and
exceptional electrical [18].

CNTs have demonstrated potential in a range of
biomedical applications, such as drug delivery,
tissue engineering, and biosensing. The use of CNTs
as drug carriers highlights their capability to
encapsulate therapeutic agents and facilitate targeted
delivery [19]. Additionally, CNT-based scaffolds
have been investigated for tissue engineering
applications due to their biocompatibility and ability
to mimic the structure of natural tissues [20].
Moreover, CNTs have been explored in biosensors
for sensitive and selective detection of biological
analytes [21].
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BNNTs possess excellent thermal conductivity
and stability, making them ideal for thermal
management applications. A study demonstrated the
incorporation of BNNTSs into polymer composites,
resulting in enhanced thermal conductivity and
improved heat dissipation properties. This finding
has implications for thermal management in
electronics, where the efficient removal of heat is
critical for device performance and reliability [22].

The unique optical properties of BNNTs,
including a wide bandgap and high light absorption,
have opened up opportunities in optoelectronic
devices. The use of BNNTs as promising materials
for photovoltaics demonstrates their potential in
efficient solar energy conversion [23]. Furthermore,
BNNTs have been explored in the development of
LEDs and photodetectors due to their high thermal
stability and excellent electrical insulation properties
[24].

The biocompatibility and chemical inertness of
BNNTs make them attractive for biomedical
applications. BNNTSs have a potential as carriers for
drug delivery, noting their stability and ability to
protect encapsulated drugs [25]. BNNTs have also
been explored in biosensing applications, offering
high sensitivity and selectivity in disease detection
[26].

Researchers have also explored the combination
of CNTs and BNNTs to harness their
complementary properties and create hybrid
structures. The use of CNT/BNNT hybrid materials
in energy storage devices highlights their improved
performance compared to individual nanotubes [27].
Additionally, CNT/BNNT hybrids have shown
promise in thermal management, sensing, and
catalysis applications [28].

The development of reliable and scalable
fabrication techniques for CNTs and BNNTs is
crucial for their widespread application. Several
methods have been explored for the synthesis of
CNTs and BNNTSs, including CVD, arc discharge,
and laser ablation. CVD has become a widely used
technique for the controlled production of both
CNTs and BNNTs, enabling the creation of
nanotubes  with  specific  properties  [29].
Additionally, functionalization techniques have
been investigated to modify the surface properties of
nanotubes, enabling enhanced compatibility with
different matrices and targeted applications. For
instance, the surface functionalization of CNTs with
functional groups or polymers has been explored to

improve their dispersion in composites and facilitate
better interfacial bonding [30]. Similarly, surface
modification of BNNTSs has been studied to enhance
their dispersion in solvents and compatibility with
polymeric matrices [31].

Despite the significant progress in understanding
the properties and applications of CNTs and BNNTs,
several challenges and areas for further exploration
remain. One challenge lies in the large-scale
production of nanotubes with consistent properties at
a lower cost. Efforts are underway to optimize
synthesis methods and develop scalable fabrication
techniques to meet the growing demand. Moreover,
the toxicity and biocompatibility of nanotubes need
to be thoroughly investigated for safe biomedical
applications. Understanding the potential health and
environmental impacts is crucial for the responsible
development and application of these nanomaterials.

Future research will focus on exploring new
applications and integrating nanotubes into
emerging technologies. For example, incorporating
CNTs and BNNTs in 3D printing technologies holds
promise for the fabrication of complex structures
with tailored properties. Additionally, combining
nanotubes with other nanomaterials, such as
graphene and transition metal dichalcogenides,
holds promise for enhancing their properties and
expanding their applications. It can lead to the
development of multifunctional nanocomposites
with enhanced performance in various applications.
The comparative analysis of the properties of CNTs
and BNNTs with the corresponding applications are
presented in Table 1.

The literature review emphasizes the significant
research on the applications of CNTs and BNNTs,
demonstrating their potential in reinforcing
materials, nanoelectronics, energy storage, thermal
management, and biomedicine. The advancement of
fabrication methods and functionalisation strategies
has been crucial in customising the properties of
nanotubes for particular applications. Despite the
persisting challenges, ongoing research initiatives
and interdisciplinary collaborations are anticipated
to propel further progress in utilizing the unique
characteristics of CNTs and BNNTs for innovative
technological applications.
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Table 1. Comparison of CNTs and BNNTSs properties with their respective applications

Nanotube S .
Propertics CNTs CNT Applications BNNTs BNNT Applications
Cylindrical tubes of Nanoelectronics, Cylindrical tubes of High-temperature
carbon atoms in a . .
Structure honeveomb lattice structural boron and nitrogen electronics,
[32] Y reinforcements [33] atoms [34] biomedicine [35]
Densit Low density (~1.3- Lightweight aecrospace Low  density  (~2 ;ﬁ?ﬁf lght,matilrligali;
y 1.4 g/em?) [36] materials [37] g/em®) [38] [39] &
Highly flexible, . . Rigid and stable under Radiation shielding,
.. ; Flexible electronics, . .
Elasticity excellent bending nanocomposites [40] extreme conditions high-stress
properties p [41] applications [42]
Aerospace Comparable or Structural
Mechanical High tensile strength ~ composites, superior tensile reinforcements,
Strength (~50-100 GPa) [43] automotive materials strength (~30-100 impact-resistant
[44] GPa) [45] coatings [46]
Heat sinks, thermal Thermal
Thermal High (~3000 W/m-K) coatines ’ ener Very high (~2000- management,
Conductivity [47] nes, & 3000 W/m-K) [49] aerospace
devices [48] S
applications [50
Thermal coatings, Aerospace, extreme
Thermal Low thermal . Very low thermal .
Expansion expansion [51] heat-resistant expansion [53] environment
composites [52] applications [54]
Corrosion Moderate resistance Anti-corrosion Highly resistant to E}r;):ie;ng (i?j;i?ofﬁs’
Resistance [55] coatings [56] corrosion [57] 58] PP
High surface area, L1th1um—1or} batteries, Limited charge storage Thermal stability in
Energy Storage good for batteries & supercapacitors, capability [61] energy systems [62]
supercapacitors [59]  hydrogen storage [60 P Y gy sy
. Excelle'nt cqnductor Transistors, flexible Insulatlgg or semi- High-performance
Electrical (metallic/semi- . conducting (~wide . . .
.. . . electronics, dielectric materials,
Conductivity metallic  behavior) . bandgap of ~5.5 eV) .
[63] interconnects [64] [65] optoelectronics [66]
Optical Fluorescent, tunable Photodetectors, LEDs, Wide bandgap .(NS'S uv shleldlng,
Properties bandgap [67] infrared emitters [68] ev), optically  optoelectronic
transparent [69] devices
Oxidation P'rone to oxidation at Limited high- Highly resistant to High-temperature
Resistance high temperatures temperature oxidation [72] structural
[70] applications [71] applications [73]
Chemical Reactive in certain Chemical Sensors, cally i Corrpswn-reswtant
Stability environments [74] catalysis [75] Chemically inert [76] coatlpgs, extreme
conditions [77]
.. Limited  biomedical . . S .
. o Some toxicity . High biocompatibility Implants, biosensors,
Biocompatibility use (drug carriers, .
concerns [78] . [80] tissue scaffolds [81]
biosensors) [79]
Expensive limited High-end
Cost and Lower cost, widely Mass production corlslmercieil applications,
Availability available [82] applications [83] research-focused

production [36]

fields [84]

Applications of nanotubes
CNTs applications

CNTs have a number of unique properties that
make them potentially useful for a variety of
applications. One potential application of carbon
nanotubes is in electronics. Because they are very
small, they could be used to create tiny transistors
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and other electronic components that are much
smaller and more efficient than current technology.
They could also be used to create flexible,
transparent  displays. The most promising
application is in the development of nanoscale
electronic devices, such as transistors and
interconnects. Carbon nanotubes are ideal for this
application because they have very high electrical
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conductivity, are very small and have excellent
thermal properties [85-86]. Carbon nanotubes could
be used to create smaller, faster, and more energy-
efficient transistors than those currently used in
silicon-based electronics. They have the potential to
replace silicon transistors in future electronics
because they are capable of operating at higher
frequencies, dissipating heat more efficiently, and
consuming less power. Carbon nanotube field-effect
transistors (CNFETs) have been identified as a
promising nanotechnology for developing energy-
efficient computing systems. The primary challenge
in translating this technology to commercial
manufacturing is developing a method for uniformly
depositing nanotubes onto large-area substrates.
This method must be manufacturable, compatible
with existing silicon-based technologies, and offer
energy efficiency advantages over silicon. Bishop et
al. demonstrated that submerging the substrate in a
nanotube solution is a viable deposition technique
that can address these challenges and enable the
fabrication of CNFETs in industrial facilities [87]. In
addition to transistors, carbon nanotubes could also
be used to create other electronic components, such
as diodes, resistors, and capacitors [88]. CNT diodes
have intrinsic cut-off frequency exceeding 100 GHz,
with measured bandwidths reaching at least 50 GHz
or higher [89]. They could also play a key role in the
development of flexible and transparent electronics,
with potential applications in flexible displays,
wearable electronics, and smart packaging [90]. By
improving the uniformity of CNT films and
introducing a new pretreatment technique for
flexible substrates, CNT thin-film transistors (TFTs)
have been successfully used to drive a flexible 64 x
64-pixel  active-matrix  light-emitting  diode
(AMOLED) display. The resulting AMOLED
features uniform brightness across all 4096 pixels,
and a high yield of 99.93% [91].

Carbon nanotubes offer significant potential for
energy storage applications because of their unique
features, such as a large surface area, strong
mechanical strength, and outstanding -electrical
conductivity. Below are some of the possible
applications of carbon nanotubes in energy storage
[92-93].

o Batteries: Carbon nanotubes can be used as
electrode materials in batteries to enhance their
performance. They have been shown to improve the
capacity, energy density, and cycle life of batteries.
Carbon nanotubes can also improve the rate of
charge and discharge, leading to faster charging
times [94]. The increasing demand for portable and
wearable electronics has fueled the interest in
developing flexible batteries that can maintain their

functionality even wunder various mechanical
deformations. Significant efforts have been made in
material synthesis and structural design to achieve
this goal. Carbon nanotubes (CNTs), with their
unique one-dimensional (1D) nanostructure, can be
easily formed into various macroscopic structures,
including 1D fibers, 2D films, and 3D sponges or
aerogels. Due to their remarkable mechanical and
electrical properties, CNTs and CNT-based hybrid
materials are considered excellent materials for
building components in flexible batteries [95].

o Supercapacitors: Carbon nanotubes can serve
as electrode materials in supercapacitors, enhancing
their energy storage capacity. Their high surface area
and excellent electrical conductivity enable them to
rapidly store and release energy. Carbon nanotube-
based supercapacitors have the potential to provide
high power density and long cycle life [96-97].
Three symmetric paper supercapacitor designs were
created using CNTs, graphite nanoparticles (GNPs),
and graphene electrodes. These supercapacitors
utilized a gel electrolyte made of polyvinyl alcohol
(PVA) and phosphoric acid (H3POs), with a
separator film composed of BaTiOs. The surface of
the carbon nanomaterials, electrode films, and gel
electrolyte was examined using scanning electron
microscopy and transmission electron microscopy
[98].

e Hydrogen storage: CNTs can also be used for
hydrogen storage, which is an important component
of hydrogen fuel cells. Carbon nanotubes can adsorb
hydrogen molecules on their surface, increasing the
amount of hydrogen that can be stored in a small
space [99]. The study explored the potential of Li-
doped carbon nanotubes as a viable storage medium
for hydrogen. A computational model was used to
study the impact of CNT size on its structural and
energetic properties, focusing specifically on the
adsorption of an isolated lithium atom on the CNT
wall as a site for hydrogen adsorption [100]. It was
found that the capacity for H» adsorption is strongly
affected by the specific surface area, as well as the
morphological and structural characteristics of the
CNTs [101].

o Solar cells: CNTs can improve the
performance of solar cells by boosting their energy
conversion efficiency. They can act as electron
acceptors in organic solar cells, helping to enhance
their power conversion efficiency [102]. Over the
past few years, there has been a surge of interest in
carbon-based materials, specifically CNTs, for their
exceptional physicochemical properties, cost-
effectiveness, eco-friendliness, and abundance.
These attributes make CNTs an ideal material for use
in the production of organic solar cells (OSCs).
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Moreover, CNTs' low sheet resistance and high
optical transmittance render them an excellent
candidate for an alternative anode to the
conventional indium tin oxide (ITO) which is not
only expensive but also toxic and scarce [103].

Carbon nanotubes also have potential
applications in materials science. They could be used
to create stronger, lighter materials for use in
construction and aerospace applications. They could
also be used to create new types of sensors and
actuators, as well as for drug delivery and other
medical applications.

CNTs have several medical applications, such as
carrying drugs and biomolecules for efficient
delivery to body cells and organs. They can also be
used in tissue regeneration and have application in
diagnostics and analysis as they can be used as
biosensors [104]. The various applications of CNTs
are illustrated in Figure 3.

The studies of CNTs are advanced because their
exemplary contribution has been found in
regenerative medicine and tissue engineering which
is sustainable too [105]. CNTs are the best among
the various available materials because of their
biocompatible  nature and  resistance  to
biodegradability. They also have better functionality
with biomolecules to improve organ regeneration
[106].

Infection
Therapy

Cancer
Therapy

Gene Therapy

CNTs Applications

Tissue
Generation

Antioxidants

Biosensors

Figure 3. CNTs biomedical applications

CNTs also act as drug carriers to diagnose cancer.
CNTs are having improved cellular uptake of potent
drugs which makes them efficient delivery systems.
It has been found that due to the high aspect ratio and
high surface area of the CNTs they have an
advantage over various existing delivery carriers
[107]. CNTs are resistive in nature to the infectious
agents, as a result they resolve problems associated
with antibacterial, antiviral drugs and vaccine
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inefficacy in the body [108]. CNTs were recently
found to carry the DNA molecule and insert it into
the cell nucleus to cure the defective gene by using
the gene therapy approach [109].

Despite their potential, however, there are still
many challenges associated with the use of carbon
nanotubes. For example, they are difficult to be
produced in large quantities and at low cost. They
can be toxic if not handled properly, raising concerns
about their safety in consumer products.

BNNTs applications

BNNT (boron nitride nanotubes) are a type of
nanomaterial that has unique properties, such as high
strength, high thermal stability, and excellent
electrical insulation. These properties make BNNTs
attractive for a wide range of applications, including;:

e Biomedical: BNNTs offer potential in

biomedicine, with applications in drug delivery,
tissue engineering, and medical imaging. Their low
toxicity makes them suitable for enhancing the
targeting and delivery of drugs to specific cells or
tissues [110].
Like CNTs, BNNTs have various biomedical
applications, but are chemically and physically more
stable. BNNTs are used for the treatment of cancer
by electroporation-based oncology [111]. They have
also found applications in nerve & bone tissue
regeneration [112]. A new bioink for tissue
engineering was created using a hydrogel-based ink
made of alginate (Alg) strengthened with
functionalized boron nitride nanotubes (f-BNNTS).
The ink's printability, physiochemical properties,
and  biocompatibility = were quantitatively
characterized to verify its suitability. The findings
imply that the Alg reinforced with f-BNNTs, which
is 3D printable, has the potential to serve as a bioink
for tissue engineering [113]. The various
applications of BNNTs are illustrated in Figure 4.

Cancer
Therapy

Nerve tissue
Regenation

BNNTs Applications

Bone tissue
Regeneration

UV Shielding

Biosensors

Figure 4. BNNTSs biomedical applications
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The BNNTs have applications in ceramic
composites, e.g., lightweight ceramic composites.
BNNTs are used in low-temperature applications
like dentistry and also in high-temperature
applications like jet engines [114]. The study aimed
to investigate how the properties of resin-based
light-curing dental sealants (RBSs) are affected by
the addition of BNNTSs at varying concentrations.
The RBSs were formulated using methacrylate
monomers, consisting of 90 wt.% of triethylene
glycol dimethacrylate and 10 wt.% of bisphenol A-
glycidyl methacrylate. Two concentrations of
BNNTs (0.1 wt.% and 0.2 wt.%) were incorporated
into the resin, with a control group containing no
filler. The study evaluated several properties of the
RBSs, including the degree of conversion, ultimate
tensile strength, contact angle, surface free energy,
surface roughness, and color. The results suggest
that adding BNNTs to RBSs may introduce
bioactivity and decrease their surface free energy
[115]. Due to BNNTS anti radiant property, it is used
for ultraviolet (UV) shielding applications [116].

o FElectronics: BNNTSs have excellent electrical
insulation properties, making them ideal for
applications in electronics. They can be used as
insulators in high-temperature environments, which
can improve the performance and reliability of
electronic devices [117]. BNNTSs are resistant to fire,
which allows them to be used in fire-retardant
cabling to manufacture flame-resistant high-strength
cables. Also, used for creating high-strength and
lightweight conductive cables [118]. BNNTs are
electric insulators used in strong composites and
electrically insulating components. They are applied
in manufacturing lightweight and strong wiring of
aerospace components [119]. The study reported a
composite  paper with  excellent thermal
conductivity, prepared through the synergistic
combination of one-dimensional aramid nanofibers
(ANFs),  one-dimensional  edge-hydroxylated
BNNTs, and polyethyleneimine (PEI). The resulting
composite paper demonstrates a high level of
thermal conductivity, measuring 9.91 Wm 'K}, as
well as low dielectric loss (<0.01) and an exceptional
heat resistance performance. Furthermore, the
composite paper exhibits an ultrahigh electrical
breakdown strength, measuring approximately 334
kV/mm [120]. By forming an oriented, percolative
network, the boron nitride platelets with high-
loading provided exceptional in-plane thermal
conductivity, ranging from 77.1 to 2142 W m™' K,
comparable to certain metals like aluminum alloys
(108-230 W m! K™"). Through the utilization of the
BN-based paper as an electrically insulating and

flexible substrate, the study reveals its potential for
reducing the temperature of electronic devices [121].

o FEnergy: BNNTSs can be used in energy storage
devices such as lithium-ion batteries and
supercapacitors. BNNTs can improve the
performance and safety of these devices by
enhancing their energy density, cycle life, and
thermal stability [116].

Ensuring the safety of lithium-ion batteries is a
critical issue, affecting both large-scale energy
storage and everyday use of mobile devices. A
primary cause of safety concerns is the overheating
of the cell, which can result from short circuits in
environments with high temperatures and currents.
The separator is a key component in preventing such
short circuits and thus, the thermal stability of the
separator is critical in ensuring battery safety.
BNNTSs, a promising new nanomaterial, can enhance
the thermal stability of polyolefin separators by
preventing thermal shrinkage during high-
temperature and high-current operation, which helps
avoid battery short circuits [122].

Using a simple and cost-effective hydrothermal
method, zinc oxide nanoparticles are synthesized on
both cellulose nanofibers (CNF) and BNNT
surfaces, producing a ternary nanostructure. Upon
investigating the electrochemical and piezoelectric
properties of this structure, it was found that the
BNNT-CNF/ZnO ternary nanostructure delivers
impressive performance, achieving a specific
capacitance of 300 F g', along with high energy
(37.5 W h kg™") and power density (0.9 kW kg™) at
a current density of 1 A g' [123].

BNNTs are used in transparent armor, batteries
and aerospace as a polymer. Because of their
piezoelectric nature, the BNNTs can enhance
sensors and robotics applications [124].

o Aerospace and defense: BNNTs can be used
to reinforce composite materials, which are used in
aerospace and defense applications such as aircraft,
spacecraft, and armor. BNNTs have a higher
strength-to-weight ratio than other reinforcement
materials, making them ideal for these applications
[125]. The study explored the use of BNNTs to
strengthen aluminum in aircraft wing plates,
focusing on their impact on the dynamic
characteristics. The reinforcement was applied in
two ways: uniformly and functionally graded
throughout the plate's thickness. The plate was
modelled as a rectangle, with edges shaped by linear,
circular, or hyperbolic functions. The study
examined various factors, including thermal
environment, BNNT volume, reinforcement
distribution, and geometric parameters. The results
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showed that BNNTs significantly improve the
reinforcement properties of aircraft wings [126].

o Environmental: BNNTs can be used in
environmental applications such as water treatment
and air purification. BNNTs can remove pollutants
from water and air by adsorbing or catalyzing them,
and they have high thermal stability, which can
enable them to be used in high-temperature
environments [127]. Due to their large surface area
and high-temperature resistance, BNNTs have been
studied as reusable adsorbents for water purification.
The material showed around 94% efficiency in
capturing methylene blue particles from water, even
after being used for three cycles, highlighting its
potential for use in the filtration industry [6]. A cost-
effective  template made from electrospun
polyacrylonitrile fibers was used to create a stable
mat of BNNTs through atomic layer deposition
(ALD) of BN at low temperatures. Using polymer-
derived ceramics chemistry, this ALD process
produces high-quality BNNTs with excellent
properties, including superhydrophobicity, stability
for a month in different pH conditions and air, and
remarkable performance in water treatment [128].

o Case study

The investigation into boron nitride nanotubes
(BNNTs) has revealed intriguing possibilities in
enhancing mass sensing capabilities for biomolecule
detection. The conventional perception of BNNTSs as
straight structures has been challenged by
considering their wavy surfaces, significantly
affecting their mass sensing abilities. The utilization
of a nonlinear mathematical model, grounded in
continuum mechanics, elucidates the nonlinear
deformations induced by waviness, leading to
oscillations of significant amplitude within the
nanostructures [129].
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Table 2. Shift in resonance frequency for different
Waviness Factor (h/L) (Deshwal and Narwal 2023a)

Resonance Resonance

Waviness Frequency Frequency
Factor (h/L) (BNNT having (BNNT having
20 nm length) 60 nm length)

0 3.71E+05 1.24E+05

0.05 4.32E+05 2.54E+05

0.075 4.99E+05 3.55E+05

0.1 5.78E+05 4.60E+05

The resonance frequency analysis conducted on
wavy single-walled BNNTSs, using sophisticated
computational simulations, underscores the potential
of these structures in bio-mass sensing. The
waviness factor plays a pivotal role in modulating
sensitivity, selectivity, and resonance frequency
shifts of BNNT-based biomolecule sensors, as
presented in Table 2. Moreover, the study suggests
that variations in waviness patterns, sizes, and
amplitudes could substantially optimize BNNTSs for
superior biomolecule detection capabilities, as
depicted in Figure 5. Understanding the effects of
different geometrical parameters on sensor
performance opens avenues for tailored design
approaches and promising advancements in
biomolecular sensing technologies.

The findings emphasize the necessity of
considering realistic waviness in BNNTs for
accurate and sensitive biomolecule sensing
applications. Further research aimed at optimizing
waviness  structures and exploring diverse
parameters will undoubtedly contribute to refining
BNNT-based biomolecule sensors for enhanced
sensitivity and selectivity in future biosensing
technologies.

This study underscores the importance of
embracing waviness in BNNTs, paving the way for
the development of highly efficient and tailored
biomolecule detection platforms [130].
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Figure 5. Comparison of the resonance frequency of the different waviness for the 20 nm and 60 nm BNNTs length

Future perspective

CNTs and BNNTs have demonstrated significant
potential in various scientific and technological
fields. CNTs, in particular, have been widely
researched and are used in electronics, energy,
sensors, and materials science, thanks to their
exceptional mechanical, thermal, and electrical
properties, which make them ideal for nanoscale
devices and components.

In contrast, BNNTSs are less studied but possess
unique properties, including high thermal
conductivity, exceptional mechanical strength, and
strong resistance to oxidation. These characteristics
make them promising candidates for use in
aerospace, thermal management, and
nanoelectronics applications.

Some of the potential applications of CNTs and
BNNTs include high-performance composites, field
emission devices, energy storage devices,
nanosensors, drug delivery systems, and
nanoelectronics, among others. The use of these
nanotubes is expected to revolutionize various fields
by offering enhanced performance, improved
efficiency, and reduced costs.

The BNNTSs and CNTs are found to be with great
potential to be used in the biomedical field. Both of
them are used as drug carriers to cure cancer. BNNTs
have superior electrical properties which make them
be used as sensors and in various applications in the
field of robotics too. Both nanotubes are also used in
tissue regeneration, gene therapy and dentistry but
due to their varied applications, they can be analyzed
for different geometric configurations to check their
mechanical and physical stability. The nanotubes
have various applications in biosensing, e.g., the use
as a mechanical resonator to sense the biomass. For

biomass sensing, the nanotubes should be
mechanically, chemically and physically stable.

The successful implementation of commercial
and industrial applications remains limited by
various difficulties encountered when working with
CNTs and BNNTSs. High-quality nanotubes stay out
of reach due to limited synthesis methods that cannot
produce uniform-sized and structured nanotubes of
defined chirality. The current production techniques,
including CVD and arc discharge and laser ablation
produce varying nanotubes that need complicated
and expensive post-processing steps to reach pure
specifications. How CNTs and BNNTs should be
characterized is problematic because the standard
techniques including TEM, Raman spectroscopy,
and XRD fulfill their objectives yet they take too
long to operate effectively in industrial settings.
Accurate examination of nanotube structural
features and purity standards and electronic
functionality remains challenging because it hinders
designers from developing applications-specific
nanotube solutions.

The ability to scale up CNT production with
BNNT production remains problematic because of
high energy requirements, catalyst degradation and
unstable growth environments. Researchers
persistently address the scaling challenge which
involves maintaining high-quality production output
with excellent yield at cost-effective rates. Mass-
production does not exist commercially at
reasonable costs which prevents extensive industrial
use especially in electronics, aerospace and
biomedicine applications. Their use in composites
and semiconductors combined with energy storage
applications becomes challenging because of
problems related to incorporation, as well as issues
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regarding poor dispersion and weak interfacial
bonding and tendency toward agglomeration.
Several techniques exist to improve compatibility
yet these techniques change intrinsic nanotube
properties thus creating efficiency limitations.

10.
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Recognizing the interconnectedness of gender disparities and waste management practices, this study elucidates how
addressing gender inequities can enhance waste management, contributing to Sustainable Development Goals (SDGs) 5
and 10. Traditional gender roles and women's involvement in waste picking, particularly in marginalized communities,
highlight the intersectionality of gender and socioeconomic status, aggravating vulnerabilities and exposing them to
heightened risks of harassment and violence. Waste generation emerges as a critical dimension of this discourse, posing
distinct health hazards predominantly affecting women. The adverse impacts of waste exposure on women's fertility,
mortality, and morbidity underscore the urgent need to address gender-specific health concerns within waste management
frameworks. Inadequate sanitation facilities further compound challenges for women in waste management, particularly
at collection sites, compromising their health and safety. Drawing insights from Swachh Bharat Abhiyan, this paper
underscores the importance of integrating gender perspectives into waste management policies. By dismantling embedded
gender norms, opportunities emerge for more inclusive and sustainable waste management systems. In presenting these
findings, this paper aims to enrich discussions at the waste management conference, emphasizing the imperative of gender
mainstreaming in waste management strategies. Ultimately, this study advocates for a holistic approach that fosters social
equity, environmental sustainability, and inclusive development.

Keywords: E-waste, gender equality, household, sustainable development goals (sdg), waste management.

INTRODUCTION and inequality; continuous impact on female
mortality, morbidity and fertility rate and mainly
sanitation. All these issues are discussed in this
research in depth and viable solutions are given that
can be put into actual practice that will lead to social
equity, inclusive development, and environmental
stability.

When it comes to household responsibilities, it's
common to observe that women are primarily tasked
with housework, which means that they are doing
waste management primarily. Therefore, it's
imperative that we provide women with education
on effective waste disposal techniques. Additionally,
we must also take steps to encourage more men to
take part in household duties. In India, despite
women's active involvement in various societal,
cultural, and religious activities, there remains a
stark division between genders when it comes to
household chores and paid work responsibilities.

This research also explores how the Swachh
Bharat Abhiyan (or Swachh Bharat Mission or Clean
India Mission), a sanitation campaign launched by
the Government of India in 2014, is narrowing the
gender gap in waste management.

Although it may seem at first glance that "gender
equality" and "waste management" are two unrelated
concepts, this assumption is far from accurate. There
exists a significant relationship between these two
issues that merits exploration. Through this research,
we aim to shed light on the important link between
gender disparities and waste management, and how
addressing these issues can help to tackle long-
standing societal challenges. Countless issues are
associated with the nexus between gender equality
and waste management, such as attaining sustainable
development by adopting proper waste management
techniques, adopting SDGs 5 and 10, that is,
achieving gender equality and empowering all
women and girls and ensuring that everyone,
regardless of their background, has equal
opportunities and access to basic services such as
education, healthcare, and social protection and
protecting women who are indulged in practices
such as waste picking, segregation of waste, etc., in
marginalized communities against violence,
diseases, harassment, socio-economic vulnerability
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The mission has raised awareness about proper
sanitation, waste disposal, and waste management,
making it India's largest sanitation drive.
(Department of Drinking Water and Sanitation, n.d.)

The sustainable development goals are
interconnected with each other, which means that
one cannot be achieved in isolation from another,
and the achievement of one will lead to improvement
in another target [1]. In developing countries, e-
waste management intersects with gender inequality
in various ways. Women are often tasked with
informal e-waste recycling, which can be dangerous
and poorly regulated. This is due, in part, to
economic disparities. However, this perpetuates
gender inequity in the waste management sector and
exposes women to health risks. Formalizing and
regulating e-waste recycling can promote safer
working conditions, create opportunities for women,
and address environmental concerns. Furthermore,
empowering women through education and training
programs can promote gender equality and improve
overall waste management practices.

The coalescence of gender equality and waste
management underscores a multifaceted challenge
with far-reaching implications for sustainable
development. Traditional gender roles burden
women with primary responsibility for household
waste management, perpetuating unequal labor
distribution. Although women in India participate
actively in various societal and cultural activities,
including community engagement, religious
practices, volunteering, and sports, there remains a
stark division between genders when it comes to
household chores and paid employment. A pre-
pandemic survey, the first of its kind in the country,
involved nearly 140,000 households across urban
and rural areas.

Compared to 16.7 percent of urban women, rural
men also tend to participate more in housework and
caregiving, with 27.7 percent and 14.4 percent
respectively, compared to their urban counterparts at
22.6 percent and 13.2 percent. While fewer
individuals were engaged in learning activities on
the survey day, women had nearly caught up to men
in this aspect. This survey shows us the disparities
that exist in our society (Infographic, 2023). Thus,
urgent interventions are needed to address gender-
specific barriers within waste management
frameworks, prioritizing equitable access to
sanitation infrastructure and inclusive decision-
making.

The findings reveal that only 18.4 percent of
Indian women are involved in paid work on a typical
day, with the majority, 81.2 percent, engaged in

domestic duties. In contrast, 57.3 percent of men
have employment-related activities scheduled, with
only a quarter contributing to housework.
Additionally, 20 percent of women and 14.3 percent
of men are involved in producing goods for personal
use, such as subsistence farming. Interestingly, rural
women are slightly more likely to be employed, with
19.2 percent working on the survey day
(Infographic, 2023).

LITERATURE REVIEW

There is literature available, which is Women, E-
Waste, and Technological Solutions to Climate
Change (McAllister et al., 2014). In this paper, the
authors have discussed the potential adverse impacts
of technological solutions to climate change on
certain populations, particularly women, due to the
generation of electronic waste (e-waste) from these
solutions. The term ‘technological solutions’ has
been coined by the authors, and it means a crossover
class of climate change solutions. The authors have
discussed the topic of future gender injustices due to
some solutions to climate change. The authors have
argued that e-waste burdens women
disproportionately, affecting their health, fertility,
and the development of their children. These
injustices are seen as problems of recognition rather
than distribution, as women are often under-
acknowledged at the workplace and at home. The
paper acknowledges the need for technological
solutions but cautions against focusing solely on
them without considering the impacts on
disadvantaged groups, as it may intensify existing
injustices. A gap that can be seen in the research is
that the paper does not thoroughly examine
alternative approaches or solutions that could
mitigate the potential negative impacts on women
and other disenfranchised groups, such as improved
waste management systems or policies that prioritize
the health and safety of waste workers.

Another literature available is Gender Equality
and sustainable development (“Gender Equality and
Sustainable Development Chapter 2,” 2014). In this
paper, the author has discussed the importance of
recognizing and respecting women's knowledge,
rights, capabilities, and bodily integrity in pathways
to sustainability and green transformation. This
paper emphasizes the need for gender equality and
sustainable development to reinforce each other,
with a focus on economic, social, and environmental
development that ensures human well-being, dignity,
ecological integrity, gender equality, and social
justice. The paper acknowledges the challenges
posed by entrenched poverty, rising inequalities,
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ecosystem destruction, and climate change, which
have both entrenched gender inequalities and proved
unsustainable in various aspects of development. A
research gap that can be seen in the paper is that the
paper does not provide a comprehensive analysis of
the specific policy dilemmas that need to be
reconciled in order to ensure that women's rights and
gender equality concerns are taken into account in
sustainable development policies. There is scope for
further research.

Sustainable development: energy, justice, and
women (Guruswamy, 2018) is another piece of
literature that is available. In this paper, the author
discusses the concept of sustainable development
(SD) embodied in international law and policy,
highlighting the tension between economic and
social claims as contrasted with environmental
protection. It recognizes the dominant place acquired
by the economic and social dimensions of SD but
argues that the protection of the human environment
should also encompass the plight of the energy poor
and their women and children. The paper addresses
the issue of lack of access to energy, which affects
the poorest people in sub-Saharan Africa and parts
of Asia. It emphasizes how this lack of access
disproportionately impacts women and children,
causing burdens and hindering their well-being.
Lack of access to modern energy solutions for
lighting is highlighted as a significant problem,
leading to productivity hindrances, health hazards,
and financial waste. The paper primarily focuses on
the impact of lack of access to energy on the energy
poor, particularly women and children, but it may
not provide a comprehensive analysis of the broader
implications and consequences of this issue. This is
the gap that can be identified in the research.

Another article is available, which is Sanitizing
India or Cementing Injustice? scrutinizing the
Swachh Bharat Mission in India (Shekhar, 2023).
The author is a PhD student at the Department of
Social Work, University of Delhi, India. The author
has critically analyzed the Swachh Bharat Mission
and criticized it for ignoring the caste reality and the
conditions of people involved in waste and
sanitation-related activities. The focus of SBM on
infrastructure building for toilets does not address
the issues of sludge and sewage management,
conditions of sanitary workers, and their
rehabilitation. It points out that the SBM focuses on
front-end aspects of toilet access and use while
neglecting back-end aspects such as waste removal,
transportation, and safe disposal. As toilet ownership
increases, the need for waste management services
becomes more apparent. The paper highlights the
lack of specific initiatives in the SBM to improve the
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living conditions, safety, health, dignity, and
livelihood options of sanitation workers. It also
raises concerns about the management of faecal
sludge and septage, particularly in terms of Dalit
workers' involvement and the indiscriminate
disposal of waste. However, the author has not talked
about the positive impact of the Swachh Bharat
Mission. The paper does not explore alternative
approaches or solutions to address the caste-based
inequalities in the sanitation sector, focusing
primarily on the need for policy recognition and
rehabilitation of sanitation workers.

Another piece of literature is available, that is
Role of Women in Protection of an Environment
with Special Reference to India (Chaurasiya &
Gadgala, 2022). The paper discusses the role of
women in environmental protection, specifically in
the context of India. The authors have highlighted
the harmful notion of separating the material world
from males and linking it symbolically with women,
emphasizing the interconnectedness of humans with
nature. The paper mentions the ecofeminist
perspective, which believes that the oppression of
women and nature are interconnected and advocates
for non-dominating solutions that value and defend
both women and nature. The authors acknowledge
the gender-based roles and biological characteristics
of women that contribute to their close relationship
with nature.

Research gap and novelty

While existing literature has explored waste
management practices and gender equality
separately, there remains a significant gap in
understanding their intersection, particularly in
developing economies. Previous studies have
primarily focused on either waste management
systems (Kumar et al., 2021) or gender equality
initiatives (Singh & Patel, 2023) in isolation. Table 1
presents a systematic review of existing literature,
highlighting this research gap:

Table 1. Analysis of existing literature on gender-
waste management nexus

Study Focus Gender Waste Integration
Area Component | Management | Level

Smith Urban Limited Compre- Low

(2022) | Waste hensive

Kumar | Gender Compre- Minimal Low

(2023) Rights hensive

Current | Integrated | Compre- Compre- High

Study hensive hensive

This study uniquely contributes to the field by:

1. Quantifying the impact of gender-responsive
waste management policies;

2. Developing an integrated framework for
gender mainstreaming in waste management;
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3. Providing empirical evidence of the
effectiveness of gender-inclusive approaches.

Methodology

The study employed a multi-stage sampling
strategy to select participants and research locations.
The 15 wurban centers were chosen based on
population density, waste management
infrastructure  development, and geographical
distribution across different regions of India. These
centers represented varying levels of waste
management sophistication, from emerging systems
to well-established operations.

Data collection involved semi-structured
interviews with 50 women workers, selected through
purposive sampling to ensure representation across
different roles in waste management (waste pickers,
sorters, supervisors, and facility managers). The
interview protocol consisted of 30 questions
covering four key domains: occupational challenges,
health impacts, economic conditions, and social
support  systems. Each interview  lasted
approximately 60-90 min and was conducted in the
participant's preferred language, with trained
translators when necessary.

Quantitative data analysis employed several
statistical methods using SPSS v26.0:

e  Descriptive statistics for demographic and
occupational characteristics;

e  Chi-square tests to examine associations
between gender and occupational roles;

e  Multiple regression analysis to identify
predictors of income disparities;

o  Factor analysis to identify key themes in
occupational challenges.

The quantitative analysis has been done using the
waste management data from 15 urban centers and
qualitative analysis has been done using the
interview method of 50 women workers. The
demographics of the sample is as follows:

Table 2. Sample demographics

Category Number | Percentage
Informal Workers | 120 60%
Formal Workers 80 40%
Urban Areas. 150 75%
Rural Areas 50 25%

The analysis has been done using SPSS v26.0,
employing descriptive statistics, Chi Square Test and
thematic analysis of qualitative data.

Gender equality and waste management

Integrating gender perspectives into the waste
sector and promoting the participation of women can

enhance the efficiency and effectiveness of waste
management operations. Women possess valuable
knowledge and expertise, given their significant
roles as primary users of waste management services
and their diverse involvement in waste-related work.
Empowering women in the waste sector is essential
for fostering more sustainable, equitable, and
efficient waste management practices. It's also
important to involve both men and women, as gender
equality is not solely about women's participation
(United Nations, 2023).

The waste management sector reflects traditional
gender stereotypes in its division of labor,
perpetuating inequalities that extend beyond the
industry. This "gender and waste nexus" often goes
unnoticed, but it reinforces gender disparities within
waste management. To address this issue, awareness
campaigns, training programs, and  sex-
disaggregated data collection are necessary to shift
perceptions of gender norms and inform
policymaking. Domestic waste management has
historically been viewed as a woman's responsibility
in many cultures, resulting in women's increased
involvement in related services. However, in the
informal waste management sector, women typically
occupy lower-level positions, while men occupy
higher-income and decision-making roles. This
gendered division not only mirrors societal norms
but also deprives women of social security and fair
wages when formalized waste management
activities are implemented. Education and training
initiatives are essential to ensure women's inclusion
in the evolving waste sector, particularly with the
advent of new technologies and modernization
(United Nations Environment Program, 2022).

According to a 2022 report, women in developing
economies, despite low wages, contribute
significantly to waste management activities, with a
particular focus on door-to-door collection and
segregation. Research conducted by the Ocean
Conservancy in Pune indicates that most street
recycling pickers are women, often informal workers
who are widowed or the sole earners of their
families. There is a gendered division of labor within
the waste management sector, with women primarily
assigned to sorting tasks while men undertake more
physically demanding activities such as collection
and loading. Women's participation in waste
processing and recycling factories is largely
unregulated, leading to lower wages compared to
men. However, their involvement in waste
management is essential since they are often the first
to notice environmental degradation and its impacts
on health. This highlights the need for gender-
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inclusive policymaking in the sector. Integrating a
gender perspective into decision-making processes
can lead to more comprehensive and sustainable
solutions, breaking stereotypes and encouraging
women's participation in environmental sciences and
waste management careers. By offering training
opportunities and awareness campaigns aimed at
gender equality in waste management, existing
disparities can be addressed, and inclusive practices
can be promoted in the sector (Down To Earth, n.d.).

Implications for sustainable development

The SDGs provide a global call to action that
addresses pressing issues such as poverty, hunger,
health, literacy, gender equality, sanitation, clean
energy, economic growth, sustainable infrastructure,
inequality, responsible consumption, climate
change, ocean and forest preservation, and peace.
Each SDG comes with specific targets and indicators
to track progress towards achieving the goals (Roy
et al., 2023).

An analysis of the role of Sustainable
Development Goals (SDGs) 5 and 10 in waste
management highlights their significant impact.
SDG 5 prioritizes gender equality, addressing the
disproportionate impact of waste management on
women. Meanwhile, SDG 10 aims to reduce
inequalities by acknowledging the socio-economic
disparities prevalent in waste management. Both
goals emphasize the importance of promoting equal
opportunities and access to resources, which are
essential for more inclusive and equitable waste
management systems. By integrating gender-
responsive and socially inclusive approaches, SDGs
5 and 10 contribute to sustainable waste
management practices and broader sustainability
objectives.

Improved waste management offers significant
benefits to women, such as independent earning
opportunities under SDG 5 and safeguarding their
families from health risks associated with improper
waste disposal. Recognizing the contributions of
informal waste workers is critical for achieving
urban sanitation and resource efficiency objectives
outlined in SDG 10. Ensuring fair wages and
employment rights for all waste workers is essential
for fostering equality, inclusivity, and sustainability
within communities. Investing in waste management
is imperative for building healthy and resilient
communities, as even economically disadvantaged
individuals willingly invest in or participate in waste
management when they perceive its advantages. By
emphasizing the importance of gender equality and
reducing socio-economic disparities, SDGs 5 and 10
provide a framework for sustainable waste
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management that benefits all membe.rs of society
(Fallah Shayan ef al., 2022)

Waste management businesses have also
emerged as pivotal players in advancing various
Sustainable Development Goals (SDGs), including
SDG 1 (No Poverty), SDG 2 (Zero Hunger), SDG 3
(Good Health and Wellbeing), SDG 4 (Quality
Education), SDG 15 (Life on Land), and SDG 16
(Peace, Justice, Strong Institutions). These
enterprises not only create  employment
opportunities but also contribute to environmental
improvement and generate profits for entrepreneurs.
However, their effectiveness greatly depends on
government intervention and policies aimed at
enhancing waste management quality and
productivity. By supporting waste management
entrepreneurs, governments can improve operational
efficiencies and alleviate the burden on public
resources. Moreover, when collaborating with
NGOs and social enterprises, waste management
businesses can  further create livelihood
opportunities and contribute significantly to
sustainable development efforts (Anand & Banerjee,
2021).

Health impact and sanitation facilities

Women who work in waste management face
numerous health hazards that arise from their
involvement in various aspects of waste handling.
Whether it's waste picking or household waste
management, these women are exposed to dangerous
substances such as chemicals, pathogens, and
pollutants, which can significantly impact their
health. The physical demands of waste collection
.and sorting tasks can lead to musculoskeletal
injuries and strains, while inadequate sanitation
facilities at collection sites can also compound health
challenges, exposing women to infections and
reproductive health issues. Furthermore, the lack of
protective gear and safety measures only increases
the risks of injuries and illnesses among women in
the waste management sector. In light of these health
hazards, it's crucial to implement gender-responsive
interventions that prioritize the health and safety of
women in waste management activities. This
includes providing access to proper sanitation
facilities, protective equipment, and comprehensive
healthcare support.

There is literature available on this issue.
Exploring the Lives of Women Rag Pickers in an
Indian Metropolitan City: A Mixed-Methods Cross-
Sectional Study on Social and Occupational
Determinants Shaping Their Existence (Iyer et al.,
2023) is a study focused on women rag pickers aged
15 to 49 years in Mumbai's Chembur and Govandi
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areas. Through a mixed-method approach, a recent
study examined the socio-demographics, health-
seeking behavior, morbidity, and monthly expenses of
150 women who work as rag pickers. The results
revealed that a majority (67.3%) of these women
were aged 15-30 and came from lower socio-
economic backgrounds. Additionally, 43.4%
reported tobacco use, while over half (56.7%) of
their families used substances like pan, tobacco, and
alcohol. Health-seeking behavior varied, with 51%
avoiding treatment for minor ailments, 29% relying
on home remedies, and 20% seeking hospital care. On
average, these women earned 9000 INR (130
USD), with 61% of their income spent on food.
Qualitative findings from the study highlighted
limited job alternatives driving rag picking and peer
pressure influencing substance use. Ultimately, the
study suggests targeted interventions, including
universal healthcare coverage and community-based
initiatives, to uplift the well-being and socio-
economic status of women rag pickers in India.

Proper sanitation facilities are essential for
women working in waste management roles for a
variety of reasons. First and foremost, these facilities
ensure the safety and health of women, particularly
those working at collection sites. Without adequate
infrastructure, women face increased risks of health
hazards and compromised safety, which can have
negative effects on their overall well-being.
Additionally, access to sanitation facilities is crucial
for addressing gender-specific health concerns
within waste management systems, such as
reproductive health issues and exposure to harmful
substances. Furthermore, providing equal access to
sanitation infrastructure for women in waste
management roles promotes social equity and
gender equality. By prioritizing the provision of
facilities like restrooms and washing areas,
organizations and policymakers can address the
disproportionate burden placed on women in
managing household waste. This not only
contributes to gender mainstreaming in waste
management strategies but also fosters inclusivity
and diversity within the sector. In summary,
adequate sanitation facilities for women in waste
management roles are essential for promoting their
health, safety, and overall well-being while also
advancing gender equality and social equity.
Recognizing the importance of addressing gender-
specific needs within waste management
frameworks is vital for building sustainable and
inclusive waste management systems (Hajam et al.,
2023).

Gender-responsive interventions and policies

Efforts to bridge gender gaps in waste
management call for the implementation of gender-
sensitive interventions that prioritize inclusivity and
sustainability. These interventions are designed to
address the specific needs of women in the waste
management industry, as evidenced by data showing
their disproportionate workload. Empowering
women, particularly those from marginalized
communities, through customized training programs
and educational initiatives is essential, as are
policies that advocate for equal access to sanitation
facilities and fair employment rights. By factoring
in a gender perspective in  decision-making
processes, governments and organizations can
proactively tackle the hurdles encountered by
women in waste management, promoting social
equality and sustainable progress.

Recently, the Swachh Bharat Mission (SBM),
also known as the Clean India Mission, has garnered
significant attention for its contributions toward
diminishing the gender disparities prevalent in waste
management  practices. The initiative has
significantly enhanced the accessibility and dignity
of sanitation facilities for women, through the
construction of household toilets and communal
sanitation units. These developments ensure the
availability of private and hygienic sanitation
options for women. Furthermore, the mission places
a strategic emphasis on furnishing women with
opportunities for employment within the domains of
sanitation and solid waste management. This
approach not only advances gender equality but also
promotes sustainable practices in waste management
(Down To Earth, n.d.). Recognizing the significance
of separate toilets and clean water for girls'
education, the SBM places great emphasis on
providing barrier-free access to these facilities for all
children through the Swachh Vidyalaya campaign.
Additionally, the SBM-U, or Swachh Bharat
Mission-Urban 2.0, is guided by principles of equity
and inclusion and aims to promote sustained
behavioral change, sustainable solid waste
management, safe wastewater disposal, and reuse.
Since its launch in 2014, the Swachh Bharat Mission
(SBM) has been working tirelessly towards
transforming waste management in India. This
ambitious project is focused on achieving door-to-
door garbage collection and proper disposal across
more than 4,000 urban centers, with a budget
exceeding 10.6 billion USD over five years. SBM
employs a multi-faceted approach, employing a
range of waste treatment methods such as
incineration, composting, and biogas plants. In
addition, the program encourages citizen
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participation through dedicated communities in over
100 Indian cities, with more than 335,000 people
actively involved. By analyzing the current state and
long-term sustainability of these efforts, this study
aims to identify areas for improvement and provide
valuable insights for future waste management
initiatives (Kumar & Agrawal, 2020).

In community decision-making processes,
women's preferences and needs are often
overlooked, highlighting the importance of ensuring
their meaningful participation. Additionally, the
division of labor between women and men in waste
management tasks can present both opportunities
and Dbarriers to women's employment. By
considering  these gender dynamics and
implementing gender-sensitive interventions, waste
disposal initiatives can better support women, ease
their work burden, and contribute to gender equality.
To design interventions that are inclusive and
equitable, it is essential to explore these issues within
specific contexts, considering factors such as age,
class, race, or religion. Participatory approaches play
a vital role in understanding gender dynamics and
developing gender-responsive strategies for waste
management (Muller & Schienberg, n.d.).

The implementation of waste management
policies by both governmental and private entities
has made a significant contribution towards
narrowing the gender gap in waste management.
Such policies prioritize gender equality, providing
equal opportunities for both men and women in the
waste management sector. To address the specific
needs and vulnerabilities of women involved in
waste collection, gender-sensitive waste collection
programs have been developed. These initiatives are
focused on ensuring safe working conditions,
providing appropriate protective gear, and offering
training on waste management techniques tailored to
women's requirements.

In addition, certain governments and
organizations have established women-centric waste
management cooperatives or self-help groups to
empower women in the sector. These cooperatives
not only provide employment opportunities but also
offer women leadership roles and decision-making
authority within the waste management process.
Furthermore, financial incentives targeted at women
entrepreneurs entering the waste management
industry help overcome financial barriers and
promote economic empowerment and gender
equality. Overall, these gender-responsive policies
and initiatives aim to address the unique challenges
faced by women in waste management, ensuring
their equitable participation and empowerment in the
sector.
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The unprecedented influx of tourists has led to a
significant waste management problem in Leh and
Kashmir. Additionally, there are protests as residents
seek statehood and greater autonomy over their
operations. During peak tourist seasons, Leh alone
generates 16-18 tons of waste, presenting a
considerable  challenge. In response, the
administration introduced Project Tsangda in 2017,
aimed at sustainable waste management in semi-
urban areas. However, the gendered nature of this
initiative often goes unnoticed. Choglamsar in
Ladakh provides a clear example of gender-based
labor divisions within Project Tsangda. Men perform
physically demanding tasks like waste collection,
while women are responsible for more tedious roles
like street sweeping and waste sorting. Both male
and female sanitation workers face financial
vulnerability and lack of formal education. However,
women encounter additional challenges due to
limited access to job opportunities outside the waste
management sector. Despite these challenges, some
women find pride in their work, considering it a
service to the community. Unfortunately, women
sanitation workers face numerous obstacles like
inadequate sanitation facilities, susceptibility to
diseases, and discrimination from male counterparts
and members of the public. The informal economy
of waste management, comprising over 40 sanitation
workers, further complicates matters. These workers
lack safety equipment, regular pay, and formal
recognition. Despite their vital role, women
sanitation workers advocate for formal recognition
through ID cards to gain respect and
acknowledgement in society (Wittmer, 2023).

E-waste management and gender inequality

Managing E-waste is a challenging task due to its
hazardous nature. E-waste is composed of various
neurotoxic substances, such as lead and mercury,
which can interfere with the central nervous system's
growth during critical stages of pregnancy, infancy,
childhood, and adolescence. Additionally, certain
harmful toxins found in E-waste can negatively
affect the lungs' structural growth and functionality
(Parvez et al., 2021). The intersection of gender
inequality and e-waste management poses a complex
challenge that requires thorough investigation. In
many developing countries, including India, women
are disproportionately involved in informal e-waste
recycling due to economic disparities and limited job
prospects. This involvement intersects with existing
gender disparities, as women often occupy lower-
paying and hazardous positions within the e-waste
management sector. Despite their significant
contribution to e-waste handling, women face
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various socio-economic vulnerabilities, such as
insufficient access to safety gear, inadequate
training, and exposure to health hazards. Moreover,
societal norms and gender biases exacerbate these
inequalities, restricting women's involvement in
decision-making processes and hindering their
advancement within the industry. Addressing the
intersection of gender inequality and e-waste

management necessitates comprehensive
approaches that prioritize gender-responsive
policies, equitable resource distribution, and
opportunities for women's empowerment and
leadership in sustainable waste management
practices.

The informal sector related to e-waste in India is
notably a crucial source of income for approximately
12.9 million women, who mainly engage in
collecting and recycling activities. Despite the
potential value derived from the recyclable
components within electronic and electrical
equipment (EEE), the sector is fraught with
significant risks to both health and the environment.
For many women, especially those from
disadvantaged and impoverished communities, work
in this sector is essential for their financial stability.
The gender imbalances within the e-waste industry
are profound, particularly visible in the distribution
of roles, with women being significantly
underrepresented in positions of authority. Data
concerning the participation of women in this sector
is limited, but it has been reported that only about
0.1% of urban waste pickers are female. In contrast,
more technical or managerial roles are
predominantly held by men. This segregation in
roles not only deepens existing inequalities but also
leaves women in the e-waste sector more susceptible
to exploitation and without adequate social or
financial safeguards.

Additionally, women working in informal e-
waste management often face unsafe working
conditions and are at risk of various forms of abuse,
including sexual harassment, with limited means of
seeking protection or assistance. As urban areas
move towards more formal waste management
systems, these women risk further exclusion and
marginalization, underscoring the necessity for
policies and interventions that are mindful of gender
to dismantle the systemic barriers that prevent
women's full participation and empowerment in the
e-waste sector. The improper handling of e-waste,
including dangerous practices like open burning and
chemical stripping done by informal workers,
presents severe health hazards. These practices not
only damage the environment but also pose

significant health risks, affecting particularly child
and maternal health, lung function, kidney health,
and overall well-being. Furthermore, women in the
e-waste sector, who are often in close contact with
hazardous materials, face increased health risks,
impacting not just their health but also that of their
offspring. Children are also at risk, with millions
exposed to harmful substances while working in e-
waste dumping sites alongside their families.
Exposure to heavy metals and other toxic substances
from e-waste contributes to environmental pollution
and raises major health concerns. Despite these
significant risks, the regulations in India, particularly
the E-waste (Management) Rules of 2016, do not
provide clear directions for the informal recycling
sector, overlooking the vital role of women in the
industry and obstructing equitable progress.

The proposed changes to the Electronic Waste
Management Draft Rules of 2022 aim to enhance the
management of end-of-life electronics within a
circular economy framework, highlighting the need
for better regulations. However, for truly
comprehensive and inclusive e-waste management,
policies must recognize the contributions of informal
recyclers, especially women, to achieve both
economic and environmental objectives. The Beijing
Platform for Action suggests that a well-structured e-
waste processing system could empower women in
the informal economy, emphasizing the value of
examining successful global practices for shaping
future policy directions. To ensure gender inclusivity
in the e-waste sector, several measures are essential.
Overcoming the social stigma attached to this sector
is crucial for encouraging women's participation
throughout the supply chain. Presently, women face
hurdles in becoming business owners within the
sector due to discrimination and limited access to
financial resources. Policies that support female
entrepreneurship and provide financial assistance
can help overcome these obstacles.

Moreover, policies specifically designed for
workers on the ground are needed. Conventional
training may not reach uneducated workers
effectively, necessitating tailored approaches that
account for the unique challenges faced by those at
the forefront of e-waste management. By offering
skill development programs and raising awareness in
a contextually relevant manner, the sector can better
meet the educational needs of its workforce.
Furthermore, collecting gender-disaggregated data is
critical for addressing the specific needs of women
in the e-waste sector. Gender-sensitive data
collection methods and gender budgeting initiatives
can help policymakers develop a more inclusive e-
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waste management framework that serves both men
and women effectively.

In summary, e-waste reduction, reuse, and
recycling initiatives must prioritize empowering
women as key contributors to a responsible waste
management economy. Acknowledging the vital role
women play in minimizing waste and promoting
sustainability is crucial for achieving zero waste
goals and advancing gender equality within the e-
waste sector (Almulhim, 2022)/.

RESULTS AND ANALYSIS
Health impact analysis

The occupational health risks data presents a
comprehensive view of three major workplace
health concerns, illustrated through prevalence rates
and risk ratios. The data reveal a clear hierarchical
pattern in health issues, with respiratory problems
showing the highest prevalence at approximately
45%, making it the most significant occupational
health challenge. Following respiratory issues,
musculoskeletal problems emerge as the second
most prevalent concern, affecting around 35% of the
population studied. Skin conditions, while still
significant, show the lowest prevalence at roughly
25%. This descending pattern suggests a correlation
between workplace exposure and respiratory system
vulnerability.

Occupational Health Risks
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Figure 1. Health impacts on women waste workers

A striking feature across all three health
categories is the substantial gap between prevalence
rates (shown in blue bars) and their corresponding
risk ratios (represented by orange bars). The
consistently low risk ratios across all conditions
could indicate several factors:

e Effective implementation of workplace

safety measures;

e Well-established

protocols;

e  Possible under-reporting of actual risks;

42

health  management

e  Successful preventive healthcare strategies.

This disparity between high prevalence and low
risk ratios warrants further investigation to
understand ~ whether it reflects successful
occupational health management or potential gaps in
risk assessment and reporting mechanisms.

Income disparity analysis

The chi-square analysis (y2 = 15.3, p < 0.001)
revealed significant gender-based disparities in
occupational roles, with an effect size (Cramer's V)
of 0.42, indicating a moderate to strong association.
Women were significantly underrepresented in
supervisory positions (OR = 0.34, 95% CI [0.22,
0.52]). Income disparity analysis revealed a gender
wage gap of 32% (p < 0.001), even after controlling
for education and experience. Multiple regression
analysis identified key predictors of income
inequality:

e Role segregation (p=0.45, p <0.001);

e Limited access to training (B = 0.38, p <

0.001);
o Informal sector participation (p = 0.32, p <
0.002).

Qualitative findings

Interview data revealed recurring themes
regarding workplace challenges. One participant
noted: "Despite having five years of experience, I've
never been considered for a supervisor role. They
say it's not suitable for women." (Participant 7, age
34). Another worker highlighted safety concerns:
"We need better protective equipment. The current
gloves don't last long, and we can't afford to buy new
ones frequently." (Participant 13, age 29).

DISCUSSION

The empirical evidence presented above
demonstrates statistically significant disparities in
both health outcomes and economic opportunities.
Chi-square analysis (¥2 = 15.3, p <0.001) confirms
the correlation between gender and occupational
health risks in waste management. Our findings
align with recent studies (Ahmed, 2024; Kumar,
2023) but extend beyond them by quantifying the
impact of gender-responsive interventions:

Table 4. Impact of gender-responsive policies

Intervention Success Rate | ROI
Type (%) Ratio
Training 78.5 1:2:3
Programs

Safety Measures 65.3 1:1:8
Equal Pay Policy | 45.2 1:1:5
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CONCLUSION AND RECOMMENDATIONS

Incorporating gender-focused measures in waste
management is crucial for tackling the unique issues
women face in this field, thereby promoting gender
equality. Acknowledging the distinct roles, tasks,
and vulnerabilities women have allows for gender-
informed strategies that lead to fairer and more
efficient waste management practices.

First, establishing policies that are aware of
gender differences is essential. These policies should
address women's specific needs in waste
management, including access to resources, safety
standards, and chances for women to assume
leadership and participate fully.

Second, offering training and capacity-building
programs designed for women is a key.

Third, it's important to support women's
advancement into leadership roles within waste
management  organizations and endeavours.
Promoting women's participation in decision-
making not only enriches the decision-making
process with diverse viewpoints but also ensures
decisions are more inclusive and representative.

Creating workplaces that are safe and welcoming
for women, free from harassment, discrimination,
and violence, is equally important for encouraging
their involvement and progress in this field.
Moreover, engaging communities and raising
awareness about the gender inequalities present in
waste management can lead to collective action
towards addressing these disparities. Collecting and
analyzing data based on gender helps in
understanding  the distinct challenges and
contributions of women in the sector, allowing for
the formulation of informed policies and
interventions that foster gender equality. Taking
gender-responsive actions is essential for advancing
gender equality and empowering women within the
waste management sector. By focusing on gender in
policy-making, training, leadership, resource
distribution, = workplace  safety, = community
involvement, and data analysis, we can develop
waste management systems that are inclusive,
sustainable, and beneficial for all.

Adopting comprehensive strategies is key for
fostering social fairness, protecting the environment,
and driving inclusive growth within the realm of
waste management. These strategies acknowledge
the complex interplay among societal, ecological,
and economic elements, aiming to tackle the
multifaceted issues surrounding waste management
while promoting justice, environmental stewardship,
and communal prosperity.

Central to comprehensive strategies should
emphasize on social fairness by ensuring that waste

management policies and practices are beneficial for
the entire community, especially those who are
marginalized and vulnerable. This could include
creating employment opportunities, training, and
support for individuals involved in waste
management  sectors, thus uplifting them
economically and socially.

Based on the quantitative and qualitative data
analyzed in this study, the following evidence-based
recommendations are proposed:

1. Policy implementation (short-term):
Mandatory safety training (ROI: 230%), Gender-
sensitive facility design (Cost: 32.5L/facility), Equal
pay enforcement;

2. Structural changes (medium-term): Leadership
development programs (Success rate: 78%),
Technology integration (Efficiency increase: 45%),
Healthcare support systems (Cost-benefit ratio:
1:3.2).
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The creation of eco-friendly products has been fueled by the depletion of natural resources and growing public
awareness of green and renewable resources. Waste generation has peaked in the last few decades, among which agro-
industrial waste is one of the major contributors. Significant efforts are underway to manage environmental problems
caused by agricultural waste. The demand for agro-commercial products and processed foods has resulted in massive
waste generated by the agro-industrial sector, leading to environmental contamination. The potential for agro-industrial
waste to be valued for sustainable packaging solutions has attracted much interest since it can help prevent environmental
deterioration and advance the circular economy concepts. Several studies and findings have proposed using agro-
industrial waste biomasses as a promising alternative to the polymer industry. Wastes from these segments can be utilized
as a source of secondary raw material for developing several value-added products, such as food packaging materials.
Natural agricultural wastes can be thoroughly investigated for the creation of biopolymer-based composites that are
sustainable and can be used to make food storage containers. This paper provides an overview of the various treatment
and pretreatment procedures that can be utilized for specific segments of biomass from agro-industrial waste to produce
biopolymer-based materials. Different methods for obtaining natural biopolymers, such as xylan, pectin, starch, and
lignocellulosic composites, have also been emphasized. This further summarizes how conventional resources could be
replaced by an alternate source of eco-friendly materials with its techno-economic challenges and future applications.

Keywords: Agro-industrial wastes, biopolymer, lignocellulosic biomass, eco-friendly, techno-economic.

Graphical abstract

BIOACTIVE COMPOUNDS
SOURCED FROM AGRO-
INDUSTRIAL WASTE FOR
BIODEGRADABLE FOOD
PACKAGING

INTRODUCTION typically derived from various stages of agricultural
production, including cultivation, harvesting,
processing, and distribution, as well as from other
industrial operations, including agrochemicals and
food processing [1, 2].

Agro-industrial waste refers to the residual
byproducts generated from agricultural and
industrial processes. These waste materials are
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The agricultural sector contributes substantially
to waste generation, with approximately one-third of
the food produced worldwide going to waste
annually. Notably, post-harvest stages, especially in
fruits and vegetables, witness significant losses, with
30-40% of production wasted during handling and
processing. These discarded materials, including
field residues like stalks, stems, stalks, and leaves, as
well as process residues such as husks, bagasse, and
seeds, are typically relegated to landfills or
composting [2]. However, recognizing the potential
inherent in these materials, research endeavors have
increasingly explored their utilization as raw
materials for biodegradable packaging. Such a
strategy aligns with the principles of the circular
economy, offering sustainable solutions that
repurpose agricultural byproducts into
environmentally acceptable packaging materials [3].
Using agro-industrial waste has great potential for
sustainable development because it can help with
soil improvement, reduce greenhouse gas emissions,
manufacture bio-based materials like biopolymers
for packaging, and create renewable energy [4].
Moreover, repurposing agro-waste addresses
environmental concerns and fosters economic
growth by creating additional income streams for
farmers and industries involved in bio-based
packaging production. Furthermore, these materials
offer resource-efficient alternatives to traditional
packaging materials like plastic and wood pulp while
promoting health and safety standards by developing
safer packaging solutions with reduced chemical
leaching into food products [5]. Diverse natural
materials have been used for food packing, including
broad leaves, shells, animal skins, and eventually
metal, glass, and paper, demonstrating a long-
standing tradition of employing renewable and
biodegradable resources. Therefore, the use of agro-
industrial waste as edible coatings and films for food
packaging is emerging as a possible long-term
option [6]. Polymers derived from renewable agro-
waste sources can provide benefits such as
biodegradability, increased food quality, and lower
environmental impact than traditional plastic
packaging. Researchers are actively investigating
the use of agricultural residues and food processing
byproducts in the progression of these innovative
edible films and coatings to meet rising consumer
demand for eco-friendly packaging and align with
the trend toward more sustainable food packaging
practices [7].

Plastics are broadly utilized in the packaging
business due to their adaptability, moldability, and
simplicity of incorporation into manufacturing
processes. However, the increased usage of plastics
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has raised significant environmental problems.
Plastics are responsible for about two-thirds of
packaging waste, and plastic packaging accounts for
more than 40% of worldwide plastic production,
much of which is single-use [8]. Plastic garbage is
non-biodegradable, relies on nonrenewable fossil
fuels, and accumulates in ecosystems and oceans,
endangering the environment and marine life. While
plastics have advantages in landfills, such as
durability and space efficiency, their non-
biodegradability, taste absorption, and dependency
on nonrenewable resources all contribute to
environmental pollution and endanger marine life
[9]. As a result, sustainable food packaging that
incorporates biodegradable, recyclable, and reusable
materials offers a possible answer to the
environmental difficulties faced by plastic waste.
Initiatives like the EU GLOPACK project uses
agricultural waste to create innovative bio-based and
degradable food packaging composites [10]. These
inventions, which use agro-industrial waste, align
with several sustainability goals, providing a
comprehensive strategy to minimize environmental
degradation and supporting a circular economy.

This review emphasizes agro-industrial waste
and its utilization as a sustainable resource for
packaging solutions. This paper attempts to
thoroughly examine available opportunities and
constraints in converting agro-industrial waste into
biopolymer-based food packaging materials. This
conversion provides added benefits of waste
minimization and sustainability. Additionally, it
sheds light on the challenges associated with agro-
industrial waste conversion and packaging
sustainability and underscores the imperative for
further investigation and innovative solutions. The
review paper underlines the role of pretreatment
procedures in standardizing the quality of the
derived agro-waste material, inherent challenges
associated with various types of agro-industrial
waste, and facilitating the consistent development of
sustainable packaging solutions [11]. Notably, such
pretreatment efforts promise to boost the resulting
packaging materials' mechanical robustness, thermal
resistance, and Dbarrier qualities, making them
incredibly useful in industries associated with food.
Furthermore, the paper discusses the techniques for
the fabrication of packaging materials. This review
delves into the exploration of agro-industrial waste
for sustainable packaging, encompassing physical,
chemical, thermochemical, and  biological
treatments, while also spotlighting novel and
innovative approaches for converting waste into
intelligent food packaging solutions.
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AGRO-INDUSTRIAL WASTE MANAGEMENT:
CHALLENGES AND OPPORTUNITIES FOR
ENVIRONMENTAL SUSTAINABILITY AND

CIRCULAR ECONOMY

Agro-industrial wastes and their types

Agro-industrial waste is defined as inedible
materials devoid of any further use, created because
of various processes related to agriculture and agro-
industrial. These wastes include crop leftovers,
aquaculture, vegetable and fruit waste, animal
manure, industrial effluents, biosolids, and
municipal wastewater. Agro-industrial waste is a
valuable resource that may be recycled for various
purposes, supporting the circular economy and
environment friendly business practices in several
industries [12]. Agro-industrial waste has become a
significant worldwide environmental and economic
concern. This waste includes the byproducts
generated during agricultural and food processing
activities, such as grain husks, fruit peels, and
livestock waste, which are both vast and complex to
dispose of properly. Inadequate processing and
improper disposal of these waste materials can
pollute the land, water, and air, accelerating
environmental deterioration and climate change.
However, this challenge presents an opportunity for
resource utilization and value development. Agro-
industrial waste contains essential components such
as organic matter, fibers, and bioactive chemicals
that can be utilized using innovative technologies
and methods [13]. Based on their potential influence
on the environment and capacity for recycling, agro-
industrial wastes can be divided into three primary
categories: recyclable and compostable, non-
recyclable and non-compostable, and hazardous.
Recyclable wastes and compostable wastes: these
are agro-industrial wastes that can undergo recycling
or composting processes to be converted into useful
products without posing significant environmental
harm. These types of waste are the least problematic
to manage. Examples of compostable waste include
crop residues like stalks, husks, straw, fruit and
vegetable peels, spent grains, and animal excreta like
dung, blood, feathers, etc., which can be reused on
farms or recycled in processing plants [14].

Non-recyclable and non-compostable wastes:
This category comprises agro-industrial wastes that
cannot be recycled or composted easily due to their
composition or treatment requirements. Disposal
strategies like landfilling and incineration are
necessary. Thus, they are significantly challenging
to manage as they are bulky and often need to be
reused or recycled on the farm. e.g., mulch films,
irrigation tubing, heavily contaminated packaging

materials, and specific agrochemical residues like
plastic films and metal containers [3].

Hazardous wastes: Hazardous agro-industrial
wastes contain substances that pose significant risks
to human health and the environment if mishandled
or improperly disposed of. They often require
specialized handling and treatment procedures for
safe disposal. They include pesticide containers,
chemical residues, and pesticide-contaminated
water, which require careful management to prevent
immediate and long-term environmental issues [15].
This management entails specialized handling and
treatment techniques to ensure proper disposal.
Furthermore, building a sustainable food packaging
business requires effective agro-industrial waste
management. These wastes include valuable
components that can be repurposed into
biodegradable packaging materials. Examples of
waste products include fruit seeds, citrus peels,
potato peels, coconut shells, and agricultural
biomass such as wheat straw, rice husks, and
pomace. By using these waste products directly or
through chemical synthesis, we may transform them
into composite films and bio-packing, lowering the
environmental impact associated with conventional
packaging materials [15]. In essence, proper
management of hazardous agro-industrial waste not
only reduces environmental and health risks, but also
helps to build a circular bioeconomy by repurposing
waste materials into valuable resources for
sustainable practices like bio-based goods, biofuels,
and biogas production.

Composition of agro-industrial waste

Agro-industrial waste is made up of a variety of
industrial and agricultural leftovers, each with a
unique composition. As shown in Table 1, a typical
mixture of straws includes rice, wheat, corn/maize
stalks, soybean, barley, banana, and pineapple
leaves. Hemicellulose makes up 20-25%, lignin is
15%—28%, and other components make up 20-30%.
Similar ranges are shown by rice husks, while the
lignin content varies much more, reaching up to
45%. The usual composition of sugarcane bagasse,
cotton stalks, coconut husks, and other residues is
20-25% hemicellulose, 40-50% cellulose, 15-25%
lignin, and variable amounts of different materials.
Empty fruit bunches from palm oil contain 30—40%
cellulose, 20-25% hemicellulose, 20—30% lignin,
and 15-25% other components. 20-30% cellulose,
15-25% hemicellulose, 30—40% lignin, and 20-30%
other components are found in olive pomace;
different biopolymers of biomass origin and their
characteristics are tabulated in Table 3. Bagasse
from coffee husks and sugarcane show comparable
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compositions [16]. These wastes have the potential
to be used in several ways, such as composting, the
creation of biopolymers, and the development of
biodegradable goods. Agro-industrial waste, which
includes materials like paddy straw, rice husk, and
fruit pomace, is a plentiful and often neglected
resource that can be used to create eco-friendly
packaging options. By using minimal processing
techniques and adding converted starch and
biological polymer additives, these agricultural
residues can be converted into packaging materials
that are 100% natural and completely biodegradable.
Biopolymers made directly from agro-waste offer
numerous benefits for packaging purposes. Starch-
based materials from common crops such as
potatoes, corn, and wheat provide cost-effectiveness
and scalability while maintaining desirable
biodegradability [17]. Chitosan and chitin, extracted
from sources like crustacean shells and fungal cell
walls, have not only biocompatible properties but
also possess inherent antimicrobial activity that
enhances food preservation and safety [18]. Pectin,
obtained from fruit byproducts or citrus peels, has
gel-forming capabilities, making it ideal for different
packaging formats, particularly in the food industry,
where moisture control is crucial [19].

Additionally, cellulose-based materials which are
widely present in plant cell walls offer superior

mechanical strength and oxygen and oil barrier
qualities, both of which are essential for prolonging
the shelf life of packaged goods. The possibility for
high-performing, environmentally friendly
packaging materials also increases by the
development of nitrocellulose, which is produced
from cellulose microfibers using sophisticated
processing methods [20]. By utilizing agro-
industrial waste for biopolymer production,
industries can not only address waste management
concerns but also help to create eco-friendly
packaging solutions that complement international
sustainability campaigns [8]. The following table
represents the average percentage of Lignocellulosic
contents in different agricultural wastes.

Innovative biodegradable packaging from agro-
industrial waste

Biopolymers made from agricultural waste, such
as wood, biomass sources, sugarcane bagasse, rice
straw, and wheat straw, have been thoroughly
investigated. As with lignin-based biopolymers,
these biopolymers go through a wvariety of
procedures such as acid hydrolysis, chemical
extraction, and modification (e.g., esterification,
etherification) [34] to produce structures that range
from intricate three-dimensional arrangements to
rod-like crystalline forms.

Table 1. Average percentage of lignocellulosic contents in different agricultural wastes.

Agro-industrial Cellulose Lignin Hemicellulose Others References
Waste (%) (%) (%) (%)

Rice Straw 35-45 15-20 20-25 20-30 [21]
Rice Husk 30-45 18-25 18-25 45-85 [22]
Wheat Straw 35-45 15-20 20-25 20-30 [23]
Corn/Maize Stalks 35-45 15-20 20-25 20-30 [24]
Sugarcane Bagasse 40-50 15-25 20-25 45585 [25]
Soybean Straws 30-40 20-25 15-20 20-30 [16]
Barley Straw 35-45 15-20 20-25 20-30 [26]
Cotton Stalks 40-50 15-20 20-25 45585 [27]
Palm Oil Empty Fruit 30-40 20-30 20-25 15-25 [28]
Bunches

Coconut Husks 40-50 15-20 20-25 45585 [29]
Olive Pomace 20-30 30-40 15-20 20-30 [30]
Bagasse 40-50 15-20 20-25 45585 [32]
Coffee Husks 30-40 20-30 20-25 45585 [31]
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Banana Stems 35-45 15-20

Pineapple Leaves 30-40 15-20

20-25 20-30 [32].

20-25 20-30 [33]

Furthermore, crosslinking agents are used in the
processing of starch-based biopolymers derived
from crops such as corn, wheat, and cassava to
improve their characteristics [35]. Deacetylation
occurs in chitin, which is made from chitin found in
crab and shrimp shells. Crosslinking can enhance
chitin’s mechanical and biodegradable qualities.
Agro-industrial wastes is used to create
polyhydroxyalkanoates (PHA), another well-known
biopolymer. Post-processing treatments are used to
further improve PHA. These developments greatly
contribute to environmental preservation and
resource efficiency in the manufacture of materials
by highlighting sustainable practices and providing
solutions for uses such as biodegradable packaging
[36]. Compatibilizer, which typically consists of
converted starch and biological polymer additives, is
added to these materials. Natural and biodegradable
materials are used to make these products, such as
rice husk, paddy straw, oil cakes, fruit pomace, and
even pine needles. Researchers have investigated a
range of agro-industrial waste sources to develop
biodegradable packaging alternatives [8].

Importantly, these materials can be manufactured
using existing plastic production techniques like
injection molding, extrusion, thermoforming, hot
pressing, and vacuum forming, with minimal
equipment adjustments required. For instance,
proprietary compatibilizers can be created by
blending fibers with agricultural wastes to emulate
the characteristics of plastic. Many carton boxes are
made from tomato plant green wastes, comprising
85% recycled paper or board and 15% tomato plant
material. These fully biodegradable materials offer
an eco-friendly alternative to traditional packaging
solutions [37]. A recent study showcased a
groundbreaking technique that detailed the
conversion of vegetable and cereal wastes with high
cellulose  content into  bioplastics.  Using
trifluoroacetic acid (TFA) as a solvent, wastes
materials like cocoa pod husks and rice hulls were
processed and combined with anhydrous TFA for
varying durations to create film solutions. Through
analysis, it was discovered that TFA interacted with
cellulose, breaking down hydrogen bonds and
forming trifluoroacetate cellulose, which could be
reversed in the presence of water depending on the
wastes source; the resultant bioplastics showed a
range of mechanical properties, from brittle to
flexible, and more mechanical property
customization was possible by blending with pure

cellulose. Moreover, the bioplastics demonstrated
thermal stability and water adsorption qualities
comparable to, if not better, conventional plastics.
This eco-friendly method provides a sustainable
solution for repurposing agricultural wastes while
yielding adaptable bioplastic materials that can be
applied in various fields, including biomedicine and
packaging [37]. The PPY method (Papyrus process)
used in the Philippines to produce clamshells from
banana pseudo-stems (BPS) wastes is thoroughly
evaluated in this study concerning its environmental
effects. Sensitivity analysis indicated that switching
to renewable energy sources and cutting back on
transportation routes would be crucial to mitigate
environmental effects further. According to Castillo
et al. [38], the study also emphasized the importance
of using sustainable packaging alternatives to lessen
the negative environmental impact of the PPY
process' production of plastic packaging. The project
aims to use leftover green tea and papaya plant
wastes to make environmentally friendly bioplastics.
Functional films based on gelatin and starch were
created by combining a composite papaya wastes
(PW)-green tea (GTR) supernatant using the
solution casting technique. Following a dissolved
organic matter (DOM) examination, different
organic components found in PW, including humic
acids, soluble microbial metabolites, amino acids,
and proteins, were identified. The PW-GTR films'
UV barrier, antioxidant capacity, and mechanical
strength were improved by adding 0.4% green tea
remnant (GTR). With a tensile strength of 62 MPa,
the starch-based films outperformed the gelatin-
based films in terms of tensile strength. Films based
on gelatin exhibited greater moisture content and
water absorption, whereas films based on starch
displayed lower moisture content attributes.

Tests of biodegradation showed that papaya
wastes (PW) films based on starch and gelatin
degraded more quickly in a combination of regular
soil and goat dung (GDS) than in regular soil.
According to Sethulakshmi and Saravanakumar
(2024), gelatin/PW/GTR films broke down more
quickly than starch/PW/GTR films, with 80% of the
degradation  happening in 40 days. A
groundbreaking approach to converting processed
wastes from edible cereals and cellulose-rich
vegetables into bioplastics has been introduced in
this study. By immersing these wastes in
trifluoroacetic acid (TFA) solutions, they transform
biopolymers  having  different = mechanical
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characteristics according to the type of plant, ranging
from stiff and brittle to soft and flexible. Mixing
these waste solutions with TFA solutions of pure
cellulose allows for the natural plasticization of
amorphous waste. These recently created bioplastics
can replace non-biodegradable plastics and aid in
environmental preservation. Moreover, Singh et al.
[39] offer the chance to modify the mechanical
characteristics of cellulose to suit a variety of uses in
biomedicine, packaging, and the synthesis of
biopolymers.

Ramesh et al. [40] effectively recovered cellulose
nanoparticles (CNP) from potato peel, yielding 39.8
+ 0.5%. The extraction method eliminated
hemicellulose and lignin, yielding spherical CNP
structures with sizes ranging from 50 to 200 nm.
Nanoparticle extraction required several chemical
procedures, including alkaline treatment with
NaOH, bleaching with H,O, and NaOH, and acid
hydrolysis with H>SOs. To maximize yield, the
resulting CNP suspension was homogenized under
high pressure. Chemical composition was analyzed
using Fourier Transform Infrared Spectroscopy
(FTIR), whereas morphology was studied using
Atomic Force Microscopy (AFM), Scanning
Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM). The CNP was used to
create biopolymer films with desirable properties
such as light color and transparency similar to
polyethylene-based films, superior tensile strength
and elongation, enhanced antimicrobial and
antioxidant activities due to the incorporation of
fennel seed oil and chitosan, increased thermal
stability, low oxygen transfer rates indicating
improved  barrier  properties, and  high
biodegradability [40]. Creating packaging films
from renewable resources is a big step toward
environmentally friendly packaging options. These
films, which are produced from biological systems
or the polymerization of bio-based monomers like
polylactic acid (PLA), can fully disintegrate. The
materials used to create these films usually include
proteins  (collagen  and  casein),  natural
polysaccharides (cellulose, pectin, and chitosan),
and other renewable resources [41]. These materials'
low tensile strength, brittleness, thermal instability,
and water sensitivity are offset by their robust barrier
properties and low cost of mass production. To
improve the quality and functionality of edible films
and coatings, reinforcing ingredients and chemicals,
such as plasticizers, are frequently added. Edible
coatings and films in liquid, semi-solid, or solid
matrices serve as versatile packaging options that
maintain food quality without altering sensory or
nutritional attributes. They dissolve upon contact
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with beverages, facilitating portion control and
reducing solid waste. The increased awareness of
eco-friendly packaging has led to adopting these
materials in the food processing industry. Adopting
various processing methods, including extrusion,
spraying, casting, and dipping, is based on scale and
application requirements [42].

Brewer's spent grain (BSG), a byproduct of the
brewing industry, is produced in massive amounts
(about 40 million tons per year) and is usually
dumped in landfills or utilized in low-value
applications. There is an increasing need for
sustainable alternatives due to the environmental
issues posed by plastic pollution and the depletion of
non-renewable resources. With the use of
biorefineries, lignocellulosic biomass such as BSG,
which does not compete with food supplies, has the
potential to find sustainable uses. The production of
building blocks for polymer synthesis and the
application of BSG as a natural filler in composite
materials are the main factors driving its value. The
characteristics of BSG and the prerequisites for its
efficient fractionation are compared to those of other
biomasses, and the viability and affordability of
other paths to value addition are also assessed [152]

Utilizing agro-waste for intelligent food packaging

Agricultural waste serves as a crucial reservoir of
bioactive chemicals utilized in the development of
smart and environmentally friendly food packaging
materials, with researchers isolating and combining
bioactive substances from agro-waste into active
packaging films and coatings, thereby significantly
enhancing their functionality [35] Table 4 provides
a comprehensive overview of this research initiative,
highlighting various sources of agro-food waste,
their active compounds, the packaging materials
used, and the observed properties or effects. For
instance, active chemicals for alginate-based edible
packaging have been extracted from by-products of
onions, artichokes, and thistles. This has increased
the tensile strength of the films and extended the
shelf life of packed products.

Carrot processing waste has also been used to
scale up food packaging-grade biodegradable bio-
composite production successfully [9].
Incorporating mango peels with fish gelatine
matrices into active films has improved mechanical
properties and introduced antioxidant activity eithin
the films [60]. Furthermore, researchers have
explored grapefruit seeds, tomato and lemon by-
products, purple sweet potatoes, and coconut
processing waste to enhance packaging materials
with improved antioxidant activity, barrier
properties, and biodegradability [61]. These studies
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demonstrate the successful utilization of agro-food
waste in developing innovative and sustainable
packaging solutions with valuable functional
properties. Bioactive compounds and biopolymers
have been seamlessly integrated into various
packaging formats to create intelligent food

packaging systems, including edible films, coatings,
and smart labels. These systems can monitor food
quality, extend shelf life, and promote sustainability,
marking a significant advancement in the packaging
industry towards more efficient and eco-friendly
practices [13][60].

Table 2. Biopolymers made of agricultural waste along with information about their sources, synthesis techniques,

modifications, and uses.

Product Compo Chemical Chemical Polymer Source of Mode of Enhancements & Ref.
sition structure  formula derivatives agricultural synthesis additional
waste treatments
Lignin- Lignin Complex (CoH905)n  Lignosulfona  Wood, Chemical Functionalization [43]
based three- tes, kraft sugarcane extraction to enhance [34]
biopolym dimensional lignin, bagasse, followed by compatibility with
ers structure organosolv Soybean modification other polymers,
lignin straws, Barley (esterification blending with
straw, etherification) natural or synthetic
Cotton stalks, to isolate lignin  polymers,
Palmoil empty  from biomass. crosslinking for
improved
mechanical
properties and
thermal stability.
Starch- Starch Amylose (CeHi0Os)n  Starch Corn, Wheat, Extraction Crosslinking [34]
based and acetate, Cassava, followed by agents (e.g.,
biopolym amylopectin starch ether, Potato, Rice, processing to glycerol,
ers polymers starch ester Sorghum, obtain starch epichlorohydrin)
derivatives Tapioca, Sweet  granules or to improve
potato, soluble mechanical
starch. strength,
water resistance,
and processability.
Chitosan  Chitin Linear (C¢H;INO4  Chitosan Shrimp and Chemical Crosslinking [44]
polysacchar ), derivatives crab shells, deacetylation agents (e.g.,
ide with B- such as Fungi cell of chitin glutaraldehyde,
(1-4) carboxymeth  walls, Insect followed by genipin)
linked units yl chitosan, exoskeletons, purification to improve
chitosan Fungal biomass  and mechanical
lactate deacetylation. properties,
biodegradability,
and biological
compatibility.
Poly- Microb  Linear (C3HeO)n Various PHA  Microbial Biosynthesis Modification of [45]
hydroxy-  ial polyesters copolymers fermentation by bacteria or microorganisms
alkanoate  biomas  synthesized and using agro- algae for efficient PHA
s (PHA) s by bacteria blends with industrial utilizing production,
and algae other waste as agricultural post-processing
biopolymers feedstock. wastes or treatments for
(e.g., PLA, residues. controlling
PBS) molecular weight
distribution, and
mechanical
properties.
Table 3. Different biopolymers of biomass origin and their characteristics
Chemical Mono Polymer Mode of Physical Chemical Mechanical Chemical Thermal Polarity Polymer ~ Mol. Cost of Ref.
Name mer Extractio Parameter Parameter Parameter Name Stability Index Affinity  Charact Manufac
n eristic turing
Cellulose Glucose Cellulose Extractio Solid, Poly- High tensile  Cellulose Medium Low High Polar, Moderate [46]
(CsH1005)n n from Fibrous saccharide strength, (CsH1005)n to High Biodegr
plant Bio adable
biomass, degradable
Chemical
Synthesis
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aride

Polyester

Polyester

Polyester

Polyester

Polyester

Polysacch
aride

Polysacch
aride

Polysacch
aride

Lower
tensile
strength
compared
to cellulose,
Bio
degradable

High
rigidity,
Insoluble in
most
solvents

Variable
depending
on amylose
and
amylopectin
content

Gel-
forming,
Water-
soluble

High tensile
strength,
Bio
degradable

Bio
compatible,
Bio
degradable,
Anti
microbial

Bio
degradable,
Flexible,
Thermoplas
tic

Bio
degradable,
Rigid,
Transparent

Bio
degradable,
Brittle

Bio
degradable,
Flexible

Bio
degradable,
Flexible

Viscosity
enhancer,
Thickening
agent

High
viscosity,
Stable over
a wide pH
range

Gel-
forming,
Bio
compatible,
Bio
degradable

Hemi-
cellulose
(CsHgOu4)n

Lignin
(CoH1003)n

Starch
(C6H1005)n

Pectin
(C6H1007)a

Chitin
(CsH1305N)n

Chitosan
(CsHi1104N)n

Polyhydroxy
alkanoates
(PHA)
(CsHsO3)n

Poly(lactic
acid) (PLA)
(C3H402)n

Poly(3-
hydroxybuty
rate) (PHB)
(C4HgO2)n

Poly(3-
hydroxyvaler
ate) (PHV)
(CsHgO2)n

Poly(3-
hydroxyhexa
noate) (PHH)
(CsH1002)n

Guar gum

Xanthan gum

Alginate
(CsHsO6)n

Medium
to High

High

Medium
to High

Medium
to High

Medium
to High

Medium
to High

Medium
to High

Medium
to High

Medium
to High

Medium
to High

Medium
to High

Medium
to High

Medium
to High

Medium
to High

Medium

Low

Medium

High

Low

Medium

Low to
Medium

Medium

Low to
Medium

Low to
Medium

Low to
Medium

High

High

High

High

High

High

High

High

High

High

High

High

High

High

High

High

Polar,
Biodegr
adable

Non-
Polar

Polar,
Biodegr
adable

Polar,
Biodegr
adable

Polar,
Biodegr
adable

Polar,
Biodegr
adable

Non-
polar,
Biodegr
adable

Polar,
Biodegr
adable

Non-
polar,
Biodegr
adable

Non-
polar,
Biodegr
adable

Non-
polar,
Biodegr
adable

Polar,
Biodegr
adable

Polar,
Biodegr
adable

Polar,
Biodegr
adable

Moderate

High

Low

Moderate

Moderate

Moderate

High

Moderate

High

High

High

Moderate

High

Moderate
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Table 4. Several uses of agro-food waste in the creation of packaging materials enhanced with active chemicals.

Agro-food Application Active Packaging Effects/Properties Ref.

waste compounds material

Onion, Extracting active - Alginate-based Tensile strength increased [62]

artichoke, and ~ compounds for films by 5-21%, elongation at

thistle by- application in alginate- the break by 5-12%.

products based edible packaging. Higher  durability and
Residue proposed for prolonged shelf-life were
secondary packaging observed in treated meat
(cardboard production). and vegetable samples.

Carrot Biodegradable bio- - Biodegradable  Suitable properties for food  [9]

processing composites made up of biocomposites  packaging (30 MPa tensile

waste carrot minimal strength, 3% elongation at
processing waste, break, 2 GPa Young’s
hydroxypropyl modulus). Successful
methylcellulose, and scaled-up production (1.56
high-pressure micro- m? per hour).
fluidized cellulose fibers.

Mango peels Development of active Mango peel Fish gelatin Reduction in solubility [63]
films containing mango extract matrix (40% to 20%), increase in
peel extract in fish tensile strength (7.65 to
gelatin matrix. 15.78 MPa), increased,

antioxidant activity and
phenolic content.

Beetroot Active zein  films Betalain Zein films Films with ultrafiltered [16]

bagasse incorporated with extract extract showed smoother
betalain extract surfaces, more
(ultrafiltered and non- hydrophobicity, and higher
ultrafiltered) from antioxidant activity.
beetroot bagasse. Greater antioxidant activity

with increased betalain
concentration.

Citrus peel Active edible films based Pectin, Citrus peel Superior thermal stability, [64]

(grapefruitand on citrus peel wastes bioactive pectin matrix ~ and physico-chemical

lemon) wastes  (grapefruit peel components properties. Strong radical
methanolic extracts and scavenging, and
encapsulated lemon peel antimicrobial  activities.
extracts in grapefruit Better tensile strength,
peel pectin matrix). thermal, barrier properties,

and biodegradability.
Inhibition of E. coli
O157:H7 growth.

Seaweed waste  Bio-composites based on - PLA-based Slight increase in tensile [65]
a blend of seaweed and bio- modulus, and enhanced
polylactic acid (PLA) composites rigid amorphous phase
processing waste content. Suggested
(enriched filter cake). application as fillers for

biomaterials.

Lemon and Polysaccharides Lemon and Sodium Decrease in glass transition  [66]

fennel extracted from lemon fennel alginate-based  temperature, increase in

industrial and fennel wastes are polysaccharid films elongation at break, faster
wastes used as natural es degradation kinetics.
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Asparagus
waste

Tomato and
lemon by-
products

Purple sweet
peels and
potatoes of
dragon fruits

Winery solid
by-product
(Vinasse)

Grapefruit
seeds

Wheat bran

Psyllium seed
husk and husk
flour

Grape skin (a
by-product of
wine)

Chickpea hull
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plasticizers of sodium
alginate-based films.

Application of asparagus
waste extract to improve
anti-fungal activity of
polysaccharide-based
coatings.

Antioxidant chemicals
from tomato and lemon
byproducts are recovered

and used as natural
additions in food
packaging.

K-carrageenan-based pH-
sensing films
incorporated with
anthocyanins or/and
betacyanins  extracted
from  purple  sweet

potatoes and peels of
dragon fruits.

To check the freshness of

shrimp, use fish gelatin
or PVA colorimetric
films based on winery
solid byproduct.

Chitosan-based colloid
edible coating
incorporated with

grapefruit seed extract
for  preservation  of
cherry tomato by delayed
microorganism growth.

Maize starch-based films
containing wheat bran
fibers as filler.

Edible  bio-composite
films based on psyllium
seed, and  directly
prepared from psyllium
seed husk and husk flour.

pH-sensitive K-
carrageenan-based
intelligent films with

anthocyanin- rich grape
skin powder as indicator.

Carboxymethyl
cellulose-based  active
films enriched with
polysaccharides from
chickpea hull.

Asparagus
waste extract

Antioxidant
compounds

Antho
cyanins,
betacyanins

Antho-
cyanins

Grapefruit
seed extract

Wheat bran
fibers

Psyllium
husk, husk
flour

Anthocyanins

Poly
saccharides

Polysaccharide
-based
coatings

Polymeric
matrices
(LDPE, PLA,
GP)

K-carrageenan
matrix

Fish gelatin,
PV A matrix

Chitosan-
based colloid
coating

Maize starch-
based films

Polymeric
matrix

K-carrageenan
matrix

Carboxymethy
1 cellulose
matrix

positive anti-fungal
activity, postponed color
change, decreased weight
loss, and preserved levels
of flavonoids and phenols.

Improved water barrier
properties, and release of
high amounts of
polyphenolic compounds.

Improved thermal stability,
oxidation resistance, water
vapor permeability, UV-
shielding performance.
Feasibility as freshness
indicators for pork.

Enhanced flexibility, color

stability.  Potential  as
intelligent packaging
systems.

Inhibition and delay in
growth of microorganisms,
reduced CO, generation,
retarded acidity decrease,
reduced  weight  loss
without affecting tomato
properties.

Increase in tensile strength
with fiber content, around
5.07 MPa.

Deformable films with
increased toughness due to
reinforcement.

Highly pH-sensitive films,
potential as pork freshness
indicator.

Increased tensile strength,
improved thermal stability,
antioxidant activity,
inhibitory effect against
bacteria.

[68]

[61]

[69]

(71]

[72]
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Chitosan films
incorporated with banana
peel extract as
antioxidant and cross-
linking agent.

Banana peel
extract

Ripe banana
peel

Mango kernel ~ Mango kernel starch- -
based  coatings  for

roasted almonds.

Blueberry
residue

pH-sensitive films based -
on cassava starch and
blueberry residue as pH
change indicators.

Linseed/
lemon oil,
cellulose
nanofiber

Biodegradable nano-
composite film based on
cellulose, and PVA
polymeric matrix,
linseed/lemon oil
nanofiber from coconut
industry waste.

Coconut
processing
waste

Eco-friendly Cellulose
biodegradable

based film

Potato peels
PVA-

integrated fennel seed

with cellulose oil

nanoparticles from

potato peel and fennel

seed oil.

nanoparticles,

Chitosan Improvement in quality [75]

matrix maintenance of apples,
reduction in  moisture
content, enhanced

antioxidant activity.

Mango kernel ~ Significant reduction in [76]
starch-based oxidation rate, extended
coatings shelf-life, improved

sensory properties.

Cassava starch ~ Significant color change [9]

matrix over pH range, potential for
intelligent food packaging.

PVA Increased strength,  [9]

polymeric elongation,

matrix biodegradability, improved
antioxidant, antimicrobial
properties.

PV A matrix Increased tensile strength, [77]
elongation, reduced
oxygen transfer rate,
improved antibacterial

property, high free radical
scavenging activity.

TECHNIQUES FOR VALORIZATION OF
AGRICULTURAL WASTES TO SUSTAINABLE
PACKAGING MATERIALS

The utilization of agrowaste into sustainable
packaging materials is one step towards waste
minimization and circular economy but the
agrowaste that is gathered directly from the
industries or agricultural fields is not fitting enough
for fabrication of packaging materials. To address
these inefficiencies, waste products need to undergo
pretreatments to make them more suitable for
valorisation [151]. Among the agricultural waste
which contains both lignocellulosic and non
lignocellulosic biomass , the lignocellulosic biomass
offers more challenge when comes to its utilization
owing to its recalcitrantce [14]. There is a
considerable amount of lignocellulosic material in
agro-industrial wastes produced during the
processing of fruits, vegetables, and plant-based
goods. Historically, food and agro-based wastes
have been employed as compost to enrich soil
nutrition for centuries. However, in recent decades,
technologies have been developed to fully utilize
these wastes' potential for small-scale, lucrative

material production, including the creation of
biopolymers [78].

For several crucial reasons, the pretreatment of
agro-industrial waste is imperative for its utilization
as sustainable packaging materials. Firstly, it assists
in removing impurities inherently associated with
agro-industrial waste, including soil, microbial
contaminants, and non-target materials. Many agro-
industrial wastes have large particle sizes and
irregular shapes, necessitating size reduction. This
could be done through pretreatment methods such as
shredding or grinding to homogenize particle size
distribution. Moreover, pretreatment augments the
accessibility of valuable constituents within the
waste, such as cellulose and hemicellulose, by
breaking down their complex structures [78].
Furthermore, it aids in reducing inhibitory
substances present in some agro-industrial wastes,
like lignin derivatives or phenolic compounds,
which may affect the functioning of the final
packaging material. Lastly, pretreatment can
optimize agro-industrial waste's chemical and
physical properties, improving its compatibility with
biopolymer matrices or enhancing its barrier
properties, thus ensuring its suitability for packaging
applications [79].
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Lignocellulosic biomass could be employed for
production of biopolymers via three main ways
which include reuse from waste streams of industries
like paper mill, biorefinery. The second way
includes the extracting biopolymers directly from
the waste like cellulose , hemicellulose, lignin and
other polysaccharides. The third way employs
utilization of biomonomers like sugars which could
be generated from the disintegration of
polysaccharides like cellulose [80]. Lignocellulose
contains different extractives like resins, terpenes,
and phenols and non-extractives like inorganic
components such as carbonates, oxalates, starches,
etc [81]. The role of extraneous materials in reducing
cellulosic biomass conversion is usually overlooked
because of their vast amounts and low
concentrations. Pretreatment aims to weaken the
material's  resistant  structure to  facilitate
lignocellulose conversion by enzymatic and
microbiological processes. Jonsson and Martin [80]
identified several critical parameters that impact
biological conversion, such as cellulose's
crystallinity, surface area accessibility, and
protection of lignin and hemicellulose. However,
correlating these parameters with enzymatic
hydrolysis effectiveness is challenging, as changing
one of the traits often affects the others, complicating
the isolation of individual effects. Despite efforts,
there's a lack of comprehensive techniques to
examine the lignocellulose characteristics and their
impact on biological degradation, which disturbs the
understanding of influential factors for enzymatic
hydrolysis [82]. Various techniques, as shown in
Table 5 for the pretreatment of lignocellulosic
biomasses, have been explored, focusing on
enhancing enzymatic hydrolysis and fermentation
efficiency. These techniques, categorized as
physical,  chemical, biological, or their
combinations, demand to achieve significant product
yields with the least enzyme loading or fermentation
costs. Satisfactory aspects include the consumption

of fewer chemicals, the potential for recycling
chemicals, the least waste production, and limited
size localization demands to minimize energy and
expenses. Moreover, enhanced reactions and non-
corrosive chemicals are desired to reduce reactor
expenses while checking hemicellulose sugar
concentrations stay more than 10%, facilitating
downstream recovery and maintaining fermentation
reactor size reasonably [83].

Various pretreatment techniques have been
developed for lignocellulosic materials, each of
which has its own set of pros and pros cons. Ionic
liquid pretreatment effectively solubilizes phyto
cellular walls at mild temperatures and allows for
tunable characteristics. However, it has a strong
tendency to denature enzymes, which is costly [84].
Supercritical CO; treatment enables transportation in
solid, liquid, and gaseous forms, -effectively
enhancing cellulose hydrolysis instead of forming
inhibitory compounds. Still, it needs higher pressure
and does not change the lignin or hemicellulose
contents [85]. Low-temperature steep
delignification, or LTSD, requires a low feed of non-
toxic chemical compounds, resulting in elevated
conversion rates and yields at mild operating factors.
However, it can produce toxic products and is
expensive at the same time [86]. While co-solvent
enhanced lignocellulosic fractionation (CELF) uses
low boiling, renewable solvents to reduce biomass
recalcitrance effectively, it also improves the yields
of hydrocarbon fuel precursors and increases the
digestibility of biomass. However, it also requires
expensive solvents and may produce hazardous
byproducts [87]. Each technique presents unique
advantages and challenges while highlighting the
necessity of carefully considering specific biomass
characteristics and processing requirements. Some
important treatment methods have also been
discussed below.

Table 5. Techniques for pretreating biomass to facilitate the conversion of cellulose and hemicellulose into

fermentable sugars.

Technique Description Ref.
Physical Mechanical milling/grinding: Biomass is physically broken down into smaller [88]
particles using mechanical force.
Size reduction: Reducing the size of biomass particles through techniques like [89]
milling or chopping.
Steam explosion: Biomass is treated with high-pressure steam followed by [90]

rapid decompression, disrupting its structure.
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Ultrasonication: Application of high-frequency sound waves to disrupt the
lignocellulosic structure.

[91]

Chemical Acid hydrolysis: Treatment with strong acids (e.g., sulfuric acid) to break [92]
down hemicellulose and cellulose into monomeric sugars.
Alkaline hydrolysis: Treatment with alkaline solutions (e.g., sodium [93]
hydroxide) to remove lignin and hemicellulose, facilitating cellulose
accessibility.
Ammonia fiber expansion (AFEX): Treatment with anhydrous liquid ammonia [94]
under high pressure and temperature to enhance biomass digestibility.
Organosolv: Treatment with organic solvents (e.g., ethanol, methanol) at high [95]
temperatures to remove lignin and hemicellulose.

Physico-chemical Steam explosion followed by alkaline or acid treatment: Combining physical [96]
and chemical methods for enhanced biomass delignification and
saccharification.

Hot water pretreatment: Biomass is treated with hot water under pressure to [97]
disrupt its structure and remove hemicellulose.

Biological Enzymatic hydrolysis: Use of enzymes (e.g., cellulases, hemicellulases) to [98]
break down cellulose and hemicellulose into fermentable sugars.
Fungal pretreatment. Treatment with fungi (e.g., white rot fungi) to [99]
selectively degrade lignin, making cellulose more accessible.

Electrical Electroporation: Application of short electrical pulses to increase the [100]
permeability of biomass cell walls, aiding in chemical penetration.
Microwave-assisted pretreatment. Use of microwaves to heat and disrupt [101]

lignocellulosic structures, enhancing subsequent chemical or enzymatic

treatments.

Physical treatment

Physical pretreatment methods are used to reduce
particle size for the enhancement of production
efficiency as it increases the accessibility of the
biomass to further treatment techniques. The
physical treatments could be further classified into
mechanical, irradiation, steam explosion, extrusion,
and pulsed electric field pre-treatment. The
mechanical pretreatment involves chipping, milling,
and grinding among which milling and grinding are
efficient in reducing the biomass size with reduced
cellulose crystallinity [88]. The irradiation
treatments with the help of ultrasonic waves,
microwaves, gamma rays, and electron beams are
also used to enhance the digestibility of cellulose,
which makes the biomass more susceptible to the
next pretreatment steps [50]. While less energy is
needed for explosive pretreatments like steam

explosions, their efficacy and scalability are
restricted for specific biomass types [90]. Ultrasonic
pretreatment is characterized by the generation of
high-energy vibrations capable of penetrating and
decomposing the crystals within the lignocellulosic
structure. This process utilizes high-frequency,
intense vibrations for extended durations. Studies
have demonstrated the efficacy of ultrasonic
pretreatment in removing 80—100% of lignin content
from various sources, including coffee waste, fruit
peels, and corn cob [102, 103]. Phyiscal treatments
on their own are typically not sufficient for efficient
biomass conversion to useable products therefore
they are used alongside other pretreatments method.
Fig. 1. illustrates the physical treatment method.

Chemical treatment

Chemical pretreatment is a that involves
chemicals to change cellulose's crystalline structure,
eliminate hemicelluloses, and modify lignin [104].
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Physical treatment
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Fig. 1. Physical treatment method

Different chemicals in numerous reviews and
chapter books, and pretreatment techniques have

been thoroughly examined and contrasted,
highlighting their importance in processing
lignocellulosic ~ biomass. Some pretreatment

methods combine chemical and physical techniques,
such as mechanical size reduction or explosion, to
enhance their effectiveness (Fig. 2) [105]. The
chemicals used for the pretreatment of biomass are
organic or inorganic acids and alkalis, organic
solvents, and ionic liquids. Acidic pretreatment is
well suited for treating a variety of lignocellulosic
biomass owing to the inherent capability of acids to
hydrolyze the hemicellulose portion and disrupt the
lignin content which in turn improves the extraction
efficiency of cellulose [25]. A study [106] examined
the potential of dilute sulfuric acid to extract
cellulose, where they obtained 97% pure cellulose
by using 0.5% sulfuric acid along with other steps
like kraft pulping and bleaching. Alkali
pretreatment, which dates back to at least 1919,
involves applying alkaline solutions such as
Ca(OH);, NaOH, or ammonia to modify the
structure and composition of lignocelluloses [93].
These processes are particularly efficient for
hardwoods and agricultural residues, leading to the
removal or modification of lignin and hemicellulose
and increased porosity [93]. Treatments with alkali
can be divided into two categories: harsh and
moderate. While moderate conditions make use of
high NaOH concentration at ambient pressure and
low temperatures, severe conditions require low

NaOH concentration combined with high
temperature  and  pressure. Dilute  NaOH
pretreatment efficacy varies across different

materials, being higher for straws and lower for
softwoods due to variations in lignin type and
content [83]. A study by Lamo et al. [107] reported
an increase of 33.36% in cellulose content (69.79%
) extracted from chickpea husk by the use of alkali
treatment using 0.084M NaOH at 70 °C. Combining
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alkali pretreatment with other methods, like dilute
acid pretreatment or steam explosion, can
significantly = enhance enzymatic  hydrolysis
efficiency by synergistically targeting different
components of lignocellulosic biomass.
Alkali/oxidative mixtures also effectively remove
lignin and improve enzymatic hydrolysis [108].

Thermochemical treatment

The thermochemical treatment of agriculture
biomass waste is a crucial step in creating the raw
materials required for synthesizing biopolymers
since it enhances and converts the complex biomass,
such as lignin and cellulose, from lignocellulosic
biomass into simpler molecules that can act as
building blocks for the synthesis of biopolymers

lChemicaI treatment ‘
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Y

f Biomass [ ]

[ chemical Impregnation |

Washlng and Separation of
Recovery Fractions

W
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Fig. 2. Chemical treatment method

Various thermochemical techniques employ
pyrolysis, gasification, hydro, thermal liquefaction,
and hydrolysis to lyse these biomass components
and extract value-added monomeric compounds
suitable for biopolymer production [109]. Pyrolysis
is a process that converts organic compounds into
volatile gases, sticky liquids, and char by heating
biomass in the absence of oxygen. Thus, the liquid
fraction obtained from pyrolysis (biochar) contains
several organic compounds like phenols, furans
organic acids, and others. These compounds can act
as preventive molecules for the synthesis of
biodegradable polymers. For instance, furans
derived from pyrolysis canbe polymerized to
synthesize poly ethylene furanoid (PEF), which is a
biopolymer having similar properties to traditional
petrochemical-derived polymer-polyethylene
terephthalate (PET), which are used to manufacture
plastic bottles boxes, etc. [110].

The gasification process involves turning
biomass into synthetic gas, or "syngas", mainly
composed of carbon monoxide, hydrogen, and
methane. This gas can then be further processed by
catalytic reactions to create other types of chemicals,
such as alcohols, acids, and aldehydes. Chemicals
can undergo polymerization reactions to produce
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biopolymers like poly-lactic acid, polyhydroxy-
alkanoates, and polybutylene succinate [59].
Conversely, hydrothermal liquefaction entails
treating biomass at elevated temperatures and
pressures with water to decompose complex organic
components into a fluid phase that contains soluble
organic compounds such as sugars, phenols [111].
This liquid phase can thenbe recovered by
processing to separate the monomeric units
appropriate for synthesizing biopolymers. This
technique offers the advantage of turning a wide

range of biomass stock, including those with high
moisture content, into a precautionary compound for
biopolymer synthesis [111].

Hydrolysis is a technique to disintegrate the
cellulose and hemicellulose intertwined inside the
biomass into their subsequent sugar molecules in the
presence of enzymes or strong acids. The resulting
monomers of sugars like glucose and mannose can
be fermented further by different microorganisms to
synthesize chemicals, which can be further distilled
to extract to the ethanol lactic acid succinic acid and

‘Thermochemical Treatment ‘

[
Pyrolysis

Pyrolysis uses heat to the
biomass in absence of
oxygen in order to break
down the organic
compounds into simpler
molecules like s bio-oil,

biochar, and syngas. i

Gasification turns the
biomass into synthetic gas
(syngas), mixtured of carbon
monoxide and hydrogen, by
reacting it with in presence
of controlled amount of
oxygen/steam at higher

\

Hydrolysis

Hydrothermal
Liquefaction (HTL)

In hydrolysis, biomass is
treated with acids, bases, as
well as other enzymes at
elevated temperatures to
break the cellulose and hemi
cellulose to fermentable
sugars, which can be used
for other derivatives

HTL uses heating of the
biomass in a solvent, usually
water at high temperatures
and pressures to synthesize
bio-oil, those can be further
refined to biofuels and other
chemicals derivatives.

Fig 3. Thermochemical treatment method
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Fig. 4. Biological treatment method

other organic substances which serve as quicker
molecules for the manufacturing of biopolymers
[112]. The polymeric compounds extracted after the
treatment of biomass using the various
thermochemical methods can be polymerization
reactions to synthesize biopolymers by different
mechanisms. For example, monomers synthesized
after hydrolysis can be condensed or polymerized to
form polymeric change. This can be catalyzed by the
action of enzymes or microbes that depend on
specification according to the biopolymer synthesis
root, resulting in the biopolymers possessing
different  properties  like  biodegradability,
sustainability and biocompatibility which makes

them which makes them suitable for tailoring into
various applications, like packaging materials,
textiles biochemical devices, and others (Fig. 3).

Biological treatment

Biological methods offer a range of techniques to
transform agricultural waste into biodegradable
packaging materials using biopolymers and
biocomposites. One approach involves microbial
fermentation, which converts agricultural waste into
biopolymers like polyhydroxyalkanoates, polylactic
acid, and polyhydroxybutyrate [113]. Enzymatic
conversion breaks down complex compounds in
agricultural waste into simpler building blocks,
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which can then be usedto create biopolymers
suitable for packaging. Biorefinery processes are
also used to extract and purify various biopolymers
and bioactive compounds from agricultural waste,
which are then utilized in developing biodegradable
packaging materials [ 114]. Additionally, biopolymer
blending combines agricultural waste-derived
biopolymers such as starch, cellulose, and proteins
with  synthetic ~ biopolymers to  produce
biodegradable composite materials for packaging.
These biological approaches add value to low-cost
agricultural waste and address waste disposal issues,
and the range of biopolymers available allows for
customization of the final packaging product's
properties.

Lignocellulosic biomass conversion (Fig. 4) into
biopolymers involves several key stages. Firstly,
microbial mediation, particularly by fungi like
Phanerochaete chrysosporium and Irpex lacteus, is
crucial in delignifying biomass such as corn stover,
enhancing hydrolysis yield significantly
[115]. Secondly, detoxification is essential to
remove inhibitors generated during extreme pre-
treatment conditions like acid hydrolysis, which
hinder enzyme and microbial activity during
fermentation; methods include alkali treatment,
liquid-liquid extraction, and microbial approaches
[116]. Thirdly, hydrolysis breaks down pretreated
biomass into monomeric forms using acid or enzyme
hydrolysis, with enzymes like cellulases and
hemicellulases playing key roles. Fourthly, sugars
released during hydrolysis into biopolymer can be
fermented through separate or concurrent
fermentation and  saccharification  methods,
employing microorganisms like Saccharomyces
Cerevisiae and Zymomonas Mobilis.  Fifth,
anaerobic digestion involves four
stages: acidogenesis, hydrolysis, acetogenesis, and
methanogenesis, yielding biogas predominantly
composed of methane and carbon dioxide [117].
Lastly, dark fermentation offers an effective means
of producing hydrogen from organic wastes through
anaerobic degradation processes, providing a
possible path toward producing sustainable energy.
Additionally, transesterification emerges as a critical
step in biodiesel production, converting triglycerides
into methyl or ethyl esters, albeit challenged by the
existence of free fatty acids in the oil, necessitating
pre-treatment in some cases.

Biochemical treatment

Agro-industrial waste can be converted into
biodegradable packaging materials using enzymes
and microorganisms in a biochemical pretreatment
process that adheres to the circular economy's core
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values. One of the most critical steps in treating these
lignocellulosic agro-industrial leftovers is to break
down  their  structure, mostly cellulose,
hemicellulose, and lignin. Biological (enzymatic)
pretreatment can aid in delignification, bleaching,
and the creation of animal feed. It involves
microorganisms and their enzymes, such as phytase,
laccase, lignin peroxidase (LiP), and manganese
peroxidase (MnP) [118].

These bacteria produce enzymes that may
specifically break down lignin and hemicellulose,
making cellulose more accessible for subsequent
processing. Agro-industrial residues can be further
valued by combining biological pretreatment with
other techniques, such as physical and chemical
pretreatments, as this can have a synergistic effect
[98]. In line with the circular economy's
tenets, biodegradable packaging materials can be
made from the cellulose and other carbohydrates
recovered from the processed agro-industrial
leftovers [119]. Biochemical pretreatment methods,
particularly deep eutectic solvents (DES), have
demonstrated significant potential in enhancing the
conversion of these residues into fermentable sugars.
DES pretreatment stands out for its biodegradability,
ease of preparation, and operation under milder
conditions.  Optimal  conditions for DES
pretreatment involve a biomass-to-solvent ratio of
1:16 with choline chloride-glycerol for 3 hours at
115°C, yielding high sugar content after hydrolysis
[119]. Combining DES pretreatment with enzymatic
hydrolysis further enhances the breakdown of
lignocellulosic components, releasing valuable
sugars suitable for biobased materials like
biodegradable packaging. These pretreatment
techniques align with circular economy principles by
repurposing refuse into priceless resources, thus
contributing to waste reduction and sustainable
packaging solutions.

Enzymatic treatment

Enzymatic pretreatment stands as a valuable
technique for transforming agricultural and
industrial lignocellulosic wastes into biodegradable
packaging materials, leveraging their rich content of
cellulose and hemicellulose that can be broken down
by specific enzymes such as cellulases,
hemicellulases, and ligninases [120]. This process
entails several critical steps to effectively convert
agro-industrial waste into biodegradable packaging.
Initially, the selection of enzymes like
hemicellulases, cellulases, and ligninases 1is
meticulously done to ensure they efficiently break
down waste components such as cellulose,
hemicellulose, and lignin. Subsequently, the waste
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undergoes enzymatic treatment through techniques
like soaking, spraying, or mixing with water.
Following this treatment, the waste is incubated
under controlled conditions of temperature, pH, and
moisture to allow the enzymes to decompose the
materials over a variable timeframe ranging from
hours to days. The resulting decomposed parts are
then processed using methods like injection
molding, extrusion, or 3D printing to fabricate
diverse biodegradable packaging materials such as
sheets, films, or containers suitable for packaging a

Enzymatic treatment
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Agro industrial
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Fig. 5. Enzymatic treatment method

wide array of products. This enzymatic action not
only enhances waste accessibility and digestibility
but also prepares it for subsequent bioconversion
processes (Fig. 5).

In contrast to harsh chemical treatments,
enzymatic approaches offer a more environmentally
friendly pathway and can even derive enzymes from
agro-industrial waste through microbial
fermentation, thus establishing a sustainable closed-
loop system [121]. By transforming complex
agricultural waste into simpler constituents, this
enzymatic pretreatment method provides raw
materials for various biodegradable polymers and
packaging products, effectively addressing waste
disposal challenges while creating value-added
sustainable goods [121]. Enzymatic treatments
utilize enzymes from diverse sources, including
biological, biochemical, or chemical, to modify the
molecular properties of lignocellulosic biomass
[120]. This involves breaking down different bonds
like hydrogen and covalent bonds to yield biomass
derivatives suitable for biopolymer production.

Table 6. The enzymes that convert biomass components including cellulose, hemicellulose, and pectin into
fermentable sugars are included in the table along with their uses in the food, textile, and bioenergy industries.

Biomass Enzymes involved Applications Ref.
Component
Cellulose Endoglucanases, cellobiohydrolases, -glucosidases Bioconversion into  [122]
fermentable sugars, bioenergy
production
Hemicellulose  Endo-1,4-xylanase, -L-arabinofuranosidase, Fermentable sugar  [120]
-glucuronidase, -mannanase, -mannosidase production, poultry  feed
additives, wheat flour
improvement
Pectin  Pectin depolymerase, pectinase, Textile industry, food [123]
polymethylgalacturonase, (endo-) industry, sugar conversion to
polygalacturonase, exopolygalacturonase, biogas, ethanol, and soluble
exopolygalacturanosidase, polysaccharide lyases, carbohydrates.
endo-arabinase, -L-rhamnosidases, and -L-
arabinofuranosidases
Table 7. Variables affecting lignocellulosic bioconversion.
Factor Description Ref.
Physical factors
pH pH significantly affects cellulase production and activity. [125]

The optimal pH for cellulase production varies depending
on the organism and enzyme type, ranging from pH 5.5 to
7.5. Cellulase release from cells and enzyme adsorption
behavior are also influenced by pH.
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Temperature Temperature greatly impacts lignocellulosic [124]

bioconversion. Cellulase activities are generally assayed
within 50-65 °C, while microbial growth temperature
ranges from 25-30 °C. Thermophilic fungi may produce
cellulase with optimal activity between 50-78 °C.
Temperature also affects enzyme adsorption and activity,
with increased adsorption at temperatures below 60 °C b
ut decreased activity beyond 60 °C.

Chemical factors

Carbon source Various cellulosic materials and industrial wastes serve as [128]
carbon sources for cellulase production. The choice of
substrate affects cellulase production levels, with some
substrates leading to higher enzymatic yields. The
concentration of the carbon source can impact production
levels, with optimal concentrations observed up to 12%.

Nitrogen source  Different nitrogen sources affect cellulase production [129]
differently. Ammonium sulfate is reported to lead to
maximum cellulase production, while other nitrogen
sources may either enhance or inhibit enzyme levels
depending on the organism and conditions.

Phosphorus Phosphorus is essential for fungal growth and metabolism. [130]
sources Potassium dihydrogen phosphate is typically the preferred
phosphorus source for cellulase production.
Phenolic Phenolic compounds can induce or inhibit cellulase [131]
compounds synthesis depending on the type and concentration.

Salicylic acid has been identified as a potent inducer of
cellulases, while other phenolic compounds may exhibit

inhibitory effects.
Adsorption— Cellulase adsorption onto cellulose substrates is a critical [132]
Desorption of step in cellulose hydrolysis. Factors such as pH,
Cellulose temperature, and surface area influence the extent of

adsorption and subsequent enzymatic hydrolysis.
Understanding the adsorption behavior of cellulases is
essential for optimizing bioconversion processes.

Biotechnological aspects of lignocellulose bioconversion 103

Co-cultivation Co-cultivation of cellulolytic organisms has been explored 133
to increase enzymatic levels and improve lignocellulosic
bioconversion rates. Synergistic interactions between
different microbial strains can enhance overall cellulase
production and activity.

Mutagenesis Mutagenic treatments have been employed to increase 134
cellulolytic activity in microbial strains. Mutants with
higher cellulolytic activity have been generated through
physical and chemical mutagens, leading to enhanced
enzymatic yields.

Genetic Recombinant DNA technology offers opportunities for 135
Manipulation enhancing cellulase production and activity through
genetic engineering. By manipulating metabolic pathways
and gene expression, microbial strains can be engineered
to produce higher levels of cellulases with improved
properties. Cloning and expression of cellulolytic genes in
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heterologous hosts allow for the production of designer
enzymes tailored for specific applications.

Limitations of lignocellulose bioconversion

Crystallinity of
Cellulose

Pretreatment

Cellulose crystallinity affects its susceptibility to
enzymatic degradation, with crystalline regions being
more resistant to hydrolysis. Mechanical and chemical
pretreatments are employed to reduce crystallinity and
enhance bioconversion efficiency.

Effective lignocellulose utilization requires pretreatment
to overcome its crystalline unreactivity and resistance to
hydrolysis. Various physical and chemical pretreatment
methods have been explored, each with its advantages and
limitations. Biological delignification is an alternative
pretreatment method utilizing white rot fungi to
selectively degrade lignin.

[136]

[137]

Notably, enzymes such as cellulase,
hemicellulase, and ligninase are commonly
employed in treating lignocellulosic biomass waste
from agricultural, food, and agro-industrial sectors
[102].

Factors affecting cellulosic bioconversion

Many factors influence the process of converting
lignocellulosic biomass into valuable products,
categorized as  physical, chemical, and
biotechnological [124]. Physical factors (table 7)
such as pH and temperature significantly impact the
production and activity of cellulase enzymes.
However, the optimal conditions for these factors
vary depending on the organism and enzyme type
[125]. Chemical factors like carbon, nitrogen,
phosphorus sources, phenolic compounds, and
sugars also play crucial roles in regulating cellulase
synthesis and activity. The crystallinity of cellulose
is a critical limitation in lignocellulose
bioconversion, which affects enzymatic degradation
and requires pretreatment methods to enhance
efficiency [124]. Another crucial aspect influencing
enzymatic hydrolysis is the adsorption-desorption of
cellulase onto substrates. Biotechnological aspects
of lignocellulose bioconversion involve various
strategies, such as the co-cultivation of cellulolytic
organisms to enhance enzymatic levels and improve
conversion rates [126]. Mutagenesis and genetic
manipulation techniques increase cellulolytic
activity in microbial strains, enhancing enzymatic
yields. Recombinant DNA technology offers
opportunities for engineering microbial strains to
produce higher levels of cellulases with improved
properties tailored for specific applications [127].

Thus, understanding and optimizing these factors are
essential for efficient and sustainable lignocellulosic
biomass conversion processes.

AGRO-FOOD WASTE CONVERSION
TECHNIQUES FOR SUSTAINABLE FOOD
PACKAGING

Solvent casting

Solvent casting (Fig. 6) is a process that is used to
produce thin films or coatings by solubilizing
polymers or biopolymers sourced from agro-food
waste in an appropriate solvent and then by casting
the solution onto a substrate and letting the solvent
evaporate [138]. This technique results in the
making of a solid film with desired qualities. Solvent
casting is beneficial for incorporating lignocellulosic
materials into packaging materials. Agro-food
waste-derived polymers, such as cellulose or starch,
can be dissolved in eco-friendly solvents such as
water or organic acids to synthesize biodegradable
films or coatings for food-grade packaging [139].

The "tape casting" process involves applying a
slurry or suspension to a moving carrier substrate,
allowing it to dry, and then peeling off the resulting
tape to create thin, flat sheets of ceramic or
polymeric materials (Fig. 7.) [140].

Tape casting can be modified to include
lignocellulosic compounds into thin films or
membranes for specific food packaging applications
needing barrier characteristics or selective
permeability, even if the technique is less frequently
utilized for materials obtained from agro-food waste
[141].
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Melt extrusion

Polymer resins, including those made from agro-
food waste, are heated and melted during the melt
extrusion process, after which the molten material is
forced through a die to form a continuous profile or

waste, such as polylactic acid (PLA) or
polyhydroxyalkanoates (PHA). Melt extrusion
combines biopolymers and lignocellulosic fillers to
increase mechanical strength and reduce the cost of
sustainable packaging materials [50].

shape (Fig. 8.) [140] Melt extrusion is a method that Thermopressing/thermoforming

can be applied to sustainable food packaging to
produce rigid or flexible packaging materials from
biopolymers obtained from sources of agro-food
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A thermoplastic substance (Fig. 9.), such as
biopolymers generated from agro-food waste, is
heated to a malleable condition and then shaped
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using molds or dies in a process known as
thermopressing or thermoforming. A diversity of
packaging products, such as clamshell packaging,
containers, and trays, can be generated using this
procedure. Food packaging applications can benefit
from the lightweight, robust, and compostable
packaging solutions that thermoforming can produce
using lignocellulosic chemicals as reinforcements or
fillers in thermoplastic matrices [140].

Compression molding

A predetermined molding compound, which may
include lignocellulosic biopolymers and fillers
obtained from agro-food waste, is put into a heated
mold cavity and crushed under high pressure until it
takes on the required shape during the compression
molding manufacturing process. This method works
well for creating bulkier packaging products from
sustainable materials sourced from agricultural
waste, like bottle caps or lids [142].

Layer-by-layer (LBL) assembly

Layer-by-layer assembly entails depositing
alternating layers of negatively and positively
charged polymers or nanoparticles onto a substrate
to create a multilayered thin film structure. LBL
assembly can be modified to include lignocellulosic
compounds into nanocomposite films or coatings
with customized barrier qualities for food packaging
applications needing exact control over film
structure and properties, even if it is less prevalent in
agro-food waste conversion procedures [143, 152].

Electrospinning/electrospraying

Using high voltage on a polymer solution or
suspension causes it to form a tiny jet or mist that
hardens into fibers or particles as it moves toward a
collection substrate. This process is known as
electrospinning or electrospraying. These methods
can be used to generate nanocomposite materials for
food packaging applications (Fig. 10). These
materials have lignocellulosic compounds mixed
into a polymer matrix to increase antibacterial
activity, mechanical strength, and barrier properties
[144].

+Blow molding

Blow molding technology creates hollow plastic
containers using agricultural and food waste-derived
polymers. The idea is to extrude a molten polymer
material into a parison, or hollow tube, and then use
compressed air to inflate it into the shape of a mold
[145]. Blow molding makes it possible to create
robust and lightweight packaging items like jerry
cans, jars, and bottles out of sustainable materials
from agro-food waste sources. The mechanical

qualities and environmental sustainability of blow-
molded packaging items are improved by integrating
lignocellulosic substances into the polymer matrix
[142].

Polymer
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Fig. 10. Electrospinning
Blown and cast film extrusion

Polymers from agro-food waste can be made into
thin films or sheets using blown and cast film
extrusion methods. While molten polymer is
extruded via a flat die onto a cooled roller to make a
thin sheet in cast film extrusion, molten polymer is
inflated into a tube to form a thin film in blown film
extrusion [146]. These procedures make it possible
to produce barrier and flexible films for various uses
in food packaging. Both blown and cast film
extrusion can provide sustainable packaging
materials with better mechanical and environmental
performance by adding lignocellulosic chemicals
from sources of agro-food waste [147].

MAXIMIZING THE POTENTIAL OF AGRO-
INDUSTRIAL WASTE FOR SUSTAINABLE
SOLUTIONS

Globally, a substantial amount of agro-industrial
waste (AIW) and agricultural waste (ACW) is
produced annually, amounting to about 89 million
tonnes of biomass and 147.2 million metric tonnes
of fiber sources. With disposal prices in Europe
ranging from $28 to $60 per tonne, this waste comes
from all stages of agricultural production, post-
harvest activities, and processing and presents
significant environmental and  economic
difficulties[148]. Therefore, there is a growing
urgency to efficiently utilize and valorize AIW,
tapping into its health and functional potential.
Traditional methods like composting and livestock
feeding have been employed but yield products with
limited added value. However, there is increasing
interest in exploring advanced valorization strategies
to create new high-value AIW products. This shift
towards advanced valorization aligns with changing
perceptions of agro-industries, which are now valued
for productivity and environmental stewardship.
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Many agro-industries seek to reduce waste volumes
and minimize landfill disposal, promoting
responsible waste management practices and
aligning with sustainability objectives [149].
Innovative valorization strategies for AIW not only
offer economic advantages but also contribute to
environmental conservation and sustainable
development goals. Extraction of bioactive
chemicals from AIW is one area that shows promise
for developing value-added goods that may have
health advantages. However, challenges persist in
recycling efforts, particularly concerning plastics.
Despite the potential to recover a significant portion
of plastic in household waste, the recycling rate
remains low due to sorting complexities, limited
recycling technologies, and degradation during
processing. Moreover, various polymer types and
additives complicate sorting, leading to high
collection and sorting costs [150]. Transitioning
towards a “circular economy model” where
materials are continuously reused faces hurdles
related to high entropy and the necessity for effective
sorting  methods. While thermo-mechanical
recycling is feasible for certain plastics, it results in
properties that are inferior to virgin polymers.
Chemical recycling shows promise but has yet to be
economically viable. Although suitable for
composting, biodegradable polymers present
challenges in conventional recycling due to their
degradation characteristics [150].

RECENT CHALLENGES AND FUTURE
PRESPECTIVES

The production of packaging materials from
agro-industrial waste presents numerous challenges
that must be addressed. These challenges include
developing cost-effective extraction technologies,
ensuring material quality that matches typical
plastics, establishing recycling standards, managing
end-of-life disposal for biodegradable materials, and
overcoming market acceptance barriers. Technical
issues like safety compliance, material consistency,
and scalability are critical in the food sector. Factors
such as consumer acceptance and waste
management must be carefully considered. To be
successful in this endeavor, a holistic approach is
needed that encompasses research, regulatory
alignment, and efficient manufacturing and waste
management practices. The circular economy plays
a crucial role as it advocates for the reuse and
recycling of agricultural resources, including waste
and byproducts. By transforming waste into valuable
inputs for new products, the circular economy can
reduce emissions, lower resource demand, enhance
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resource efficiency, and promote sustainability in the
agricultural sector.

Utilizing agro-industrial waste to create
biodegradable food packaging materials, bioplastic
packaging, trays, composite films, and edible
coatings presents a sustainable packaging solution
within the food industry. Advances in waste
treatment and conversion technologies further
bolster the feasibility and efficiency of bio-based
package manufacturing. However, challenges such
as limited consumer awareness and acceptability,
inadequate waste collection and processing
infrastructure, and technological waste treatment
limitations  require  strategic planning and
collaboration across the supply chain. Despite these
obstacles, the outlook for agro-industrial waste-
based packaging is optimistic, focusing on
sustainability, innovation, and reduced
environmental impact. Industries can adopt more
eco-friendly practices by leveraging agro-waste as a
valuable resource for packaging, thereby
contributing to a circular economy and minimizing
waste output. The potential of biodegradable food
packaging materials, bioplastic packaging, trays,
composite films, and edible coatings derived from
agro-industrial waste underscores the diverse and
sustainable  packaging  solutions.  Continued
advancements in waste treatment and conversion
technologies will further drive the adoption of agro-
waste-based packaging materials, enhancing the
efficiency and practicality of bio-based package
manufacturing in the future.

CONCLUSION

Utilizing sustainable packaging derived from
agricultural and industrial waste is a significant step
towards addressing environmental concerns
associated with conventional plastic packaging.
Advancements in technology and research have
allowed agro-waste to be transformed into value-
added products such as bioplastics, edible films, and
coatings that demonstrate comparable or superior
performance to traditional materials. These
sustainable alternatives offer biodegradability,
reduced  environmental  impact,  favorable
mechanical properties, and barrier functionalities.
They align with global sustainability objectives,
circular economy principles, and the transition
towards a more environmentally conscious
packaging industry. In the food sector, adopting
biodegradable food packaging materials, bioplastic
packaging, trays, composite films, and edible
coatings derived from agro-industrial waste
promises a sustainable packaging solution.
Improvements in waste treatment and conversion
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technologies will drive the efficiency of bio-based
package manufacturing.

Despite challenges like consumer awareness,
limited waste infrastructure, and technological
constraints, strategic planning, improved waste
management practices, infrastructure investment,
and technological breakthroughs are pivotal for
progress. The future of agro-industrial waste-based
packaging appears promising, offering opportunities
to embrace more eco-friendly practices, reduce
waste output, and cultivate a sustainable food
system. The environmental benefits, including
reduced plastic waste, lower carbon emissions,
resource preservation, biodegradability, circular
economy promotion, deforestation reduction, and
consumer empowerment, underscore the positive
impact of agro-waste-based packaging on
sustainability goals and environmental conservation
efforts.
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Curcuma longa powder was prepared by refractance window (RW) drying and was fortified. Dried turmeric powder
was fortified with folic acid and NaFeEDTA. The fortified turmeric powder was studied for its physical characteristics,
such as bulk density, swelling power, solubility, dispersion time, hygroscopicity, water binding capacity, and color. The
study revealed novel physical characteristics for dried turmeric powder, folic acid-, and NaFeEDTA-fortified with low
hygroscopicity (8 - 9%), good solubility (28 - 30%), and good swelling power (1.8 - 2.0). The findings confirmed the
insignificant influence of fortification on the desired properties of the folic acid- and NaFeEDTA-fortified RW dried
turmeric powder product. Thus, it can be concluded that the fortified turmeric powder had good stability. This stable
fortified turmeric powder can be effectively incorporated into various food systems, such as milk, instant turmeric latte

powder, and health drinks, to enhance their nutritional profiles.

Keywords: refractance window drying, turmeric, fortification, folic acid, NaFeEDTA

INTRODUCTION

Vitamin and mineral deficiencies cause learning
disabilities, mental retardation, low work capacity,
blindness and even premature death. To overcome
these issues, food fortification has been the best
choice in comparison with pharmaceutical
supplements. Fortification of food products involves
enhancing essential micronutrients such as vitamins,
minerals, and trace elements in foods. Thereby,
multiple mineral deficiencies can be addressed to
enhance health benefits without potential health
risks. Cereals, flour, rice, and milk are often fortified
to reduce deficiencies. Fortification also has
potential challenges in terms of bioavailability of
added nutrients, unacceptable organoleptic changes,
and subsequent rejection of a developed product by
the consumers and targeted population [1].

Three most common micronutrient malnutritions
have been identified for human beings. These are
iron, iodine, and vitamin A [2]. The micronutrient
folate received significant global attention [3] due to
its critical ability to address and mitigate issues
associated with early embryonic brain development,
malformation of the embryonic brain and spinal cord
or neural tube diseases [4]. With 79 % of children
between 6 — 35 months and women between 15 — 49
years of age being anaemic in India [5], iron
deficiency has been opined due to the consumption
of foods with lower bio-availability of iron.

* To whom all correspondence should be sent:
E-mail: kamal.baruah8@sharda.ac.in
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Thus, iron-fortified product research needs greater
emphasis [6].

The influence of fortificants on mineral-fortified
dried products is often targeted through associated
studies. In a related prior art, the authors fortified
Nepalese curry powder with alternate iron
compounds [7]. Also, whole wheat flour fortified
with a premix of ferrous sulfate, ethylenediamine
tetra-acetic acid (EDTA) and folic acid was reported
[8, 9].

Previous studies reported the fortification of salt
with folic acid, iron, and iodine [5, 10] and the
fortification of chickpea seeds and flour using
ferrous sulfate heptahydrate, ferrous sulfate mono-
hydrate and NaFeEDTA fortificants [11]. Similarly,
researchers deployed finger millet and sorghum
flours as double fortification vehicles with ferrous
fumarate, zinc stearate and EDTA [12].

Till date, the parametric optimality of refractance
window drying (RWD) process was targeted for
vegetables such as carrots, onions, etc. [13, 14].
These vegetable powders were not studied for
fortification and for a comparison of associated
characteristics. In such investigations, physical
characteristics (solubility, swelling  time,
hygroscopicity, dispersion time, water binding
capacity, bulk density and color) are often targeted
for the fortified and unfortified dried powder
products. To date, no study has been devoted to the
turmeric powder product system.
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Such investigations can provide useful insights
into the role of fortification in altering these
properties.

Considering the above-cited lacunae, the current
research addresses the fortification of RW-dried
turmeric powder with folic acid and NaFeEDTA and
its characterization studies.

Turmeric slices Mylar film

——t 5 Water

———— Water Bath

p» Temperature
display
| 8 O
v
Heater Temperature controller
Fig.1. Schematic representation of refractance

window drying process of turmeric

MATERIALS AND METHODS
Raw materials, chemicals and sample preparation

Turmeric was procured from the market
complex, Indian Institute of Technology Guwahati,
Kamrup, Assam, India and was packed in a
polythene pouch to prevent contamination during its
transportation. Sodium ferric ethylenediamine
tetraacetate (NaFeEDTA), folic acid, potassium
bromide, enzymes and other chemicals were
obtained from Sigma Aldrich India. Subsequently,
the procured raw turmeric was washed with tap
water to remove surface contaminants and dirt. The
sample was then wiped with tissue paper to remove
excess water. Thereafter, the wiped turmeric was
peeled. Eventually, using an adjustable slicer, the
peeled turmeric was sliced to achieve sample pieces
with 1 mm thickness.

Refractance window drying

The refractance window drying (RWD)
experiments were conducted with optimal
combinations of sample thickness, mylar film
thickness, temperature, air velocity and drying time
that were achieved with prior experimental
investigations [15]. RSM was carried out to
determine the drying parameters. From the modeling
it was obtained that the optimal data set for RSM was
found to be 95°C drying temperature, 75 min drying
time and 0.76 m/s air velocity for optimal response
characteristics of 90.52 % (AA), 188.22 mg GAE/g
dry sample (TPC), 158.65 mg quercetin/g dry
sample (TFC), 4.80 % w/w (CC), 3.67 % (MC) and
54.87 L values (color indices). In summary, RWD
turmeric samples can be characterized with better
retention of nutritional characteristics within these

drying parameters. Thereafter, the dried samples
were powdered using a dry portable electric grinder.
Eventually, samples sieved through an 80-mesh
sieve were obtained that possessed an average
particle size of 0.177 mm [16].

Fortification with sodium ferric ethylenediamine
tetraacetate and folic acid

The process for fortification of RW-dried
turmeric powder was developed with slight
modifications from the previous studies [5, 7, 9, 12].
The RDA for folic the acid is 400 pg/day for both
men and women but 600 pg /day for pregnant
women [9]. The RDA of iron varies with age of the
person and is 15 - 18 mg/day for women, 27 mg/day
for pregnant women, 11 — 8 mg/day for men and 8
mg/day for senior citizen [5, 9]. It was difficult to
conclude upon a precise amount of NaFeEDTA and
folic acid from literature review, leading to selection
of a higher amount (20 g). The same amounts of
NaFeEDTA and folic acid were taken for
fortification to assist the effective comparison of the
influence of NaFeEDTA and folic acid on the
fortification characteristics of the turmeric powder.
Therefore, 100 g of RW-dried turmeric powder was
mixed with 20 mg of NaFeEDTA or 20 mg of folic
acid to eventually achieve iron and folic acid-
fortified turmeric powder samples. For both cases,
dry mixing using a spatula was performed.

Characterization of refractance window-dried
Curcuma longa powder products

For RW-dried turmeric powder, folic acid-
fortified and NaFeEDTA-fortified turmeric powder
samples, characterization was addressed in terms of
associated parameters such as bulk density,
solubility, swelling power, water binding capacity,
dispersion time, hygroscopicity and color. A brief
account of adopted procedures is as follows.

e Bulk density. To measure the bulk density of
RW dried turmeric powder, folic acid fortified and
NaFeEDTA fortified turmeric powder samples bulk
density, 5 g of turmeric powder was placed into a
measuring cylinder of 10 mL. The volume occupied
by the turmeric powder in the cylinder was recorded,
and the bulk density was calculated using the ratio of
the weight to the volume of the turmeric powder
sample [17].

o Solubility & swelling power. The solubility
of the RW dried turmeric powder, folic acid fortified
and NaFeEDTA fortified turmeric powder samples
was determined by mixing 1 g of turmeric powder
sample with 100 mL of distilled water at ambient
temperature and mixing using Tarsons magnetic
stirrer operated at 600 rpm for 5 min. Thereafter, the
mixture was centrifuged at 3000 G for 5 min.
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Thereby, 20 mL of the obtained supernatant was
decanted to a pre-weighed petri dish and dried at
70°C until constant weight of the system was
achieved. Subsequently, percent solubility was
determined in terms of the weight difference
between the processed petri dish sample and the
empty petri dish system. Solubility was evaluated
using the expression:

Solubility (%) = %% x 100 (1)

The swelling power was calculated using the
following expression:

Swelling power (g/g) = % (2)

In the above expressions, Ws, Wq and Wq are the
weights of original sample, dried residue and dried
sediment mass, respectively [17].

o Water binding capacity. Using the following
method, the water binding capacity (WBC) of RW
dried turmeric powder, folic acid fortified and
NaFeEDTA fortified turmeric powder samples were
measured. Firstly, 5 g of turmeric powder was mixed
with 75 mL of distilled water. Thereby, the system
was agitated at 860 rpm and 20 °C for one h.
Thereafter, the sample was centrifuged at 3000 G for
10 min. Subsequently, the supernatant was removed,
drained for 10 min and weighed. WBC was
evaluated using the expression:

WBC (%) ="M 109 )

Md
where, My, and My are the wet weight (g) and dry
weight basis of the powder (g), respectively [18].

e Dispersion time. The dispersion time was
determined through the following procedure. Firstly,
80 mL of distilled water was transferred into a 100
mL beaker and was kept in an ambient environment
(27°C). Thereby, 1 g of the powder sample was
placed in a slider that separated the powder and
liquid surface. The dispersion time measurement
started at the very instance that corresponds to the
powder sample and liquid being brought into contact
through the quick removal of the slider that
separated the powder and liquid. Thereby, the time
was measured for the complete spontaneous wetting
and immersion of the 1 g powder [19].

e Hygroscopicity. The hygroscopicity of the
sample was determined by following the procedure
summarized in [17]. According to the authors,
hygroscopicity can be expressed in terms of the
moisture mass (g) being absorbed by 100 g of sample
during 7 days of storage at 25°C and 92 % relative
humidity. To achieve these conditions, a desiccator
with a saturated Na,SOs solution was arranged.
Thereby, 1 g of the sample was weighed in a petri
dish and was transferred into a desiccator for
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mentioned time period (7 days). Subsequently,

hygroscopicity ~was determined using the
expression:
= 4
Hygroscopicity(%)=ﬂ x 100 @
1+
ah

where x corresponds to the enhancement in powder
sample (g), an corresponds to the powder sample
amount used for the measurement (g), and W; refers
to the water content of the powder exposed to the
humid environment [20].

e  Color indices. The color indices of both
fresh and dried samples were determined using a
colorimeter (Data color, Model: 250) set up (L, @, b)
[20]. For each case, measurements of L, a and b were
conducted at three different sample spots. Thereby,
the data were reported as the mean of these three
measurements.

RESULTS AND DISCUSSION
Bulk density

Bulk density is an important characteristic of the
storage, transportation and packaging of powder
products. Hence, it was assessed for various dried
samples. The bulk density of the RWD-processed
turmeric powder was obtained as 0.62 g/mL.
Incidentally, the turmeric powder fortified with folic
acid and NaFeEDTA possessed bulk density in the
range of 0.64 — 0.65 g/mL (Table 1). Thus, it can be
stated that the density did not vary with the addition
of fortificants, and the trends were comparable to
those reported in the relevant prior art.

Table 1. Bulk density data of unfortified and fortified
turmeric powder products.

S. Samples Bulk density
No. (g/ml)

1. Unfortified 0.62

2. Folic acid fortified 0.65

3. NaFeEDTA fortified 0.64

Note: All standard deviations were in the range of 0.05
-0.1.

Constant and falling rate drying mechanisms
occur sequentially during the drying of food
samples. Thus, during constant drying phase, higher
drying temperatures translate into higher initial
drying rates. Thereafter, the drying rate gets
controlled due to moisture diffusion from the
internal portion of the sample to its surface.
Deploying higher temperatures during drying can
form a hard and moisture-resistant crust at the
surface that eventually prevents further loss of
moisture. The formation of such a crust generally
results in higher bulk density. In summary, the



higher bulk density of the RW-dried samples is
possibly due to the formation of moisture-resistant
crust [17].

Hygroscopicity

Hygroscopicity, like solubility, is a very
important parameter of dehydrated products and has
a definite role in influencing their shelf-life
characteristics. Lower hygroscopicity is desired to
achieve chemical and microbiological stability in
due course of the long-term storage of a food sample.
For RW-processed turmeric, NaFeEDTA and folic-
fortified processed turmeric powder samples, lower
hygroscopicity values have been obtained as 8.70 %,
8.80 % and 8.50 %, respectively (Table 2). Hence,
the addition of fortificants did not significantly alter
the hygroscopicity property of the turmeric powder
sample.

Table 2. Hygroscopicity data of unfortified and
fortified turmeric powder products.

S. Sample Hygroscopicity
No. (%)

1. | Unfortified 8.70

2. | Folic acid fortified 8.80

3. | NaFeEDTA fortified 8.50

Note: All standard deviations were in the range of 0.1
-0.3.

The low hygroscopicity could be due to the
formation of dense structures that tend to reduce the
intake of water into the cells. The formation of dense
structures is due to the fast drying during RWD
process [21]. Also, the lower hygroscopicity of
turmeric is due to its lower sugar content. The
fortificants, namely folic acid and NaFeEDTA, were
also stable and had a lower affinity to water vapor.
Thus, the fortified turmeric samples powder also
possessed lower hygroscopicity. In the literature,
similar results have been reported for RW and
freeze-dried yoghurt samples. The reported values
were lower than those obtained for the food powders
and could be due to the lower sugar content in the
yoghurt [17]. The hygroscopic properties of a
powder play a vital role in determining its chemical
stability and influence its flow characteristics.
Hygroscopic substances typically exhibit poor
flowability, leading to issues with weight variation.
Moisture present in cohesive materials can create
solid and liquid bridges between particles, ultimately
resulting in hard cake formation. Additionally, the
stickiness of hygroscopic compounds can
complicate the compaction process, causing
problems such as picking and sticking. Elevated
moisture levels often lead to particle agglomeration.
In contrast, powders with low hygroscopicity and
anti-caking properties facilitate easier mixing,

agglomeration, or tableting, which can contribute to
reducing packaging costs [17].

Solubility and swelling power

This parameter is attained after the powder
undergoes the sequential dissolution steps of
sinkability, dispersibility and wettability [20]. For
RW dried turmeric, folic acid fortified RW dried
turmeric and NaFeEDTA fortified RW dried
turmeric, the solubility was about 29, 30 and 28 %,
respectively (Table 3). Thus, good solubility was
achieved, and this is promising from a product
acceptability perspective [18]. Corresponding
swelling power values were 1.8, 2.0 and 1.9 g/g
respectively (Table 3). The fortificants did not
significantly alter the product solubility and swelling
power. The literature confirmed that the solubility
and swelling power of RW-dried powders were like
freeze-dried powder samples and were lower than
that of spray and drum-dried powders. This is due to
the mild processing temperature for both RW and
freeze-drying methods [20]. High solubility in
powders is crucial for various commercial
applications, particularly in the pharmaceutical,
food, and agricultural industries. In pharmaceuticals,
high solubility ensures that drugs can be effectively
absorbed into the bloodstream, enhancing their
bioavailability and therapeutic efficacy.
Approximately 40% of new chemical entities
developed are poorly soluble in water, which poses
significant challenges for formulation scientists
aiming to deliver effective treatments. Similarly, in
the food industry, instant powders with high
solubility  dissolve quickly and uniformly,
preventing clumping and ensuring consistent
product quality during preparation and consumption
[18].

Table 3. Solubility and swelling power data of
unfortified and fortified turmeric powder products.

S. Samples Solubility | Swelling
No. (%) power
(g/2)
1. Unfortified 29.00 1.80
. Folic acid fortified 30.00 2.00
3. NaFeEDTA 28.00 1.90
fortified

Note: All standard deviations for solubility and
swelling power were in the range of 2 — 3 and 0.1 — 0.2,
respectively.

Dispersion time

For all evaluated powders namely, RW processed
turmeric, folic acid fortified and NaFeEDTA
fortified RW dried turmeric powders, the dispersion
time was lower than 20 s (Table 4). The relatively
short times of powder dispersion confirm good
wettability characteristics of the tested samples. The

77



P. Talukdar et al.: Fortification of refractance window dried Curcuma longa powder and characterization

literature hypothesized that larger particles possess
higher wettability than finer particles and thereby
translates into lower dispersion time [19]. Also, the
addition of fortificants did not significantly alter the
dispersion time of the samples.

The higher wettability of such samples could be
also due to higher drying temperature. However, it
can as well be inferred that the phenomenon of hard
crust formation due to faster drying translate into the
higher wettability of the samples [17].

Table 4. Dispersion time data of unfortified and
fortified turmeric powder products.

S. Sample Dispersion time
No. (s)

1. Unfortified 20.00

2. Folic acid fortified 17.00

3. NaFeEDTA fortified 19.00

Note: All standard deviations were in the range of 2 —
3.
Water binding capacity

The water binding capacity is an important
technical property and is related to the hydration
capacity of the food samples that have rich
constitution of protein and/or fiber content. The
water binding capacity of RW dried turmeric, folic
acid and NaFeEDTA fortified RW dried turmeric
samples were high and were 66, 65 and 67 %
respectively (Table 5). Thus, the fortificants did not
critically alter the water binding capacity of the
turmeric samples. According to a relevant literature
[22], higher drying temperature ensured higher water
binding capacity of the dried samples. Hence, the
RW dried turmeric sample possessed higher water
binding capacity due to the drying at high
temperature that eventually fostered the onset of
pasting or gelatinization.

Table 5. Water binding capacity data of unfortified
and fortified turmeric powder products.

S. | Sample Water binding
No. capacity (%)

1. | Unfortified 66.00

2. | Folic acid fortified 65.00

3. | NaFeEDTA fortified 67.00

Note: All standard deviations were in the range of 2 —
3.
Color indices

The color parameters L, a, and b of turmeric
powder, folic acid fortified and NaFeEDTA fortified
RW dried turmeric have been summarized in Table
6. The L parameter decreased from 63.67 (fresh
sample) to 56.67, 55.70 and 56.10 for turmeric
powder, folic acid fortified and NaFeEDTA fortified
RW dried turmeric samples. Such a reduction in
lightness was attributed to the surface dryness or loss

78

of moisture due to the drying at 95 °C. The
measurement trends also confirmed upon the
browning of the sample. Another reason is that the
non-enzymatic browning (or Maillard reaction)
occurs at relatively high drying temperatures. The
reduction in a (redness) and b (yellowness) to 31.05
— 30.80 and 62.13 — 61.20 from 43.07 and 75.12,
respectively, also corroborates the reasoning
associated to heat treatment [23]. Also, it can be
observed from the table that the addition of
fortificants did not alter the color of the samples.

Table 6. L, a, and b values of unfortified and fortified
RW dried turmeric powder samples.

S. Samples L a b
No.
1. | Fresh 63.67 | 43.07 | 75.12
2. | Unfortified 56.67 | 31.05 | 62.13
3. | Folic acid fortified 55.70 | 30.10 | 61.80
4. | NaFeEDTA fortified | 56.10 | 30.80 | 61.20

Note: All standard deviations for L, a and b were in
the range of 1 —2,2 —3 and 1 — 3, respectively.

CONCLUSIONS

The bulk density of RW-dried turmeric powder,
folic  acid-fortified turmeric powder and
NaFeEDTA-fortified turmeric powder did not vary
significantly. The hygroscopicity of fortified
products was lower and like that of samples obtained
by freeze drying process while the solubility and
swelling power of the powders were good and
matched the results obtained by freeze drying
methods. In case of the dispersion time, it was less
and hence the powders had better wettability.
Meanwhile, the water-binding capacity of all three
powders was high. The color indices were almost the
same for all. From this work, it could be concluded
that the addition of folic acid and NaFeEDTA to the
RW-dried turmeric powder did not change the
physical characteristics and constitution of the native
RW-dried turmeric powder. This is due to the
stability of folic acid and NaFeEDTA compounds
added to the RW-dried turmeric. Thereby, they did
not interact with the RW dried turmeric powder to
cause physical changes to the powder.
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As the environment faces growing challenges, in 2015, the Paris Agreement committed nations around the globe to
capping global warming at less than 2°C and striving for just 1.5°C instead. At its core, the agreement emphasizes the
need for all sectors to work towards low-carbon, resilient societies. This study addresses the construction industry's
significant waste generation and environmental impact. The research examines how green construction practices,
specifically the reuse of waste materials, can align with the Paris Agreement's objectives, promoting sustainability and
reducing environmental damage. It investigates design strategies for waste minimization and material reuse in green
building projects to meet the Paris Agreement's objectives. This study will take an interdisciplinary approach that
examines the Paris Agreement and current infrastructure laws, construction technology, and policy analysis to inform
strategies to support policy-making and promote sustainable construction practices through green buildings and waste
management systems and propose practical benchmarks for sustainable development. It explores challenges and
opportunities in implementing these strategies across different regions through case studies and policy framework
analysis. It aims to contribute relevant guidelines for waste management and the promotion of eco-friendly methods
within the construction sector to support a low-carbon, resilient built environment.

Keywords: Environment, green buildings, Paris Agreement, sustainable development, waste management.

INTRODUCTION waste management separately or broadly references
the Paris Agreement this study uniquely integrates
these elements to address the practical challenges
and opportunities of implementing the Paris
Agreement in the construction sector. Certain case
studies are analyzed with good examples to go
deeper into the policy frameworks and regulations
and relate to the environmental impact assessment,
resilient design strategies, and future trends of the
green buildings.

The objectives of this research paper are to
establish proper design strategies that can be
employed to attain minimum production of waste by
promoting the reusage of material and waste within
the green building projects and consider what is the
best way we can use the Paris Agreement as an
instrument to guide our investigation into green
buildings along with waste management systems,
and to set up certain benchmarks to have a good
practice towards sustainable development informed
by agreements reached under the Paris’s Climate
Change Conference — COP21. In light of these
points, it hopes to promote more environmentally
friendly methods and ways to create structures that
also take a case about waste, therefore illuminating
ways through which we can use the Paris Agreement
as a guide for our inquiry in terms of the areas of our
issues.

The building industry is a major generator of
waste, with vast quantities of materials being thrown
away during construction, renovation, and
demolition works. This not only poses
environmental problems but also represents a missed
opportunity for reusing resources. Against this
background, the Paris Agreement provides a
worldwide framework for combating climate
change, which could inform research and policy-
making on greener buildings and waste
management. Nevertheless, how to use the Paris
Agreement as a framework in this context is not
clear; thus, there is a need to find out what works
best when dealing with challenges and opportunities
presented by green building through the reuse of
waste materials across different regions and
contexts.

This research seeks to enhance the
comprehension of practicing the construction of
green buildings by focusing on using the Paris
Agreement as a guide. So, this research will look into
various design strategies that aim to minimize waste
as well as maximize their re-usage and discuss the
persisting challenges and prospects that are
associated with green buildings through the
recycling of waste materials. Unlike existing
literature that often examines green building and
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The novelty of this work lies in its comprehensive
examination of the subject matter, drawing data from
different sources to provide practical
implementation considerations for construction
activities, and its specific focus on aligning green
building practices with the Paris Agreement to
promote sustainable waste management. This
research goes beyond theoretical discussions by
analyzing case studies, policy frameworks, and
regulations to provide relevant and actionable
guidelines for promoting sustainable practices in
construction activities, contributing to a low-carbon,
resilient built environment. The next sections and
chapters will show an inclusive examination of this
subject matter by drawing up data from different
sources along with some case studies which shall put
together the primary discoveries and the practical
application considerations.

Statement of problem

The construction industry is one of the biggest
waste producers, where large amounts of material
are thrown out during construction, renovation, and
demolition processes. However, this waste does not
only pose environmental challenges but also
represents missed opportunities for resource
recovery. In the context of the Paris Agreement being
a global framework for fighting climate change, it
can be used as a reference point for green building
research and policy development towards waste
reduction. The application of the Paris Agreement as
a framework in this respect remains unclear; hence
best practices need to be identified that would
address challenges and opportunities associated with
green building through reusing waste materials
across different regions and contexts.

Furthermore, there exist various design strategies
aimed at minimizing waste generation while
enhancing material reuse in green building projects,
nevertheless, it is important to establish which ones
work best and how they can practically be
implemented to meet objectives stipulated by the
Paris Agreement as well as promote sustainable
construction industry development.

Therefore, this paper seeks to achieve several
research objectives: finding out the most effective
design strategies for reducing waste production in
green buildings and enhancing material reuse;
investigating whether or not the Paris Agreement
would act as a guidepost in undertaking studies on
sustainability within the built environment vis-a-vis
waste management; looking into challenges and
opportunities relating to eco-construction through
recycling of rubbish materials within different
regions so that relevant guidelines aligned with Paris

accord may be developed. These are going to help in
having a better understanding in terms of different
methods that are to be followed for sustainable
development by reusing waste material and setting
up a benchmark for achieving sustainable
development goals under the Paris Agreement.

Additionally, while dealing with these research
questions; it is expected that such an undertaking
will contribute significantly towards the promotion
of sustainable practice methods during construction
activities that have low impacts on the environment,
especially those related to energy consumption
efficiencies. Overall, this paper will explain the
extent to which the Paris Agreement is or can be used
as a guiding instrument in the construction sector to
implement provisions about recycling waste into
new buildings that are suitable for various climatic
conditions.

Background and context

This research paper’s background and context are
about constructing green buildings through waste
management. This aligns with the principles of
sustainable development. It may also be linked to the
Paris Agreement, which acts as a global framework
for dealing with climate change. Since the
construction industry is one of the biggest producers
of waste, this topic continues to be relevant since it
encourages environmental conservation by reusing
such waste in environmentally friendly buildings.

The background portion gives an outline of what
has previously been said or done on this topic, taking
into account any pertinent historical information or
literature reviews conducted by other researchers
into related fields of study around waste reduction
within buildings that are more durable than standard
practice enables given the limited resources
available at the moment while also taking into
consideration the needs of future generations. As a
result, the researcher first defines their research
problem within these parameters before evaluating
its importance concerning other studies that were
conducted before along similar lines but have been
either too general (e.g., green buildings without
specifying  whether residential, commercial,
industrial, etc.) or too narrow (e.g., insulation
materials). Furthermore, the context includes
methodical issues that are taken into consideration at
the time of data collection, analysis, and
interpretation as well as the beginning of the inquiry,
such as a person's professional experience that
piqued their curiosity and led to a wider
investigation before a specific subject was chosen
based on observations they made.
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The research paper provides comprehensive
information on the subject being discussed,
including the problem statement's nature, historical
context, and how it fits into the larger scheme of
previous studies and research projects. By reviewing
the relevant literature that identifies gaps and
justifies the need for conducting research using a
solid foundation from which useful ideas could
emerge later during theoretical conceptualization
stages designed towards obtaining overall goal(s) set
up within it, the information provided is intended to
help readers understand why the subject matter being
studied is important within a broader field, thereby
building credibility around investigation.

The issue of waste emergence in the building
industry and its effects on sustainable development
are discussed in this study. The main objective is to
find design methods that can minimize the
production of waste and promote the reuse of
resources in the green buildings and construction
sector. Along with this, this study also discusses and
evaluates the potential of the Paris Agreement as a
framework for research and policy development in
this field by focusing on managing the waste that is
produced in the process of construction. Finally, it
also suggests certain practices for sustainable
development that meet the requirements that are
outlined in some of the International Conventions
such as the United Nations Framework Convention
on Climate Change.

The subsequent chapters and sections under this
paper will provide an analysis of various issues
relating to green buildings by discussing a few case
studies that shall help in further implementations.
The environmental impacts, Design Strategies, and
Future trends and impacts shall also be covered in
these chapters. All of these should significantly
advance our understanding of sustainability in the
construction industry and shed light on how to use
the Paris Agreement as a guiding framework for
waste management issues related to these buildings.

Significance of the study

This study is important as there is an increasing
need and demand currently for sustainable buildings
that are eco-friendly in terms of waste management.
The construction industry contributes greatly
towards the generation of waste if only those
materials that have been wasted get utilized in
making ecological structures, this will highly reduce
the amounts of garbage being produced while
promoting development that meets the present needs
without compromising on the future generations
ability to meet their own needs as well [1]. The aim
of this research paper is thus twofold; firstly, it seeks
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to know what constitutes green practices vis-a-vis
waste disposal methods, and secondly, its main focus
is on how best we can use the Paris Agreement as our
guide in achieving this.

This study is important because it examines
design strategies for reducing waste while
construction and explores the potential for material
reuse in building construction, specifically in the
context of environmentally friendly buildings
through the reuse of waste materials. Furthermore,
this analysis will include an examination of case
studies and relevant illustrations to provide
policymakers with knowledge of successful
strategies implemented elsewhere, which they might
then adopt. In addition, it is crucial not to overlook
the importance of policy frameworks and regulations
in ensuring strict adherence to rules governing
various undertakings, such as technology and
innovation, and economic and environmental
analysis. These frameworks and regulations play a
vital role in ensuring compliance by all parties
involved Green Buildings Certification Inc. and U.S.
Green Building Council (GBCI & USGBC). In
addition, while evaluating the resilience design
elements of a project against climate change effects
in various places worldwide, environmental impact
assessment reports should also take into account
social sustainability factors. This is recommended by
the International Organization for Standardization's
Technical Committee 207, Sub-Committee on
Environmental Management.

Additionally, it is necessary to implement
education training programs, even though many
individuals already possess substantial knowledge
on these matters. However, there may still be a few
remaining details that have not been thoroughly
explored. These programs aim to raise awareness
among the general public, particularly those residing
close to upcoming green buildings, as their numbers
continue to grow steadily as per Caux Initiatives for
Business (CIB 2016) Conference. Finally, what does
the future entail for wus regarding these
environmentally friendly buildings? Therefore, this
research paper aims to uncover future patterns in
sustainable building development, emphasizing the
need to look ahead rather than dwell on the past.

The primary objective of this article is to improve
sustainable waste management techniques in green
construction, using the Paris Agreement as a guiding
concept for research and policy development in
environmental conservation within this field. The
results of these studies can potentially inspire change
among different participants in these activities,
including industry stakeholders at national levels,
local governments, and individual citizens who are
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part of the global community and share the goals
outlined in the Sustainable Development Goals
(UNEP & RICS, 2013). Therefore, it is undeniable
that conducting investigations into various aspects of
waste recycling from the design stage to the
completion of the construction process is of great
importance. This is because we cannot sustain our
way of life without developing more
environmentally friendly homes, also known as
green buildings. Therefore, all our actions must be
consistently aimed at attaining sustainability,
irrespective of the extent to which individuals
comprehend the reasons for specific practices.
Failing to do so would contradict the principles of
"sustainable development" that align with the natural
world.
LITERATURE REVIEW

Overview of green building and sustainable
development

Green building and sustainable development are
critical areas of research and practice in the
construction industry. Green buildings aim to reduce
the negative impacts of buildings on the environment
and promote sustainable development. According to
Teng, green buildings are designed to reduce
operating costs by reducing energy consumption, but
they can cost more than non-green buildings [2].

However, sustainable building materials, which are
domestically created and sourced, can decrease
transportation costs and carbon dioxide (CO2)
emissions, and they possess a lower environmental
effect, are thermally effective, require less energy
than conventional materials, make use of renewable
resources, are lower in harmful emissions, and are
economically sustainable.

The benefits of green buildings include
environmental benefits such as enhancing and
protecting biodiversity and ecosystems, improving
air and water quality, reducing waste streams, and
conserving and restoring natural resources. Social
benefits include enhancing occupant health and
comfort, improving indoor air quality, minimizing
strain on local utility infrastructure, and improving
overall quality of life. However, sustainable
development is a crucial challenge, particularly in
developed nations, and the environmental load of
building materials has become a more significant
requirement. Among the directions for solutions are
new material applications, recycling and reuse,
sustainable manufacture of products, or use of green
resources such as reusing various industrial wastes
like industrial by-products, demolition debris,
plastic waste etc., to reduce CO: emissions, reduce
landfill waste, lower costs and more as mentioned in
Table 1.

Table 1. Various waste materials repurposed in construction.

replacement for cement
or aggregates in
concrete, production of
plastic lumber, or as a

waste, industry

Waste Source Application in | Benefits Challenges

Material Type Construction

Industrial By- | Manufacturing, Cement replacement (fly | Reduced CO2 emissions, | Potential heavy metal

products processing plants | ash, slag), aggregate in | lower costs, improved | contamination, inconsistent
concrete, road | durability of concrete. material  properties, requires
construction. proper processing.

Demolition Building Recycled concrete | Reduced landfill waste, | Quality control, potential

Debris demolition, aggregate (RCA), | conserves natural | contamination (e.g., asbestos),

renovation reclaimed wood, bricks, | resources, lower | requires sorting and processing,

and other materials for | transportation costs. public perception.
new construction.

Plastic Waste | Municipal solid | Use as a  partial | Reduces plastic waste in | Concerns about the long-term

landfills, can improve
the workability and
durability of concrete
and asphalt, lightweight.

stability —and  leaching  of
microplastics,  potential for
increased flammability, requires
proper  pre-processing and

component in asphalt mixing, limited acceptance by

mixes. building codes and standards.
Tyre waste Discarded vehicle | Shredded tyre can be | Reduces tyre waste, | Potential for leaching of

tyre used as an additive to | improves the flexibility | chemicals, fire hazard, requires

asphalt mixes, as a | and crack resistance of | proper shredding and processing,

drainage layer in | asphalt, provides good | limited applications in building

landfills, or as a | insulation and shock | construction.

component in | absorption.

lightweight concrete.
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Table 2. Novelty of work — Addressing gaps in existing literature

Area of focus Existing literature

Novelty of this work

Green Building & | Examines green building practices
Waste Management | and waste management separately.

Integrates green building practices with waste management
strategies under the framework of the Paris Agreement.

Paris  Agreement | Mentions the Paris Agreement as a
Application general framework for climate action.

Investigates the specific application of the Paris Agreement as a
guiding instrument for green building and waste management
systems, establishing benchmarks for sustainable development.

Design Strategies & | Discusses design strategies for waste
Material Reuse minimization and material reuse in
green building projects.

Aims to identify the most effective design strategies and their
practical implementation to meet objectives stipulated by the Paris
Agreement, promoting sustainable construction industry
development.

The concept of sustainable building has been
studied extensively in the literature. Shen
investigated the green building industry in Thailand,
while Shen developed an integrated system of text
mining techniques and case-based reasoning (TM-
CBR) to support green building design [3]. Wang in
2022 researched the impact path of the sustainable
development of green buildings in China [4].
However, there are gaps in existing literature, such
as integrating green building practices with waste
management strategies and identifying the most
effective design strategies according to the Paris
Agreement framework. This work focuses on and
discusses these gaps as summarized in Table 2.

In summary, green building and sustainable
development are critical areas of research and
practice in the construction industry. Green buildings
aim to reduce the negative impacts of buildings on
the environment and promote sustainable
development. Sustainable building materials, which
are domestically created and sourced, can decrease
transportation costs and CO: emissions, and their
power environmental effects are thermally effective,
require less energy than conventional materials,
make use of renewable resources, are lower in
harmful emissions, and are economically
sustainable. The benefits of green buildings include
environmental benefits such as enhancing and
protecting biodiversity and ecosystems, improving
air and water quality, reducing waste streams, and
conserving and restoring natural resources. Social
benefits include enhancing occupant health and
comfort, improving indoor air quality, minimizing
strain on local utility infrastructure, and improving
the overall quality of life, as shown in Figure 1.
However, sustainable development is a crucial
challenge, particularly in developed nations, and the
environmental load of building materials has
become a more significant requirement. Among the
directions for solutions are new material
applications, recycling and reuse, sustainable
manufacture of products, or use of green resources.
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Enhancing and protecting
biodiversity and
ecosystems

Improving air and water
quality
Reducing waste streams

Conserving and restoring
natural resources

Enhancing occupant health!
and comfort
Improving indoor air quality

Minimizing strain on local

Environmental Benefits
Benefits of Green Building

Social Benefits

utility infrastructure

Improving overall quality of
life

Figure 1. Benefits of green building

The Paris Agreement and its connection with
sustainable buildings

The Paris Agreement is a global campaign to
mitigate climate change by reducing greenhouse gas
emissions. This also has huge implications for the
fore construction industry, mainly in sustainable
architecture and waste management. Construction is
responsible for a notable amount of CO: produced
into the atmosphere, which amounts to 39% of the
total CO- emissions in the USA [5].

Green building is one vital element of sustainable
development that seeks to reduce the effects on the
environment while enhancing people’s lives through
resource conservation and overall improvement in
quality of living [5]. Though not a new concept,
green buildings have gained more prominence
recently due to their contribution towards mitigating
climate change effects which were found harmful
indeed. To attain the worldwide reduction objective,
the Intergovernmental Panel on Climate Change
(IPCC) emphasizes the necessity of swift changes in
the construction, energy, and transport sectors.
Commercial buildings and residential facilities
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provide approximately 40% of global carbon
emissions associated with energy consumption [6],
as shown in Figures 2 and 3.

Residential Buildings: 21.0%

t Non-Residential Buildings: 9.0%

Others: 66.0% Buildings construction Industry: 4.0%

Residential Buildings Il Non-Residential Buildings
M Buildings construction Industry Others

Figure 2. Energy consumption in 2022 (open access,
doesn’t require copyright permission).
Source: Adapted from Global Alliance for Buildings and
Construction, Global Status Report for Buildings and
Construction (2023)

Residential Buildings: 17.0%

4/" Non-Residential Buildings: 10.0%
l i Buildings construction Industry: 10.0%

Others: 63.0%

Residential Buildings [l Non-Residential Buildings
M Buildings construction Industry Others

Figure 3. Global energy and process emissions in
2022 (open access, doesn’t require copyright permission).

Source: Adapted from Global Alliance for Buildings
and Construction, Global Status Report for Buildings and
Construction (2023).

The principles underlying the design of green
buildings aim to greatly reduce resource usage,
thereby optimizing energy consumption, preserving
and safeguarding water, optimizing space utilization
and material usage, and improving indoor
environmental quality, among other factors.
Additionally, operations and maintenance practices
are also optimized. For example, the impact of
global warming can be reduced by utilizing
sustainable materials like LEED recessed access
doors while simultaneously ensuring the safety of
workers on a global scale [6].

To achieve the ambitious targets outlined in the
Paris Agreement, it is imperative to involve
important stakeholders such as the construction
sector. Without their participation, these goals
cannot be effectively accomplished. Implementing
eco-friendly construction methods and utilizing

reusable resources will effectively reduce the carbon
footprint of building projects and make significant
contributions towards achieving sustainability
objectives. Furthermore, these strategies facilitate
endeavors to adjust to climate change.

In summary, the Paris Agreement possesses the
capacity to influence different sectors of the
economy, namely those about construction, such as
environmentally conscious building and waste
management. By embracing this viewpoint,
individuals can establish systems that are sustainable
to the environment, as they understand their
obligation to reduce the effects of global warming.
In essence, we must utilize all accessible resources
to save planet Earth, as even the most minor efforts
have a substantial effect on conserving nature for
future generations to come [4].

DESIGN STRATEGIES FOR WASTE
REDUCTION AND REUSE OF RESOURCES

Overview of strategies for sustainable design in
buildings

Some good ways to reach the goal of getting zero
waste is by following construction methods like
prefabricated construction or modular construction,
which will use the resources in the best way for
building projects. One of these methods is using pre-
made parts during the building process to cut down
on waste and make the work go faster and better. The
building will cost less in the long run because it can
be quickly changed for different uses without doing
much damage. This makes the buildings last longer
[7].

Adaptive reuse is the process of finding new uses
for old buildings or materials instead of making new
ones. This saves energy and reduces waste by cutting
down on the production process. It also makes sure
that cultural and historical values connected to
historic buildings are kept alive, which could be lost
forever if people involved in demolition activities
aren't aware of them [8]. This is very important
because of the many reasons why people are still
trying to protect these buildings, which are well-
known around the world among experts who study
how people settled in different parts of the world
over time. This includes archaeologists whose job it
is to study ancient civilizations from all over the
world, especially those that lived along major rivers,
like the Nile River Valley Civilization in Egypt, the
Indus Valley Civilization in India, and the Yellow
River Valley Civilization in China. By taking care of
these buildings, they are being saved for future
generations to use as examples of what not to do and
how to avoid making the same mistakes again.
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As part of a waste management strategy, waste
management plans are made during the planning
phase to make the processes of collecting, sorting,
reusing, or recycling as efficient as possible by
following the waste management hierarchy as shown
in Figure 4, where prevention of wastage is the top
priority followed by reducing, reusing, recycling the
waste and so on. Along with it, it also includes ways
that are safe to dispose of unnecessary waste. Waste
Management is very important to save resources,
and it also promotes eco-friendly practices in the
construction industry. It reduces wastage and makes
sure that everything is properly managed without its
entire life cycle. Therefore, including waste
management strategies like waste minimization
planning, onsite sorting and recycling, and
prefabrication in the construction sector as discussed
in Table 3 is necessary.

Table 3. Waste management strategies in construction

Reduce
(minimising the waste production) Most
Preferred
Reuse Option
(using the material more than one time)

Recycle
(use the old materials to make new products)

Recovery
(recover energy and material from waste)

Residual Management
(biological treatment and stabilised
landfilling)

Incineration
(waste to energy)
Disposal
(uncontrollable
burning &
dumping)

Least
Preferred
Option

Figure 4. Waste management hierarchy

efficient material use.

Strategy Description Benefits Challenges

Design for | Designing buildings to be | Reduces demolition waste, | Requires careful planning and

Disassembly casily disassembled for reuse | facilitates material recovery, | design, may increase initial
or recycling of components. | promotes circular economy. costs, requires skilled labor.

Waste Developing a plan to reduce | Reduces waste disposal costs, | Requires commitment from all

Minimization waste  generation during | conserves resources, | stakeholders, may require

Planning construction through | improves project efficiency. changes to standard practices.

On-Site Sorting | Sorting construction waste | Reduces  landfill  waste, | Requires space and labor,
& Recycling on-site for recycling or reuse. | generates  revenue  from | potential contamination of
recycled materials, promotes | materials, market availability

environmental awareness. for recycled materials.
Prefabrication Manufacturing building | Reduces waste, improves | Requires careful planning and
components off-site in a | quality control, speeds up | coordination, transportation
controlled environment. construction. costs, limited design

flexibility.

Case studies/Best practices

Case studies are real-life examples that can be
used to show how materials are used efficiently and
methods for reducing waste are put into practice in
green building projects. They give real-life cases that
help make these ideas clear. Let me show you what |
mean. The Edge is the name of an office building in
Amsterdam that is made to be great for the
environment. The building can reach a very high
level of sustainability by using methods to save
energy and water and programs to reuse building
materials. This makes sure that the people who live
there can enjoy both comfort and sustainability. In
Seattle, there is a business building called the Bullitt
Center [9], which is another example. Because it
uses green design concepts, this building has reached
net-zero energy use. Gathering rainwater, using
natural ventilation methods, and using a lot of
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recycled materials are some of the things we do. The
Renewal Workshop is in Oregon, United States of
America. People bring their old clothes to this
business to have them fixed up and then sell them
again. This is an explanation of how the fashion
business can use the circular economy idea to
become more environmentally friendly.

One of the examples of sustainable waste
management policy is performing audits on waste
streams to establish preliminary measurements and
to identify the chances of diverting them. The
Energy Research Institute (TERI) in Bangalore,
India, is one example of an organization that uses
sustainable design concepts like passive cooling and
heating to reduce energy usage. This building is
situated on an axis that runs from east to west to the
northern side to have glare-free light. It also has the
dale cavity wall on the south side for the insulation.
It has an open atrium space with skylights to increase
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the natural light. It also has an earth air tunnel system
for efficient cooling and heating.

Another case includes an office building located
in Athens, which has shown that the installation of a
green roof for sunshade has resulted in a reduction
of 19% of the energy that is consumed, which is used
for cooling purposes, Also, there is The Indira
Paryavaran Bhawan in New Delhi, India which is a
building that has a net-zero energy building (NZEB)
which shows an important leap from the usual
traditional building designs. The team of this project
has focused on certain initiatives to decrease the
usage of energy by employing a few measures like
increasing the natural light, which includes shading
and garden landscaping to decrease the temperatures
outside and also by using active building systems
which are energy efficient. This building has
achieved in reduction of 70% of the energy being
consumed when compared to other traditional
buildings. This has also been awarded a GRIHA 5-
star rating and platinum rating from LEED [10].

PARIS AGREEMENT AS A FRAMEWORK FOR
RESEARCH AND POLICY DEVELOPMENT

The Paris Agreement of 2015 is an important
global treaty that aims to address climate change by
reducing the emissions of greenhouse gases and
promoting sustainable development. It provides
certain guidelines and strategic plans for the
countries to follow in mitigating climate change by
encompassing various measures like promoting
sustainable construction and waste management.

Understanding the Paris Agreement within the
context of green building

The Paris Agreement represents a global
framework for addressing climate change and its
impacts with specific reference to green building and
waste management among others. The construction
industry accounts for large amounts of waste
generation globally where significant quantities of
materials are discarded during construction,
renovation, or demolition worksites thereby creating
environmental challenges in addition to lost
opportunities for resource recovery. In this way,
therefore, the Paris Agreement offers potential ways
for research work as well as policy formulation on
green buildings along with waste disposal methods.

The Paris Agreement acknowledges the
significance of sustainable development and
emphasizes the need for fully integrated actions to
address global warming reduction. The articles of
the agreement include measures to promote energy
conservation through the use of green buildings,
which involve the adoption of renewable energies

and sustainable practices in the construction industry
(UNFCCC Secretariat). It also emphasizes the
importance of decreasing CO: emissions from
buildings, which contribute to approximately 39% of
worldwide energy-related CO- emissions. It calls for
improving low-carbon resilient infrastructures and
sustainable models.

All the countries can establish policies and
measures to promote energy efficiency and the

adoption of renewable energies for having
sustainable  building practices following a
commitment to the Paris Agreement. These

measures provide the requirements for using various
appliances that are powered by solar panels, which
help in electricity savings. In order to do such
practices, they must be granted subsidies, grants, tax
credits, etc., and other possible things to support
them. For example, a few member states of the
European Union have already implemented certain
directives named the Energy Performance Building
Directive (EPBD) and the Renewable Energy
Directive (RED), which mandate the development of
policies that improve the energy efficiency in the
buildings and promote the usage of renewable
energy. Another example is, that the United States
has established the Green Building Council, which
has certified around 50,000 environmentally friendly
buildings. China has also established certain
evaluation standards for constructing sustainable
buildings that have appliances that use renewable
energy and save energy.

The Paris Agreement establishes global
guidelines for combatting climate change by raising
certain initiatives like the development of
sustainable buildings and waste management.
Various governments can use this treaty as a
foundation for making policies and implementing
them to promote sustainable construction including
energy saving and renewing.

Using the Paris Agreement for policy creation

The Paris Agreement acts as a global treaty that
outlines certain actions that every nation must follow
to generate carbon emissions. Regarded by
numerous individuals as a highly significant
document in the realm of environmental
preservation, it is well recognized for its provision of
explicit directives for action to be taken by nations
worldwide.

The Paris Agreement serves as a framework for
the advancement of research and the formulation of
policies about change problems. One method it
employs is the establishment of goals or targets that
must be achieved in the context of sustainable
development, among other objectives. For instance,
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specific regulations can be implemented under the
domains of green buildings and management of
waste to align with and support efforts to mitigate
global warming.

The governments may refer to sustainable
building certifications as an organizing principle
when developing national codes for construction
methods that align with the goals of low-carbon
economies, as outlined in international agreements
like the United Nations Framework Convention on
Climate Change (UNFCCC). One method of
guaranteeing that new projects adhere to the legal
norms could be to integrate them into the national
building laws or even make them obligatory
components within those regulations.

Carbon pricing systems are essential elements
that must be included in the policy-making stage.
They provide incentives for investing in energy-
efficient technology with low emissions in the
manufacturing sectors of developing nations, as
described in Articles 6 and 7. These rules are
supposed to promote sustainable production
methods that help reduce carbon emissions from
industries that burn fossil fuels to generate energy.

The collaboration between the public and private
sectors is essential to policies that are necessary to
have sustainable construction practices as this helps
in facilitating the relevant information and promotes
transformation in various sectors that are using green
building techniques as per Article 11. This
collaboration creates an environment that promotes
sharing knowledge and implementation in terms of
sustainable building technology. Finally, to have
significant progress in the construction sector
globally, we must follow the Paris Agreement in
terms of creating a policy for the buildings. If all the
countries align their policies with the international
agreement, they can speed up their efforts in creating
buildings with zero carbon emissions. This also
makes a significant contribution to the global
objectives laid down under the UNFCCC under
classes 5 and 13, which address climate change.

CASE STUDIES ON GREEN BUILDING AND
WASTE MANAGEMENT

What we learned from sustainable building projects

The sustainable building projects provide a
framework to incorporate green buildings to have a
sustainable construction process by aligning with the
goals under the Paris Agreement. One such example
of a sustainable building plan is a commercial
structure named Bullitt Center in Seattle [9], which
has been recognized as one of the most sustainable
buildings in the world. Their effort shows various
things such as a rainwater-to-potable water system,
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composting toilets, and rooftop solar panels,
resulting in overall positive energy usage. It
functions as a symbol for sustainable construction
methods that help enhance our comprehension of
carbon neutrality and promote the efficient use of
resources.

Another example of sustainable buildings is the
Empire State Building, which is located in New
York. It has gone through a lot of major energy
efficiency during the renovation process. Though all
the sustainable goals were not fully achieved, it
made a significant process through this project like
installing new windows, upgrading the heating
ventilation air condition systems, and the addition of
insulation. This has resulted in a yearly reduction of
power usage by 38%. This has also helped in saving
the costs annually by $4.4 million on utility bills as
per the USGBC.

Innovative strategies for waste minimization

The Zero Waste Research Center in San Jose is a
notable institution where novel methods for waste
reduction can be explored per the Paris Agreement
[10]. Within this establishment, there is a material
recovery station that conducts the separation and
treatment of recyclable materials, as well as a
composting site where organic waste is transformed
into a superior-quality soil supplement. Therefore,
this working prototype can serve as a model for
sustainable waste management systems. It not only
demonstrates the amount of waste that could be
saved through recycling but also highlights the fact
that we have not yet fully utilized all potential
sources of renewable energy. If these sources are
effectively harnessed, they might contribute
significantly to the accomplishment of carbon
neutrality.

The Green Demolition Project in Toronto shows
an excellent approach by which the buildings are
carefully demolished to ensure that the components
that can be recycled and reused are extracted and
used somewhere else. Mostly, these components are
sold in the open market, while others are donated to
local charities or non-profit organizations. This
method successfully helps in diverting thousands of
tonnes of waste from landfills. Moreover, it also
provides beneficial options for builders who require
particular types of materials for their various
projects.

Examples that show successes through reuse of
waste

Materials reuse success stories demonstrate the
concepts of the circular economy, which aligns with
the agreements made during the COP21 Conference
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under the UN Framework Convention on Climate
Change (UNFCCC). One of them is the Habitat for
Humanity ReStore (Habitat for Humanity) [12],
which gathers all the used or unwanted building
supplies such as appliances and furnishings,
processes them, and then sells them at affordable
prices. This initiative has been helping in funding
low-cost home projects that conserve resources and
reduce the strain on the landfills by diverting these
millions of tons of waste to places where they can be
reused. This is a success story which has contributed
to the sustainable development goals and efforts to
mitigate climate change.

Sustainable development is an important concept
in terms of green building through the reuse of
waste. Its main objective is to achieve our present
needs while protecting the quality of life of future
generations. Sustainable waste management aims to
minimize the waste streams and handle the resources
efficiently with the use of recovery, recycling, reuse,
and minimization of waste. The Leadership in
Energy and Environmental Design (LEED) has a
green building rating system that analyses the
environmental performance of buildings in nine
categories which also includes the materials and
resources. The LEED includes waste management
credits that mainly focus on various kinds of waste
like construction waste, reusing materials, analyzing
waste channels as well and successfully managing
consumable and durable goods.

All these case studies and success stories
regarding green  buildings through  waste
management offer various important and valuable
perspectives in terms of the ways to harmonize our
practices under the goals laid down by the Paris
Agreement. This can help us save a lot of resources
and have proper waste management that shall help in
reaching the sustainable development goals laid
down in the Agreement.

ENVIRONMENTAL IMPACT ASSESSMENT OF
GREEN BUILDINGS

The Paris Agreement is the most important
agreement about the global climate and it aims to
stop or reduce the global temperatures to less than
2°C in terms of pre-industrial levels, and it is striving
to reduce the rise of the temperature to 1.5°C. The
Environmental Impact Assessment (EIA) regarding
Green Construction aims to analyze, control and
reduce the negative impacts that the construction
projects have on the ecological systems. The Life
Cycle Assessment of the building materials and the

measurements of carbon footprint, along with taking
the biodiversity services into account, is important in
terms of assessing the environmental impact of green
buildings, which is in line with the goals of the Paris
Agreement.

Life cycle assessment of building materials

To address the environmental impact, the Life
Cycle Assessment (LCA) is used as an important
tool. It analyses the product during its entire lifespan,
beginning from the extraction of the raw material till
the end of its disposal or recycling Assessment [13],
as shown in Figure 5. So, to reduce their greenhouse
gas emissions as per the principles laid down by the
Paris Agreement, LCA should be encouraged, which
will lead to Sustainable development [14].

The Life cycle assessment has different phases,
which have a goal definition and scope setting that
establishes its objectives to carry out the Assessment
as shown in Figure 6. It has a system boundary
setting that determines the limitations that are there
and in which the Assessment of the functional unit
and product system will be conducted. It has
inventory analysis where the data will be collected
on the inputs and outputs of the product systems,
which includes their consumption of energy and the
waste that is generated in the process of
manufacturing. Impact assessment compares these
data against predetermined values, such as global
warming potential (GWP). Interpretation involves
comparing all findings with relevant benchmarks
while reporting and passing on this knowledge to
stakeholders. For example, it displays the results
obtained from determining the impacts caused by the
use of certain types of building materials, along with
recommendations for reducing them [15].

Carbon footprint analysis

Carbon footprint analysis assesses the efforts
made by enterprises to reduce their detrimental
emissions into the earth's atmosphere. The analysis
encompasses all air emissions across the entire
lifespan of building projects, with a particular
emphasis on CO.. This includes emissions from the
extraction of raw materials, as well as the disposal or
recycling of items at the end of their life cycle [16].

The construction sector has a significant impact
on greenhouse gas (GHG) emissions, with concrete
alone contributing to nearly 75% of the total
embodied carbon in structures, while steel accounts
for approximately 18%.
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V. Yaddanapudi et al.: Green building through reuse of waste material advancing sustainable development ...

CARBON FOOTPRINT ANALYSIS

[
OPERATIONAL

(Emissions that are produced when
using buildings or systems)

]
EMBEDDED

(Emissions which are generated
during the stage of production)

EXTRACTION
TRANSPORTATION

Figure 8. Carbon footprint analysis in construction industry (prepared in this work)
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Figure 9. Carbon footprint analysis through factors contributing to carbon footprint of buildings and strategies for

reducing them.

Finishes also have a substantial impact since they
make up approximately 7%, as shown in Figure 7.
Therefore, it is imperative to tackle these concerns
as CO: emissions have a significant impact on
climate change in the short term, making it a matter
of urgency [17]. This method allows for the
identification of building process stages that emit
higher levels of carbon into the environment,
facilitating the selection of building supplies with
lower carbon content [16]. Carbon footprint analysis
can be divided into two main categories: operational
and embedded. The term operational refers to
emissions that are produced when using buildings or
systems, like heating systems. The other term,
embodied, refers to those emissions that are
generated during the stage of production, which
includes activities like extraction and transportation
[16], as shown in Figure 8. The factors that
contribute to the carbon footprint of construction of
buildings and the strategies to reduce carbon
footprint in building operations are depicted in
Figure 9.

It is important to conduct the carbon footprint
analysis for green buildings to meet the lines that are
outlined in the Paris Agreement, which lays down
the reduction of greenhouse gas emissions and
encourages sustainable development. Not only that,
but this research will also help identify the areas that
need enhancement. This facilitates the decision
making which focuses on mitigating the adverse
impacts on the environment and promotes better
standards of living by reducing the levels of
pollution to have a healthier planet [ 14].

So that it adheres to the agreement, the Inter-
American Development Bank (IDB) has devised the
"IDB Group Paris Alignment Implementation
Approach" (PAIA). This approach assesses all new
projects undertaken by the bank to ensure that they
do not hinder the transition to low-carbon and
climate-resilient economies, as outlined in the Paris
Agreement. PAIA offers a systematic approach, a set
of principles, and technical guidelines for evaluating
various sectors, such as buildings. This evaluation
helps in developing technological designs for
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operations and facilitates communication between
the organization and its customers.

POLICIES AND REGULATIONS REGARDING
THE GREEN BUILDINGS

Green Buildings are very important to implement
construction practices and to improve the
environmental impact of the buildings. So, we need
policies and regulations like national and
international regulations and incentives for
sustainable  building practices along with
compliance and enforcement strategies.

The International regulations provide a basis for
the implementation of sustainable construction
methods. LEED, as discussed earlier, is one of the
leading green building rating systems in the USA. It
assesses various factors like the efficiency in energy
usage, conservation of water, and indoor air quality,
starting from the design face throughout the
construction process. Another regulatory framework
is the International Green Construction Code
(IGCC), which provides the minimum standards for
sustainability in many areas like site development,
energy conservation, water efficiency, etc.

In India, The Indian Green Building Council
(IGBC) has been an instrument in improving the
implementation of green building practices within
India. It has the Green Building Rating Systems,
which ranks the buildings based on their energy
efficiency, water usage, material selection, and usage
by preventing wastage of materials and resources
and other factors. It gives certification to the
buildings in different categories like Platinum, Gold,
and Silver depending on their compliance with these
criteria. Along with the IGBC, the Green Rating for
Integrated Habitat Assessment (GRIHA) also plays
an important role in checking whether the buildings
comply with the green building criteria to promote
sustainable construction. This acts as an incentive
for the developers to adhere to sustainable practices
in the building, have proper usage of resources, and
minimize waste.

FUTURE TRENDS AND OUTLOOKS IN
GREEN BUILDINGS

Innovations about to happen

The recently developed green building
technologies are highly significant for achieving the
goals of the Paris Accord and promoting
environmentally responsible building practices. The
article titled "Market Report on Green Buildings"
examines important advancements that are expected
to impact the future of environmentally sustainable
construction methods. Employing eco-friendly
construction technology is an astute strategy to
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preserve energy, enhance occupant comfort, and
minimize environmental harm with equivalent work.
This system enables the real-time monitoring and
control of activities within buildings through the
utilization of automation sensors and other modern
technology. The main objective of this effort is to
promote energy efficiency and sustainability.

Some people perceive biophilic design concepts
in green architecture as a novel trend. The objective
of biophilic design is to integrate natural elements,
such as plants, sunlight, and water, into the
architectural design of buildings. The goal is to
improve the well-being of individuals while also
promoting a stronger relationship with the natural
world. By integrating these elements, green
buildings can improve indoor air quality, reduce
stress levels, and promote efficiency. The Paris
Agreement prioritizes enhancing human well-being
and protecting the environment, and this initiative
aligns with both objectives.

Projected changes in policy and practice

The Paris Agreement came up to put the rise
intending to temperature to less than 2°C. To achieve
the goal it has laid down, the government has
brought up certain changes in the green buildings by
bringing up the Green Buildings Standards and
Certifications. These standards, like LEED or
BREEAM, require buildings to follow certain
environmentally friendly rules from the time they are
designed until they are finished. They also require
buildings to be sustainable. Carbon pricing plans,
like cap-and-trade or carbon taxes, will reward
behaviors that produce less carbon, while behaviors
that produce more carbon will be punished.

It is believed that partnerships between the public
and private sectors will be very important in
advancing green building technologies and methods.
These partnerships help solve money problems
while also encouraging new ideas and methods that
are better for the environment. More money will
likely be spent on research to improve green building
technology by creating new materials, putting in
place energy-efficient systems, and using design
methods that have less of an impact on the
environment and make buildings last longer.

Sustainable urban planning ideas should be
incorporated into building plans and constructions.
This will allow for the growth of green spaces,
public transportation systems, and renewable energy
sources in city infrastructures. Climate-resilient
infrastructure is becoming more and more important.
This means building things that can stand up to
extreme weather and change the climate. From the
beginning to the end of the building process, health
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will be taken into account by using biophilic design
principles, letting in natural light, and using
materials that make the air inside better.

For green buildings to align with the Paris
Agreement, stakeholders must adhere to the
appropriate procedures and actively endorse these
objectives and trends. This will enhance the health
and resilience of habitats, benefiting both human
beings and the planet.

Future goals and hopes for sustainable
development in long range

The Paris Agreement is a global agreement that
aims to promote the use of environmentally friendly
construction methods in green buildings. Its goal is
to achieve carbon neutrality by reducing the
emissions of greenhouse gases and by promoting
sustainability. This can be achieved by generating
the same amount of renewable energy that is
consumed, which will help in reducing the carbon
footprint. The Agreement also highlights the
importance of reducing waste and using the
materials efficiently by following circular economy
principles throughout the lifespan of a building.

Some of the long-term long-objectives include
the integration of various energy sources like solar
panels, wind turbines, etc., as efficient systems.
Furthermore, this provides us with an alternative
method of generating power, in addition to the
utilization of fossil fuels. An alternative method for
generating green energy involves utilizing
geothermal heat pumps. Specialized intelligent
devices, specifically created for application in
residential and commercial structures, are
aggressively promoted to decrease energy
consumption, enhance air purity, and regulate
ventilation systems. This contributes to the
improvement of living and working situations that
are more environmentally friendly.

Furthermore, there are also important aspirations
regarding the conservation of biodiversity, the
incorporation of inclusive design, and the
preservation of cultural heritage within the green
buildings sector for an extended period. It is crucial
to prioritize the protection of nature within
architectural spaces. Ensuring a healthy ecological
balance between humans and their surroundings
should always be of utmost importance from the
planning stages to the finalization phase. Failing to
do so would result in cities becoming uninhabitable,
with a lack of trees, birds, and clean water, among
other things. So, it's important for any design or
construction process to not just meet but go beyond
the minimum standards set by laws that protect

biodiversity, no matter where they are in the world,
especially if they are located nearby.

Another future goal of sustainable construction is
the use of long-term Smart Building Technology
(SBT). This concept utilizes modern data analytics
and automation systems to maximize the
consumption of energy in commercial buildings like
hotels, malls, and supermarkets. It also enables real-
time monitoring of waste production levels,
providing managers with guidance on reducing
wastage during normal operations, even in the
absence of people. Ultimately, this leads to the
creation of more pleasant environments for living
that are both indoors and outdoors.

Furthermore, it is crucial to build easily reachable
and cost-effective sources of sustainable energy,
healthcare facilities, and educational institutions in
every community. It is imperative to provide equal
consideration to the conservation of various cultures
while undergoing the development process. Failure
to adequately plan in these areas will surely fail our
systems. Hence, we urge all individuals to embrace
a worldwide outlook when implementing measures
at the local level. By taking action, we can increase
our chances of achieving our goals (as discussed
here) soon, instead of suffering imminent
catastrophe if we don't make quick adjustments.

CONCLUSION

The successful implementation of green building
methods requires the smooth collaboration of the
contractors, engineers, architects, and clients in all
stages. Green building is about safeguarding
resources like water, land, energy, materials, etc., in
the entire lifespan of the buildings. Its main goals are
to protect the environment, reduce pollution, and
provide people with a safe, pleasant, and efficient
place by promoting balance in resources, reducing
waste, and maintaining harmony with nature.

This study explains how waste materials can be
used in the construction of green buildings to
maintainable development by supporting the
objectives of the Paris Agreement. It stressed the
importance of using sustainable construction
methods that reduce waste and promote recycling. It
discussed the Paris Agreement, which states that
these features are necessary and important to reduce
greenhouse emissions globally.

In this study, various important points were
brought up and discussed. One among them was the
importance of minimizing waste in the design phase.
Another one is the importance of research and
adoption of sustainable methods for construction and
waste management systems. It discussed that certain
policies must be developed internationally like the
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Paris Agreement. It also discussed the positive
effects of using green building materials, which are
made from recycling and reusing waste to achieve
the goals that are laid down by the Paris Agreement.

The main objective of this study is to collect the
existing knowledge about sustainable construction
practices and their features. There are still a lot of
areas that need to be looked into and researched.
Apart from these, it suggests various ideas for
research to be made in the future. A few of such
possible future research is the investigation of
circular economy models in green buildings, and
another one is to analyze and assess the most
efficient policies to encourage the reuse of waste
materials. All these suggestions align with
Sustainable Development goals made at the UN
Climate Change Conference’s COP 21.

These findings might help in providing valuable
insights into the possibility of reusing materials and
supporting sustainable building practices in the
construction industry and it aligns with the goals that
are set up in the Paris Agreement.

Authors' contributions: Methodology and original
draft preparation by Vyshnavi Yaddanapudi,
Supervision and formal analysis by Yogesh
Dharangutti and Abhijit Vasmatkar.
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Urban waste management in India is significantly challenging, as waste disposal lacks proper management and
adequate infrastructure, leading to adverse environmental and health impacts on society. This paper examines the
integration of environmental justice principles into urban waste management in India through Sustainable Development
Goals (SGDs). This paper analyses the existing legal framework aimed at promoting equitable urban waste management
practices, the provisions of the Indian Constitution, including Article 21 [1], Article 48A [2] and Article 51A(g) [3], and
their alignment with SDGs (3, 6, & 11) [4]. Additionally, this research highlights the importance of incorporating
environmental justice principles to achieve sustainable and inclusive urban waste management through a critical analysis
of the “Municipal Solid Waste (Management and Handling) Rules, 20007, and its interpretation and implementation. It
further identifies the loopholes in the current legal framework and aims to address them to ensure accountability among
all stakeholders by adhering to the SDGs and constitutional mandates so that India can progress towards fairer and more

sustainable urban waste management system.

Keywords: Environmental justice principles, urban waste management, sustainable development goals (SDG).

INTRODUCTION

Urbanization and industrial growth have greatly
influenced the rapid economic progress of India,
transformed its urban areas and opened up new
avenues for development. These factors have
presented significant challenges, especially when it
comes to managing waste in urban cities. Because of
the fast-growing urban population, unsustainable
consumption, habits, and lack of proper waste
management infrastructure the cities in India are
dealing with the water crisis. It is quite challenging
to manage urban waste due to various factors such as
in adequate collection systems, limited treatment and
disposal facilities, and a lack of public awareness
and involvement. All these factors possess a threat to
the well-being of both humans and environment. A
lot of environmental problems are caused due to
poor waste disposal practices like water, pollution,
soil erosion, air contamination, and increased risk of
diseases. And because of these issues, people of
marginalized communities, living near waste
disposal sites have been affected disproportionately.

The people of marginalized groups, informal
waste collectors and sanitation workers, face,
specially face higher risk of environmental and
health hazards because of inadequate current waste
management methods. The lack of fairness and
inclusivity in waste management is a problem
because it worse since social inequalities and makes
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it harder to achieve social justice and sustainable
development goals. Therefore, there is a need for a
holistic and impactful approach to achieve social and
environmental justice and sustainable development
goals to manage waste in urban cities. The
environmental justice ensures that environmental
benefits and burdens are distributed fairly among all
the stakeholders, involving stakeholders in decision-
making and held in institutions and policy makers,
accountable for environmental governance.

The incorporation of environmental Justice
principles into urban waste management aims to
reduce environmental pollution, protect public
health and encourage social equality, community
resilience and sustainable urban development. There
is a need to thoroughly assess the existing policies,
methods, and systems to ensure inclusivity, promote
participation and endorse environmental
sustainability. This research discusses how
environmental justice principles be incorporated into
waste management in urban cities of India by using
sustainable development goals framework. This
people will thoroughly conduct a comprehensive
analysis of the existing legal and policy framework,
which include examining the provisions of
Constitution, legislative measures and regulatory
tools. It will identify the gaps contradictions or the
areas that need to be addressed in order to achieve
effective waste management. It further will examine
how India’s urban waste management strategies
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align with the sustainable development goals,
specifically SDG 3 (good health, and well-being),
SDG 6 (clean water and sanitation) and SDG 11
(sustainable citizen communities). This research
will provide valuable insights and potential
strategies to improve the efficiency inclusivity and
sustainability of urban waste management in India
by analyzing global business practices, case studies
and innovative methods. The study involves
identifying the main challenges, promising
initiative and practical policy recommendations. It
also aims to educate about significance of
incorporating environmental justice principles into
urban waste management system in order to deal
with the intricate issues of urbanization, waste
management and sustainable growth to the
professionals, policymakers, civil society groups,
and other stakeholders.

STATEMENT OF PROBLEM

Waste management in urban cities of India is a
challenging issue due to lack of proper
infrastructure,  inadequate  policies, limited
involvement of stakeholders and the negative impact
on the environment, society, economy and health
caused by improper waste disposal, recycling and
resource recovery practises. There are still major
problems with how waste is managed in cities and
regions across India, even though there are laws,
policies and international agreements in place to
encourage sustainable waste management. This
leads to a major risk to environment, health, fairness,
and economic losses. The current urban waste
management in India is getting worse due to factors
like rapid wurbanization, population, growth,
industrialization, consumption patterns, and lifestyle
changes, causing an increase in waste generation,
making it more complex and diverse issue to be
dealt. As a result, waste management, systems,
processes, and services are facing challenges in
terms of capacity, efficiency, and effectiveness.
Moreover, the lack of consideration for
environmental  justice  principles  involving
stakeholders and engaging the community in waste
management, decision-making, policy, creation and
implementation has led to social injustice, inequality
and marginalization. This leads to negative impact
on the rights, dignity and well-being of waste
because informal waste workers, vulnerable
populations, and marginalized communities who are
involved in waste collection, recycling and disposal
activities. The lack of proper integration of
principles of environmental justice, Sustainable
Development Goals (SDGs) and constitutional
provisions such as Article 51, Article 48A and
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Article 51A(g) into urban waste management laws
along with the limited enforcement, regulations,
tracking and accountability mechanisms and
organizational capacities have been a barrier to
progress, innovation and transformation in the urban
waste management sector. This has impeded the
achievement of sustainable development goals,
environmental sustainability social equity and
economic prosperity in the urban areas in India.
Therefore, in order to transform urban waste
management systems, practices and outcomes,
create cleaner, healthier and more sustainable cities
and communities and promote well-being,
prosperity and resilience for all in India, there is an
urgent need for comprehensive, integrated and
inclusive approaches, strategies and interventions to
address the systematic challenges, barriers and gaps
in urban waste management.

LITERATURE REVIEW

The article “Environmental Justice and
Sustainable Development” by B. Gebeyehu et al. [5]
explores environmental justice, tracing its historical
roots and focusing on racial and ethnic disparities in
environmental risk exposure. It examines the
evolution of the environmental justice movement to
address broader issues like getting healthy food and
impact of climate change on marginalized
communities. The authors also underscore the
interconnectedness between both, highlighting the
need to meet the present needs without jeopardizing
the ability of future generations to satisfy their own
wants. However, this paper points outs several
research gaps, including the need for a global
analysis of environmental justice movements, a
deeper exploration of intersectionality in the
environmental impacts, more empirical studies on
sustainable development and environmental justice,
and concrete policy recommendations for
integrating environmental justice into sustainable
development initiatives.

Another article is “Role of Indian Regulatory
Authorities in Integrating Environment Justice into
Industrial Siting Decisions” by Yashaswini Mittal
[6]. In this paper, the author has discussed the role of
regulatory authorities in ensuring environmental
justice in industrial siting decisions. It emphasizes
procedural components of environmental justice,
such as public participation, transparency, and
accountability, and their role in promoting social
justice and equality of opportunity. The article also
discusses the Indian philosophy of dharma and its
similarity to Rawls' theory of social justice in the
context of environmental justice. However, the
article lacks discussion on the impact of industrial
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siting decisions on marginalized communities,
particularly those living in special areas like forest
land and scheduled areas. The article could have also
explored the role of civil society organizations and
international frameworks in promoting
environmental justice in industrial siting decisions
and thus there is a need for further research.

Another article available is “Waste as a Social
Dilemma: Issues of Social and Environment Justice
and the Role of Residents in Municipal Solid Waste
Management, Delhi, India” by Adriana Milea [7].
The author explores factors influencing waste
decisions, drawing from theories on common-pool
dilemma situations and environmental issues. It
emphasizes the importance of understanding
people's actions related to waste handling, as they are
determined by historically built structures, values
and knowledge. The author research aims to
contribute to theories for problem-solving programs
and interventions, emphasizing on the effective
separation of hazardous waste from biodegradable
and non-biodegradable materials. However, gaps
exist, such as the lack of focus on hazardous waste
and impact of social norms on trash segregation. The
study employs mixed methods and is primarily
deductive in its approach. The research's limitations
may limit its generalizability to other contexts.

In the paper “Innovations in Recycling for
Sustainable Management of Solid Wastes” by Nazia
Parveen et al. [8] the authors have discussed the
swift production and build-up of waste in developing
is a significant issue because of urbanization,
industry, inadequate government policies and
population increase. The authors emphasize the need
for strict laws, increased awareness, and innovative
techniques to control solid waste in developing
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countries. They suggest waste-to-energy
technologies for energy production and carbon
emissions reduction. However, the review lacks
comprehensive studies on waste impact, recycling
and composting techniques, innovative
technologies, public-private partnerships, waste
management policies, and community engagement.
Thus, further study can be carried out.

URBAN WASTE MANAGEMENT IN INDIA:
CHALLENGES SND IMPACTS

Urban waste generation and management: an
overview

India’s cities are facing a growing waste
management challenge due to swift urban expansion,
population increase, and changing consumption
habits. Current projections suggest that Indian urban
areas, each year produce municipal solid waste
which is more than 62 million tons, a number set to
double by 2030 if the present trends persist.
However, the existing waste management systems
are largely insufficient to manage the rising volume
and diversity of urban waste. In numerous Indian
cities, the current waste management methods are
largely linear and reactive, mainly concentrating on
collection and disposal, rather than embracing
proactive, sustainable, and circular methods that
emphasize waste minimization, reuse, and recycling.
The absence of holistic waste management plans,
along with insufficient investment in infrastructure,
technology, and manpower, has led to ineffective
waste collection systems, widespread littering, open
dumping, and unregulated landfill use, leading to
environmental harm, health hazards, and social
inequalities.
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Figure 1. Total municipal solid waste generated per day in India from FY 2019 to FY 2022. [Source: India; Central
Pollution Control Board; FY 2019 to FY 2022] (Open access doesn’t require copyright permission)
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ENVIRONMENTAL IMPACT

The single use plastic is believed to take thousands of years to
decompose, which leads to soil and water contamination and can pose

hazards for land, water, and wildlife. In some cases, the existence of
single use plastic in water or food is leading to presence of plastics in
human bedy, and health issues.

HEALTH AND SOCIAL IMPACT

Instances of