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ABSTRACT

The present study focuses upon effective waste management which is crucial for sustainability and
requires moving beyond traditional linear disposal methods toward adaptable, circular systems. India
generates around 1.3 billion tonnes of waste annually, including significant quantities of hazardous,
plastic, electronic, and biomedical waste. This paper highlights the principles of Reduce, Reuse,
Recycle, and Recover as an essential to minimize waste and recover resources. Special focus is given
to organic waste, especially from rice, banana and sugarcane industries, which can be transformed
into valuable products like biofuels, fibers and silica through composting, digestion and other
technologies. Informal recovery networks help manage municipal waste and create jobs, but they also
pose challenges related to health and safety on environment. The study stresses the need for integrated
policies, community involvement, and innovative technologies to develop a circular economy. By
aligning systems thinking with sustainable practices, modern waste management can turn waste into
resources and contribute significantly to environmental protection.
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INTRODUCTION

With rising global development and consumption over recent decades, there has been a
significant increase in the volume of waste generated. This growing waste production
highlights the urgent need for strategies to reduce waste at its source—since excessive waste
signifies inefficient resource use—and to adopt environmentally responsible disposal
methods that minimize pollution of air, water, and land. In response, a set of current and
evolving regulations has been established to guide how waste is perceived, managed, and
treated. These legislative measures are expected to play a crucial role in shaping waste
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management practices well into the future.[1] The incineration of agricultural wastes (agro
wastes) as a fuel, solid fuel and/or for the same purposes, resulting in landfilled ash that in
most cases makes an environmental problem due to disposal. Agricultural waste, an
inevitable by-product of crop and livestock production, represents a significant environmental
and resource management challenge. At present, researcher explores the types, characteristics
and generation rates of agricultural residues, including crop residues, animal manure and
agro-industrial by-products. Emphasis is placed on the sustainable management and
valorisation of these wastes through composting, anaerobic digestion, biochar production,
and their conversion into value-added products such as biofuels, bioplastics, and
biofertilizers. By adopting integrated waste management strategies, agricultural residues can
be transformed from environmental burdens to sustainable resources, supporting circular
bioeconomy goals and rural development [2]. Traditionally, waste has been viewed as a by-
product unrelated to the production process, typically addressed only when its impacts—such
as air and water pollution or overflowing landfills—become too significant to ignore. Action
is often reactive, driven by immediate public concern rather than proactive planning.
Conventional waste management methods have several shortcomings: Time and resources are
often spent on collecting data that has little influence on actual outcomes. For instance,
regular surveys of household waste composition are carried out even when waste handling
methods remain unchanged. Some strategies are inflexible, lacking provisions to correct
unforeseen consequences. A notable example is when Auckland City (New Zealand)
increased waste bin sizes from 40L to 240L, which led to higher waste volumes without a
plan to address the increase.Many waste solutions are driven by immediate targets rather than
long-term sustainability. For example, emphasizing the volume of materials recycled without
addressing the need to reduce packaging in the first place. [5] The waste management sector,
much like other infrastructure systems, is undergoing a significant transformation. This
transition introduces greater complexity in planning, decision-making and operational
management. At the same time, increasing environmental concerns and sustainability goals
demand ongoing, and sometimes substantial, improvements. In response to these challenges,
there is a growing need for a decision-support tool designed to aid both public and private
stakeholders in visualizing, analysing, and evaluating future waste management infrastructure
systems. [3] Urban solid waste recovery initiatives aim to capture the lessons learned from
recycling practices in cities across the globe. While these practices vary widely depending on
the location and types of recyclable materials, a common trend is that micro-enterprises are
typically not involved in organic waste recovery—except in cases where it supports small-
scale animal farming. In some regions, compost is informally sold by individuals working
near landfill sites, or managed by NGOs as part of income-generating efforts. Materials such
as plastic, glass, rubber, and metal cans are often repurposed by small businesses into usable
products or intermediate goods for industrial use. Expanding small-scale, low-cost, and eco-
friendly recycling solutions could significantly aid waste management and reduce
unemployment, especially in developing urban areas. [6] This trend has put immense pressure
on the environment, especially when traditional waste disposal methods—such as landfilling
and open burning—are employed without consideration for sustainability. In particular,
agricultural waste, generated as a by-product of crop cultivation and livestock rearing,
represents a large share of organic waste that often remains underutilized or improperly
managed. Agricultural residues include materials such as rice husk, banana pseudo stems,
peels, and sugarcane bagasse, all of which possess biochemical and structural properties
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that can be harnessed for energy, material and soil enrichment applications. The sheer volume
of these residues, combined with their renewable nature, makes them attractive resources in
the quest for sustainable development. However, transitioning from waste to resource
requires a systematic approach that integrates technological innovation, policy intervention,
and economic viability.In India, for example, the agricultural sector is both a significant
contributor to the economy and a major generator of organic waste. Rice, banana, and
sugarcane crops alone account for millions of tonnes of waste annually, which, if left
unmanaged, can lead to environmental degradation, greenhouse gas emissions, and public
health concerns. Yet, when properly processed, these wastes can provide a wealth of
opportunities—such as silica extraction from Rice husk ash, fibre recovery from banana
stems, or ethanol production from sugarcane molasses. Furthermore, informal sectors in
developing regions have been instrumental in resource recovery. Scavengers, micro-
enterprises, and community-led initiatives often engage in collecting, sorting, and
repurposing waste, particularly where municipal systems fall short. The shift toward
integrated and circular waste systems is gaining momentum. Circular economy principles
reimagine waste as a resource that can be reintroduced into the production cycle, reducing the
need for virgin materials and minimizing environmental impact. For instance, using
agricultural residues to produce biofertilizers, bioenergy, or composite materials can close the
loop on waste while promoting innovation and sustainability. Waste is no longer viewed as an
inevitable by-product but as a misallocated resource awaiting proper intervention. Modern
waste management seeks to optimize this potential through technologies such as anaerobic
digestion, pyrolysis, composting, and chemical extraction. Complementing these are policy
frameworks and institutional support that emphasize sustainability, data-driven planning, and
collaboration between public and private stakeholders.This report reviews the current
practices and emerging trends in organic waste management, focusing on agricultural waste
from rice, banana, and sugarcane. It examines the challenges, technological advancements,
and societal roles in turning waste into wealth. By aligning science, policy, and community
action, waste management can evolve from a reactive service into a proactive solution for
environmental and economic resilience.

Brief Discussion about Waste and its Management

The Waste Framework defines waste as ‘any substance or object which the producer or the
person in possession of it discards or intends or is required to discard. Wastes are
conventionally classified by source (e.g. agricultural, municipal, household,
commercial/industrial), by constituent (e.g. tyres, packaging, batteries), by regulation (e.g.
controlled, hazardous, clinical) or by material type (e.g. plastics, paper, metal). Waste arisings
from uncontrolled wastes for mining, quarrying and agricultural wastes are also included.
Although household wastes account for just 14% of controlled waste arisings, they are often
the main focus of publicity, regulation and research—because they are generally mixed and
therefore difficult to process effectively and economically. In 2004-2005, the greater
proportion (69%) of municipal solid waste was disposed of via landfill but recent legislation
was intended to reduce this. Traditionally, waste has been viewed as the end product of a
linear process—resources are extracted, used, and then discarded. This "take-make-dispose"
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model leads to significant environmental challenges. In contrast, the circular economy
reimagines waste as a valuable resource within a resource cycle (Fig 1). This approach
emphasizes designing products and systems where waste from one process becomes input for
another, promoting reuse, recycling, and resource efficiency. Industries like construction and
agriculture often implement such practices by repurposing waste streams. However, once
products reach individual consumers, reclaiming and reintegrating materials becomes more
complex and less efficient, often resulting in waste that persists in the environment over
extended periods. Embracing circular economy principles is essential for sustainable resource
management and minimizing environmental impact. Waste from one process can often serve
as input for another, promoting resource efficiency. Sustainable practices aim to maximize the
use of resources within human systems and ensure their return to the environment in a
manner that allows for future reuse. However, once products reach individual consumers,
reclaiming and reintegrating materials becomes more complex and less efficient, often
resulting in waste that persists in the environment over extended periods. This highlights the
need for improved systems to facilitate resource recovery and reuse. [1]

(_ Materials N
Materials
Natural Extraction and T
resene ey Reuse [ Materials recovery
Primal R
T i Disposal L/
| Consumption - Resource T
) management
| Goods  Eng ofiife
goods
- Energy
iy Residuals
F 1l
Product waste : Energy
AL /
\_ Extraction and processing waste )

Fig 1 — The Resource cycle [1]

Our daily lives depend on a wide variety of materials, found in buildings, household items,
and food products. These materials can be grouped into four main categories: biomass, fossil
energy carriers, metal ores, and non-metallic minerals. Biomass includes renewable organic
materials like wood, meat, and fruits, sourced from agriculture or natural ecosystems such as
forests and oceans. Fossil energy carriers, such as coal, oil, gas, and peat, are non-renewable
and take centuries or even millions of years to regenerate. Metal ores include materials like
iron, copper, aluminium, and lithium, which are essential for manufacturing but are finite in
supply. Non-metallic minerals consist of substances like limestone, clay, sand, and salt. While
the focus is on materials directly used by humans, environmental components like air, water,
and land are also considered due to their role in absorbing waste and pollution from human
activities. Understanding these categories helps in managing material use sustainably. [2]
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Fig 3 — Global generation of processing waste [2]

Human consumption is driven by the need to fulfil essential requirements such as health,
social participation and autonomy. Technological advancements have enhanced our ability to
meet these needs but often lead to increased material consumption due to the infrastructure
and resources they demand. Some needs, like food, are satiable, while others, such as social
status, can be insatiable, leading to continuous consumption. Societal factors, including
economic models that prioritize growth, consumer freedom, advertising, and -credit
availability, further amplify consumption patterns. These dynamic underscores the
complexity of managing material use in pursuit of well-being. [2]

e Population growth.
e Economic growth.
e Technological change.

The role of population (P), affluence (A) and technology (T) in generating environmental
impacts (I) has been formalised in what is called the ‘IPAT equation, explains how these
factors drive material use. Population size, GDP per person, and material intensity per GDP
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unit all influence total consumption. Countries with large populations, strong economies, or
major primary industries tend to use more materials. This model helps in understanding and
predicting material usage patterns.[2]

I=PxAxT

The equation helps us understand some of the most noticeable patterns in material
consumption.[2]

Countries with large populations use more materials.
High-income countries with large economies use more materials.
Countries with large primary industries use more material.

Types and quantities of waste

Mining and quarrying. This sector is responsible for extracting fossil fuels (coal,
petroleum, gas), metal ores (e.g., iron ore, bauxite) and non-metallic minerals (e.g.,
stone, salt). This sector generates mostly mineral waste. [2]

Agriculture, forestry and fishing. This sector cultivates crops (e.g., Rice, Banana,
Sugarcane, potatoes, apples) and raises animals (e.g., cattle, poultry). It is also
responsible for forestry and logging (e.g., timber production), hunting (e.g., game)
and fishing (i.e., wild catch) and aquaculture (i.e., the farming of fish and aquatic
plants). This sector generates mostly biotic waste. [2]

Industry. This sector takes raw materials from the above two sectors to manufacture
food, textiles, paper, chemicals, plastics, computers, cars and so on. Utilities, which
supply mainly electricity and gas, are also counted as industry. Industrial waste is
largely abiotic and highly specific to the individual process. [2]

Construction. This sector is responsible for buildings, including housing, and
infrastructure such as roads, bridges, tunnels and waterways. The waste from this
sector is often called construction and demolition (C&D) waste. This sector produces
vast quantities of mostly mineral waste.[2]

Households and services. Household consumption and the service sector (e.g., retail,
hospitality) are often considered together because they produce similar waste that is
collected together as municipal solid waste (MSW). [2]

Waste management. This sector covers waste collection, treatment and disposal.
Waste from water collection, treatment and supply is also included. The waste
management sector may seem a taker rather than a generator of waste, but it also
generates new wastes (e.g., residues from waste incineration). [2]
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New paradigm for Waste Management

Contemporary discussions on waste management are increasingly challenging the long-held
notion of waste as a fixed, undesirable end-state of materials. Instead, scholars now
conceptualize waste as a transient condition—one that arises not from the inherent qualities
of a material, but from inefficiencies in resource utilization. This shift invites a re-evaluation
of how society separates production from disposal, arguing for a system in which materials
can be cycled back into use through thoughtful transformation processes. [3]

Historically, waste systems followed a linear logic—collect, treat, and discard—often using
methods like landfilling, incineration and composting. Although technologies for waste
treatment have grown more sophisticated, they remain predominantly reactive, dealing with
waste after it has already been generated. These “end-of-pipe” solutions focus narrowly on
treatment rather than on reconfiguring the broader production and consumption systems that
generate waste in the first place. This reductionist approach fails to capture the complexity
and interconnectedness of waste within industrial, environmental, and social systems. [4]

Recent idea emphasizes a systems perspective in which waste is seen as part of a broader
material flow. The concept of “material cycles” positions substances such as metals, paper,
and plastics within interconnected loops that reflect both economic activity and
environmental impact. Decisions in one part of the cycle—like increasing the recycling of
steel—can have ripple effects on the availability of other materials like zinc or copper.
Adopting this networked view reveals opportunities for integration and resource
optimization, rather than isolated technical fixes. [5]
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Fig 4 - A typical waste management system: collection of organic waste (GFT), municipal
solid waste (MSW), and mixed plastic waste (MPW); other waste streams (Waste X) [3]
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Agricultural waste management

The agricultural sector holds significant responsibility for conserving essential natural
resources such as soil and water, which are closely linked to sustainable food production.
While technological advancements have led to increased agricultural yields, they often come
at the cost of environmental degradation and the disruption of rural ecological, socio-cultural
systems. This conflict highlights the need to balance development with environmental
preservation to ensure long-term human well-being. [7]

Current farming practices tend to prioritize economic gain over environmental health,
reducing the viability of future agricultural methods and threatening ecological stability.
Organic waste, a by-product of agriculture, can be effectively managed and reused to benefit
both the environment and the economy. In regions like the Mediterranean, soil conservation
and the cultivation of nutritious crops are especially critical due to limited natural resource
availability. [7]

Sustainable development carries different meanings across disciplines—from lower
agricultural outputs to the formation of self-reliant rural communities. It also includes the
balanced use of renewable and non-renewable resources and the recycling of organic
materials. To truly achieve sustainable farming, agricultural engineering must adapt by
focusing on waste management and integrating environmental, social, and economic research
with policy and administrative strategies. [7]

Challenges of Organic Waste Management

Despite some overlapping issues, several key challenges hinder the effective integration of
organic waste into agriculture: [8]

1) Nutrient imbalances across regions, such as insufficient land to utilize manure from farm
animals.

2) Disparity between nutrient composition in organic waste and what crops actually require.
3) Lower nutrient density in organic materials compared to synthetic fertilizers.

4) Inconsistencies in nutrient levels, difficulty in rapid nutrient analysis and uncertainty in
nutrient release for crop uptake.

5) The large volume, bulkiness of organic waste complicates transportation and uniform field
application.

6) Risk of spreading weed seeds during waste application.

7) Compliance with strict environmental rules regarding how, when and how much waste can
be applied.

8) Potential environmental risks including unpleasant odors, release of ammonia and other
gases, and the presence of harmful pathogens.
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Fig 5 - Challenges or obstacles in going from “‘organic waste pro duction” (inner circle) to
“organic waste utilization”. [8]

Rice Waste Utilisation

Industrial-scale food production often leads to the generation of substantial waste, which can
be challenging to manage. Improper disposal can consume vast land areas and potentially
create serious environmental and health hazards. The rice industry, in particular, is a major
contributor to such waste. As the world’s second most cultivated crop, rice generates the
highest volume of by-products during its production. [9]

Globally, rice consumption reaches approximately 477 million tonnes per year, with an
average individual intake of around 57 kilograms annually. Asia accounts for 90% of the
world’s rice output. India holds a significant role in this sector, being the second-largest
producer and the leading global exporter. Production increased from 53.6 million tons in FY
1980 to 152.6 million tons in FY2012. Rice remains one of India’s most vital staple foods. [9]

The rice processing chain involves several stages: harvesting, transportation, reception and
pre-cleaning, drying, storage, dehusking, milling or polishing, followed by sorting and
grading. Throughout these stages, various solid residues are produced, including rice straw,
husk, ash, bran, and broken grains. This work focuses on examining the entire rice production
process, identifying the types of waste generated and exploring opportunities to repurpose
and add value to these by-products. [9][10]
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Fig 8 - Diagram of the rice production process [9]

The following describes briefly the stages of production and processing of rice from the
harvest (Fig 8) [9]

» Harvest: The aim is to ensure maximum grain yield, minimising grain loss and preventing
quality deterioration. Rice straw is generated in this step.

* Transport, reception and pre-cleaning: Upon reaching the conservation area, pre-
cleaning must be performed in order to separate contaminant materials.

* Drying: Drying can be done naturally in the sun, forced, artificially or mechanically. After
drying, the husked rice can be stored safely for some time.

 Storage: The rice can be stored in bags or in bulk in silos.

* Shelling: It is the process of husk removal. In this process, brown rice and rice husk are
generated. Typically, the husks are separated from the rice by aspiration.
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» Milling/polishing: This process consists of removing germ and the starch-based film that
surrounds the caryopsis of the grain. This process generates the milled rice and rice husk
(germ and film removed from around the grain).

 Sorting/classification: The selection process is the separation of fragments and defected or
broken grains. From this selection, rice is classified according to the type and length of the
grain, with whole rice and broken rice being generated. After these processes, rice is ready to
be packaged

By-products generated during processing and main opportunities

Stage Waste generated Main opportunities

Harvest Straw Fuel for direct burning, production of briquettes from
biomass, animal feed, pyrolysis, ethanol production,
animal forage, compost.

Husking Husk Fuel for burning, ethanol production, production of
blocks and panels, poultry, compost.
Burning Ash Production of glass and refractory, production of

Portland cement and aggregate in concrete and
mortar, production of pure silicon or silica or silicon
carbide, filler in polymers, adsorbent, support of
metal catalysts, synthesis of zeolites obtained from
hydrothermal, production of different types of

silicates.
Milling Bran Extraction of proteins, starch extraction, animal feed,
oil extraction, biodiesel production, adsorbent.
Selection Broken rice Extraction of proteins, starch extraction, animal feed,

oil extraction, biodiesel production, adsorbent.

Extraction of silica from RH/RHA

Silica is a vital raw material extensively used across various industries, especially in the
ceramics sector. It serves multiple purposes in ceramic manufacturing due to its diverse
properties. Quartz, the crystalline form of silica, is predominantly utilized in industrial
applications. However, there is a growing interest in amorphous silica, primarily because of
its higher chemical reactivity compared to its crystalline counterpart. Fused silica, a common
industrial source of amorphous silica, tends to be costly as it requires complex processing. An
alternative to this is rice husk (RH) and rice husk ash (RHA), which are rich in active silica
and widely available. These agricultural by-products offer a cost-effective and sustainable
option for obtaining high-purity silica. As a result, many researchers are now focusing on
developing economical, environmentally friendly, and efficient techniques to extract
amorphous silica from RH and RHA. [10]

Two types of synthesis methods were reported for extraction of silica-

e Combustion method
e Chemical method
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Combustion Method

Direct combustion is the most traditional and widely practiced method of converting
agricultural residues and biomass into energy. This process is utilized in both domestic and
industrial settings using open fire stoves and various boiler systems such as stoker,
suspension-fired, and fluidized bed boilers. During combustion, oxygen in the biomass acts
as an oxidizing agent, initiating an exothermic reaction that produces heat and ash. The heat
generated is either used directly or transferred through heat exchangers for drying or to
generate steam. This high-temperature steam powers turbines to produce electricity. The high
temperature and high- pressure steam drive the blades of a turbine that produces electricity
[10]
RH

1

i Bubbling Fluidized Bed Combustion

8

Combustion under different condition:
(1) Fluidization velocity (0.30-0.50 m/s)
(2) Temperature (700-850°C)

\ 4

RHA characterization

. 2

Silica synthesis:
(1) HCl washing
(2) Water thermal treatment
(3) Not washed

Fig 9 — Flowchart of BFBC for RHA [10]

Rice husk (RH), a common agricultural residue, is extensively used for energy generation,
with around 90% of RH combusted due to its high energy value (15-18 MJ/kg). The
combustion process yields approximately 20% rice husk ash (RHA) by weight, which
contains more than 85% silica. The composition of RHA varies based on environmental and
agricultural factors like soil type and climate. Typically, the silica present is amorphous, as
confirmed by X-ray diffraction (XRD) analyses. [10][25]

Various studies, including those by Gomes et al., have explored the combustion of RH in
bubbling fluidized-bed combustors (BFBC). Parameters such as combustion temperature and
fluidization velocity influence the particle characteristics and silica purity. Acid treatments
before or after combustion, as shown by researchers like Bakar et al. and Sankar et al.,
significantly enhance silica purity—raising it from 95% to approximately 99% —and increase
surface area. Further processes, including controlled atmosphere treatments and advanced
pretreatments like soaking, grinding, and acid leaching, have been studied to improve the
removal of impurities and decomposition of organic matter. These methods are critical for
optimizing the extraction of high-purity amorphous or nano-silica from RH and RHA for
industrial applications. [20]
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Chemical method

High-purity nano-silica has gained significant attention due to its wide-ranging applications
in various industries, including pharmaceuticals, dyes, drug delivery systems, electronics,
catalysts, chromatography, and adsorbents. As the demand for high-purity silica rises,
researchers have focused on improving extraction methods from agricultural waste like rice
husk (RH) and rice husk ash (RHA). Untreated RHA typically contains less than 95 wt% of
silica, with the remainder being various metallic oxides and impurities. However, by applying
chemical treatments using acids or alkalis, the silica content can be increased to over 99
wt.%, making it suitable for high-end industrial uses.[10]

Several chemical extraction routes have been developed to isolate high-purity silica from RH
or RHA. One common method involves initial acid leaching of RHA using hydrochloric acid
(HCI) at elevated temperatures to remove metallic contaminants. After thorough washing and
drying, the treated RHA is reacted with sodium hydroxide (NaOH) to produce a sodium
silicate solution. This solution is then further processed by introducing ethanol and water,
followed by titration with phosphoric acid (H3PO4), which leads to gel formation. The gel is
separated via centrifugation, washed, and finally calcined to obtain pure silica particles. The
reactions involved in this process are well established, illustrating the transformation of SiO»
to sodium silicate and its subsequent precipitation as silica. [10] [22]

Si0O2 (s) + 2NaOH (1) - NaSiOs (1) + H20(1) (1)
3NaxSi0Os (1) + 2H3PO4 (1) - SiO2 (s) + 2NaxPO4(1)+ 3H20 (1) (2)
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Fig 10 —Extraction method of silica from RHA [10]

Other researchers have employed modified versions of this process, including the use of
sulfuric acid (H2SO4) and phosphoric acid to enhance silica precipitation. Some have adopted
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the Taguchi method, which also involves a two-step process: first converting RH to RHA,
and then using alkali treatment followed by acid neutralization to extract silica. This process
includes washing, drying, acid leaching, and calcination to produce a refined RHA before
extraction. [10]

Optimization studies have been conducted to determine the best conditions for producing
nano-silica, including adjustments to acid and alkali concentrations, gelation pH, aging time,
and temperature. These parameters significantly affect the surface area and particle size of the
resulting silica. [13]

Hydrothermal methods have also been explored for silica synthesis. In this route, RH is
treated with nitric acid and water and autoclaved at specific conditions of temperature and
pressure. After the reaction, the mixture is filtered, washed, and dried to yield nano-silica.
Variants of this technique include combining RH-derived ash with ferric nitrate, followed by
high-temperature treatment and reaction with ethylenediamine in an autoclave. This is
followed by centrifugation and acid leaching to remove iron, resulting in amorphous silica.
Another method involves carbonation using sodium carbonate (Na>xCOs3), but this approach
has been found to be complex and less efficient, yielding only about 72% silica.

In conclusion, direct extraction of silica from raw RH is uneconomical due to its high volume
and low silica content. A more viable approach is to first use RH as a boiler fuel to generate
RHA, which can then be processed using chemical methods. Acid-treated RHA yields higher
purity silica than untreated ash. For the highest purity (>99%), alkali or hydrothermal
methods are preferred.[10]

Chemical Composition OF RHA

The analysis of elemental oxides in rice husk ash (RHA) samples reveals that the combined
content of silica (Si0O2), alumina (Al2O;3), and ferric oxide (Fe2O3) exceeds 70%, reaching
approximately 85%. This composition meets the criteria for a quality pozzolanic material
used in blended cement production. It also aligns with the standard parameter, which requires
the total percentage of these three oxides to be above 70%. Therefore, RHA demonstrates
strong potential as an effective pozzolan in cementitious applications.[11] [14]

Chemical constituents Percentage Composition (%)
Sample 1 Sample 2 Sample 3 Average
Si02 81.04 86.51 78.87 82.14
Al203 1.80 0.61 1.61 1.34
Fe203 10.1 0.60 2.20 1.27
CaO 1.60 0.71 1.33 1.21
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MgO 2.25 1.53 2.11 1.96
SO3 0.45 0.02 0.03 0.17
Na20 0.16 0.05 0.21 0.14
K20 2.35 1.89 2.03 2.09
P205 5.26 4.20 9.87 6.44
Total S102 + AI203 + | 83.85 87.72 82.68 84.75
Fe203

Table 12 — Chemical composition of rice husk ash (RHA) [11]
Microstructure Of Rice Husk Ash

Microstructure: The microstructural properties of RHA are intimately tied to those of the
original rice husk. Rice husk has a distinct fibrous and porous structure, with a dense outer
epidermis and a more laminate inner structure. Post combustion, the resultant ash retains a
porous, cellular framework with nanopores that contribute to its high specific surface area
and water absorption capacity. Grinding processes further alter these features by reducing
particle size and disrupting the original pore structure, thereby enhancing the fineness and
potentially the reactivity of the ash in binder systems. [12][25]

— 10um

d) Chindaprasirt et al., 2008; ¢) Kang et al., 2019; f) Paya et al., 2000

— 100 um ,.'

g, h, i) Paya et al., 2000

Fig 11 - Microstructure of rice husk ash (a,b,c) Unground RHA; d,e)Layered and porous
microstructure of RHA; f,g h,i) Cellular structure of RHA. [12]
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Fig 12 - TEM of the silica [15]

Application Of Rice Waste

Blended Cement and Conventional Concrete: RHA is frequently used as a supplementary
cementitious material in blended cements, with optimal replacement levels generally ranging
between 10% and 20% by weight. In conventional concrete, replacing a portion of ordinary
Portland cement with RHA has been shown to improve both short-term and long-term
mechanical properties and durability. [23]

Advanced Concrete Systems: The material’s utility extends to specialized concretes such as
ultra-high-performance concrete (UHPC), self-compacting concrete (SCC), and fibre-
reinforced concrete (FRC). Incorporation of RHA in these systems can contribute to
enhanced compressive strength and improved microstructural densification, provided that the
mix designs are carefully optimized. [24]

Alternative Binders: RHA is also explored as a precursor or activator in alkali-activated
binder systems (geopolymers), offering a route to producing binders with lower carbon
footprints compared to traditional cements. [16]

Non-Binder Applications: Beyond cementitious materials, there is a potential for RHA in
the manufacture of bricks, in soil stabilization through its pozzolanic reaction with lime, and
in pavement construction where it can improve the stability and durability of the layers. [16]

Construction Materials and Binders: Due to their high pozzolanic activity, ash products
such as RHA are used as partial substitutes for Portland cement or lime in concrete, soil
stabilization, and the production of geopolymer or alkali-activated binders. Incorporation of
these ashes improves mechanical properties, durability, and even helps reduce the overall
environmental footprint of construction materials. [10]

Reinforcing and Filler Materials: The fine particle size and high surface area of activated
ashes enable their use as fillers in thermoplastics, rubbers, and polymer composites. They can
enhance the strength and thermal properties of these composites, making them attractive for
applications ranging from automotive parts to construction components. [19]

Advanced Material Synthesis: Beyond conventional construction uses, the ash products
serve as precursors for synthesizing advanced materials. For example, ultra-pure silica

PAGE NO : 863



Zhuzao/Foundry[ISSN:1001-4977] VOLUME 28 ISSUE 8

extracted from agricultural waste can be used in glass and ceramic manufacturing, as well as
in the production of silicon carbide and silicon nitride. Other applications include the
development of adsorbents for wastewater treatment, catalysts, and even electrodes for
supercapacitors when converted into nano-carbon structures. [18]

Environmental and Energy Applications: Many agricultural ashes have adsorptive
properties that make them effective in removing heavy metals from water, while the gases
produced during thermal treatment processes contribute to renewable energy generation. This
dual benefit not only mitigates waste disposal problems but also supports sustainable energy
practices. [17] [21]

Banana Waste Utilisation

Bananas are widely recognized as one of the most nutritious fruits, offering a rich supply of
fiber, iron, potassium, vitamin C, vitamin B6, and manganese. With growing health
consciousness, people are increasingly inclined toward hygienic and functional foods.
Bananas are particularly valued for their numerous health advantages, including supporting
blood pressure regulation and potentially lowering the risk of neurodegenerative conditions.
They may also contribute to reducing the likelihood of chronic illnesses such as arthritis,
cardiovascular disease, inflammation, arteriosclerosis, cognitive decline, and certain types of
cancer. Globally, banana production is estimated at approximately 115.7 million tonnes per
year. India stands as the largest producer, contributing around 26.7% to the global output,
with about 30.81 million tonnes harvested annually from roughly 0.88 million hectares of
cultivated land. Other major banana-producing countries include China, Indonesia, Brazil,
Ecuador, and the Philippines. Despite its leading production status, India exports only around
0.38% of its total banana yield, as the majority is consumed domestically. [26]

Production (Million tonnes) Area Cultivated (Million hectares)

na

46.67

Windia MChina ®indenesia WBrazil ®Eucador ®Philipines MOthers ®india ®China ®indonesia WBrazil ®Zucader ®FPhilipines MOthers

Fig 13 - Status of banana cultivation in top producer countries and are cultivated area

Morphological, Chemical and Mechanical properties Banana
Fibre

Banana fibre, like other natural fibres, is multicellular in nature. Its cells are irregular in
shape, mostly non-spherical, with thick cell walls and a narrow, elongated central lumen.
Although the fibre exhibits minimal elongation, it is known for its considerable strength. The
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thickness of banana fibres typically ranges from 0.05 to 0.25 mm and gradually decreases
from the outer to the inner layers of the pseudo-stem.

In terms of composition, banana plants—particularly the pseudo-stems—are rich in
lignocellulosic materials, comprising cellulose, hemicellulose, and lignin. These components
together account for 60-85% of the plant's dry weight, depending on growing conditions and
variety. Additionally, ash content varies between 7% and 21%, with higher concentrations
found in the innermost layers, while pectin is present in the range of 2.5% to 4%.

Fibre Cellulose (%) Hemicellulose (%) Lignin (%) Pectin (%) Ash (%)
Banana pseudo—stem 6085 68 5-10 2.5-4 7-21
Coir 3643 (0.15-0.25 4145 - 2.7-10.2
Cotion 83-95 4 075 6 0.6
Bamboo 34.5 20.5 26 - -

Sisal 6678 10-13 810 1.2 1
Pincapple leaf fibre 51 18 12.7 - 3.6-7.0

Fig 16 - Biochemical properties of natural fibres

Mechanically, banana fibres possess excellent properties, making them suitable for various
industrial uses. Their high tensile and flexural strength, combined with good stiffness, means
they can resist deformation under stress. The modulus of elasticity (an indicator of flexural
strength) lies between 27 and 32 GPa, which surpasses that of many other natural fibres, such
as coir, bamboo, sisal, and palmyra. Tensile strength values range from 529 MPa to 914
MPa—again exceeding several commonly used natural fibres including pineapple leaf fibre.
These attributes make banana fibre an attractive material for applications in the pulp and
paper sector as well as in the manufacturing of reinforced composite materials. [26]

Part of a Banana plant that can be utilised

The banana industry generates waste not only from rejected fruits but also from other plant
parts such as stems, roots, and leaves. Despite being discarded, these by-products contain
valuable organic compounds like cellulose, hemicellulose, lignin, and pectin. According to
international standards, bananas are classified into three categories: Extra Class (highest
quality), Class I (good quality), and Class II (acceptable for consumption but not meeting
higher standards). The management of banana waste remains a challenge, yet it holds
potential for value-added applications due to the rich biochemical composition of the
discarded materials. [27]
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Fig 14 - Scheme of production of waste-loss from the banana processing. [27]

BananaPeel

Banana peel constitutes a significant portion of waste generated during banana processing,
making up approximately 40% of the fruit’s total weight. For instance, processing an 18.14
kg box of bananas yields around 7.25 kg of peel. The peel is rich in carbon-based organic
compounds, including cellulose (7.6-9.6%), hemicellulose (6.4-9.4%), pectin (10-21%), and
lignin (6-12%), along with chlorophyll and various low molecular weight compounds. If not
appropriately managed, the decomposition of banana peels can produce foul odors and
release greenhouse gases into the environment. [26] [27][38]

Components (mg/100g Dry Peel)
Starch 0.78
Raw fiber 11.95
Crude protein 477
Calcium 0.36
Phosphorus 0.23
Lipids 1.15
Zinc 0.17
Ash 1.71

Fig 15 - Chemical composition of dry-based banana peel in solid state [27]

Pseudostems

The banana pseudostem serves as the conduit for transporting nutrients from the soil to the
developing fruit. It consists of nodes and internodes that form the inner floral stalk supporting
the inflorescence. The outer structure is made up of overlapping leaf sheaths, emerging from
the corm and arranged in a spiral or rosette pattern at approximately 120°. Pseudostems can
grow up to 3—5 meters tall and have diameters ranging from 40 to 60 cm. Dried petioles and
pseudostems are commonly used in fiber extraction, particularly for paper production. The
dry matter of pseudostems is composed of valuable molecules suitable for various industrial
applications.[26][27][38]
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Components (mg/100g Dry Peel)
Ash 283
Coal 38.3
Hydrogen 3.88
Sulfur 0.58
Lignin 5.2
Cellulose 35.3
hemicellulose 249

Fig 16 - Chemical composition of pseudostems from banana on a dry basis. [27]

Banana Pulp

The pulp of the banana is highly nutritious, offering a variety of beneficial compounds such
as phenolics, carotenoids, flavonoids, and essential vitamins like B3, B6, B12, C, and E. It
also provides amine compounds and a significant amount of dietary fiber. These fibers are
categorized based on solubility: soluble fibers include pectin and some hemicellulose, while
insoluble types consist of cellulose, lignin, and resistant starch.[26][27][38]

Components Composition (% DW)
Starch 18.4
Protein 31
Cellulose 0.8
Fat 0.62
Sugars 21
Ash 0.53
Phosphorus 0.13
Soluble carbohydrates 67.2
Ethereal extract 09

Fig 17- Chemical composition of banana pulp on a dry basis [27]

Materials and Composite Fabrication

The research focuses on developing biocomposites by blending banana peel powder with
synthesized polystyrene: [28]

o Banana Peel Processing: Fresh banana peels, sourced locally, were initially dried
(first naturally and then in an oven) and finely ground to form a consistent powder.

o Polystyrene Preparation: Polystyrene was fabricated via free radical polymerization
of styrene (dissolved in a solvent such as dimethylformamide) using ammonium
persulfate as an initiator, followed by filtration, washing, and vacuum drying.
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Composite Formulation: The banana peel powder was combined with polystyrene in
varying weight ratios (e.g., 90:10, 80:20, 70:30, and 60:40). The mixes were then
pressed under controlled conditions to form small pellets or cylinder samples suitable
for testing.

Characterization Techniques

A series of analytical techniques were employed to evaluate the physical, thermal, and
structural properties of both the raw banana peel powder and the banana-polystyrene
composites:

Thermal Conductivity Measurements: A custom-built apparatus was used to
determine how efficiently heat is conducted through the samples. Pure banana peel
powder exhibited relatively high thermal conductivity, while the composites
demonstrated a remarkable reduction. The composite specimens registered thermal
conductivities in the narrow range of approximately 0.028 to 0.030 W/m-K, with one
composite (containing 20 wt.% polystyrene) achieving a slightly lower value (about
0.027 W/m-K).
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Fig 18 - The rate of change of the temperature (3T/dt) versus the temperature gradient
((8T/6x) of the different samples (PS: polystyrene, BP: Banana Peel). [28]

X-Ray Diffraction (XRD): XRD analysis provided insights into the crystallographic
structure of the samples. Pure banana peel powder presented a high degree of
crystallinity (around 56.1%), which is associated with its thermal stability. When
blended with polystyrene, the natural crystallinity decreased slightly, indicating that
the polymer phase influences the composite’s microstructure.

Fourier Transform Infrared (FTIR) Spectroscopy: FTIR was used to identify the
chemical bonds and functional groups present in the composites. Characteristic
absorption bands for hydroxyl groups, aliphatic C—H stretches, carbonyl linkages, and
aromatic rings were observed. These features confirm both the natural composition of
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banana peels (rich in cellulose, hemicellulose, and lignin) and the chemical structure
of polystyrene, as well as any interactions that occur upon blending.

Thermal Analysis (TGA and DSC): Thermogravimetric Analysis (TGA) provided
data on thermal degradation profiles, indicating that pure banana peel powder loses
about 66.4% of its weight upon heating, a sign of its high thermal stability.
Differential Scanning Calorimetry (DSC) revealed transitions corresponding to
moisture evaporation, glass transition, crystallization, and melting phenomena. These
results support the potential use of the composites in environments where sustained
thermal resistance is critical.

Electrical Conductivity: The DC electrical conductance was measured to assess the
composites’ insulating behavior. In general, the addition of polystyrene moderated the
electrical characteristics of the banana peel matrix, further supporting its application
as an insulation material.

g 8 (PL-PS2)
I (PL-PS1)
et ™, (PL)

Intensity
i
)

o
\‘-‘%\ el
"‘*--..______'____“_______ ——y
r T T T
20 40 ] BO 100
Angle (20)

Fig 19 - XRD patterns of BP, BP-PS1and BP-PS2. [28].
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Fig 20 - Thermogravimetric analysis (TGA) and derivative thermogravimetric (DTG)curves

of the BP, BP-PS1 and BP-PS2. [28]

Key Findings and Implications

Reduced Thermal Conductivity: The incorporation of polystyrene into banana peel
powder dramatically lowers thermal conductivity, with composite values around

PAGE NO : 869



Zhuzao/Foundry[ISSN:1001-4977] VOLUME 28 ISSUE 8

0.028-0.030 W/m-K. Such low thermal conductivity is comparable to that of
conventional insulation materials (e.g., rock wool, sheep wool), making these
composites suitable candidates for energy-efficient building applications.

e Robust Thermal Stability: Despite the introduction of the polymer phase, the pure
banana peel material retains excellent thermal stability and a high level of crystalline
structure. These attributes are crucial for long-term durability when used as thermal
insulation.

o Sustainable Material Development: By transforming an abundant agricultural waste
into a value-added product, the research supports circular economy principles. It
offers an innovative route to reduce environmental impacts associated with both
construction energy usage and agricultural waste disposal. This approach not only
mitigates waste-related issues but also provides a locally sourced, eco-friendly
alternative to conventional thermal insulators.

Applications of Banana Waste

The document details a wide array of industrial uses for banana peel, highlighting its
versatility: [29]

o Food and Beverage Processing: Banana peel extracts have been incorporated into
products like cookies, biscuits, jellies, and even noodle formulations, where they not
only boost nutritional value but also contribute natural flavors and enhanced
antioxidant properties.

e Cosmetics and Personal Care: With its natural antioxidant and anti-inflammatory
compounds, banana peel is used in the production of skincare products—such as
lotions, face masks, and shampoos—that help protect the skin against UV damage,
reduce signs of aging, and promote scalp health. [34]

o Textiles and Paper Manufacturing: The natural fibers derived from banana peels
find application in industries like textiles and paper production, where they serve as
renewable replacements for synthetic materials. [31]

o Biofuel and Energy Production: Banana peel waste is being explored as a feedstock
for biofuel generation. Its carbohydrate-rich composition allows it to be used either
directly as a combustible source or processed into activated carbon and bio-absorbents
for environmental remediation.

e Agriculture: Due to its high potassium content and fiber, banana peel can be used as
an organic fertilizer to improve soil quality and boost crop yields. Its fiber has also
been used to address digestive issues such as constipation. [35]
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e Green bioadsorbentChemically activated banana peels effectively remove Cu(Il) and
Zn(IT) from wastewater via adsorption, following Langmuir isotherm and pseudo-
first/second-order kinetics. [32]

e Construction concrete enhanced with fly ash, bagasse ash, and banana fiber for
improved mechanical performance. A mix replacing cement (20% fly ash) and sand
(10% bagasse ash), plus 2.5% banana fiber, yielded optimal compressive and flexural
strength, promoting sustainability in construction. [30]

Sugarcane Waste Utilisation

Sugarcane is the most widely produced crop in tropical and subtropical regions, mainly used
for sugar and ethanol production. Ethanol serves both as a biofuel and for alcoholic
beverages. Although production chains are well-established, many by-products and residues
remain underutilized. These include sugarcane straw left in fields, ash from bagasse
combustion, filter cake from juice clarification, vinasse from ethanol distillation, and
biogenic CO: emissions. Utilizing these residues through innovative cascading processes can
lower disposal costs, boost energy output, reduce greenhouse gas emissions, and diversify
products from sugarcane processing. Modern biorefinery concepts focus on converting these
wastes into valuable products like carboxylates, bioplastics, biofertilizers, and biogas through
anaerobic digestion. Additionally, recovering CO: emissions and extracting silicon from
bagasse ash offer promising avenues for added value. This approach supports a more
sustainable and economically beneficial model for sugarcane mills by transforming waste
into resource-rich products. [40]

Common operations between annexed and autonomous sugarcane mills Autonomous sugarcane mill
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Fig 21- Scheme of the sugar and bio-ethanol production process from sugarcane with the
associated waste production. [40]
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Overview of Sugarcane Wastes

The document begins by categorizing the main waste streams produced by sugarcane
processing: [41]

o Bagasse: This fibrous residue remaining after juice extraction is traditionally burned
in mills (often while still wet) to generate electricity and steam. However, the high
moisture content results in substantial energy loss during combustion.

e Molasses: A viscous byproduct of sugar extraction, molasses is used partly for animal
feed and ethanol production. Its sugar-rich nature makes it a potentially lucrative
substrate for fermentation processes.

e Cane Trash: Consisting of tops and dry leaves left on the field post-harvest, cane
trash may be either burned or left in the field as mulch, each option carrying its own
agronomic and environmental implications.

e Mill Mud and Boiler Ash: These are produced during processing and are mainly
applied as soil amendments near the mill. Their broader industrial potential remains
largely untapped.

Additionally, the availability of “bio-dunder,” the residue from molasses fermentation, which
could also be repurposed within the industry. [48]

Production of Ethanol blended fuel from Sugarcane Waste

1. Harvesting and Preparation

Sugarcane is harvested and mechanically chopped into smaller pieces to facilitate juice
extraction. The stalks are shredded to separate fibrous material (bagasse) from sucrose-rich
juice.

2. Juice Extraction: Crushing/Milling: The shredded cane passes through rollers to extract
juice containing sucrose (12—16% of cane weight).ClarificationThe juice is heated to ~115°C
and treated to remove impurities, yielding a clear liquid for fermentation

3. Bagasse Utilization: The residual bagasse (11-16% of cane weight) undergoes further
processing:

o Enzymatic Treatment: Bagasse is treated with hemicellulase and cellulase enzymes
to break down hemicellulose and cellulose into fermentable sugars (e.g., glucose and
xylose).

o Pressing/Recycling: Treated bagasse is centrifuged and pressed to extract residual
sugars, which are recycled into the fermentation stream.

4. FermentationYeast Inoculation: The clarified juice and enzymatically hydrolyzed
bagasse sugars are fermented using Saccharomyces cerevisiae (baker’s yeast) under
anaerobic conditions. This converts sugars into ethanol and CO:.Thermophilic Strains some
processes use heat-tolerant microorganisms to enhance fermentation efficiency at elevated
temperatures.

5. Ethanol RecoveryDistillation: The fermented broth ("beer") is distilled to separate
ethanol, achieving 92-95% purity and dehydration ofmolecular sieves or azeotropic
distillation remove residual water, producing anhydrous ethanol (99.5% purity).
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6. Energy Integration Bagasse Combustion: Residual bagasse is burned in high-pressure
boilers to generate steam and electricity, powering the plant. Excess energy can be exported.
Closed-Loop System The process is designed to be energy self-sufficient, with no external
energy input required.

7. Blending with Fossil Fuels: Anhydrous ethanol is blended with gasoline at standardized
ratios (e.g., E10: 10% ethanol, E20: 20% ethanol) to create ethanol-blended fuel. This
reduces greenhouse gas emissions and enhances octane ratings.

8. By-Product Management Vinasse: The liquid residue from distillation is rich in nutrients
and can be treated for use as fertilizer snd Ash bagasse combustion ash is repurposed as a soil
amendment.

Sustainability and Economic ConsiderationsZero-Waste Approach: By utilizing bagasse
for energy and recycling process streams, the system minimizes waste.Market Flexibility:
Plants can adjust production between ethanol and refined sugar based on market
demands.[46]

/ BIOMASS \
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Acid Enzymatic
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Synthesis Fermentation
Other
Hydrocarbons Ethanol Ethanol

Fig 22 - Outline of second-generation ethanol production from biomass [43]

Materials and Methods of Bassage Ash

The research utilizes two types of sugar cane bagasse ash from a Dominican power plant:

o Bagasse Fly Ash (SCB FA): Derived from the combustion gases, noted for its high
silica (quartz) content.

o Bagasse Bottom Ash (SCB BA): Collected from the bottom of the boiler, containing
contaminants and some natural mineral impurities.

Both ashes underwent minimal, low-energy processing steps such as sieving, washing, and
grinding to remove non-reactive components (e.g., charcoal and soil particles) and to obtain a
more uniform particle size distribution. These treated bio-ashes were then incorporated into
concrete mixtures by substituting 10%, 20%, and 30% of the natural fine aggregate (sand) by
weight. A reference concrete mix without any ash was also prepared for comparison.[42]
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Companents  Quantity, Mt
MC 52

Cellulose 1064
Hemicellulose 1458
Lignin 1104
Extractive ~ 0.048
Ash 0.0%

fotal 10

mM.C ®Cellulose ®=Hemicellulose ™ Lignin ™ Extractive ™ Ash

Fig 23- Quantity of each component in bagasse (Mt) [41]

Experimental Testing and Durability Assessment

To evaluate the performance of the bio-concretes, the study conducted an extensive series of
tests on both fresh and hardened states. Key investigations included:

e Fresh and Hardened Density Measurements: Ensuring workability and consistency
in the mixes.

e Compressive Strength Testing: Performed at various curing ages to determine
mechanical performance.

e Durability-Oriented Tests:

o

o

Open Porosity: Assessing the overall pore volume in the hardened concrete.

Electrical Resistivity: Evaluating the material’s resistance to ionic transport,
which can indicate durability against corrosion.

Capillary Absorption: Measuring how easily water is drawn into the
concrete, affecting long-term stability.

Chloride Migration Resistance: Determining the resistance of the concrete
to chloride ion penetration, an essential factor for structures exposed to deicing
salts or marine environments.

These tests were performed at different ages (28, 60, 90, and 240 days) to capture both early
and long-term performance.

Key Findings

e Durability Enhancement: The incorporation of sugar cane bagasse fly ash (SCB FA)
notably improved durability-related characteristics. Despite its high quartz content,
SCB FA modified the concrete’s microstructure and exhibited a capacity to bind
chloride ions, thus enhancing resistance to chloride migration.
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e Correlations Among Durability Tests: Clear relationships were identified between
chloride migration resistance, open porosity, and electrical resistivity in concrete
specimens containing SCB FA. However, capillary absorption results did not
consistently correlate with the other durability parameters. This outcome suggests that
relying on a single durability test can be misleading, and a comprehensive suite of
measurements is necessary to fully evaluate performance.

e Mechanical Performance: The bio-concretes with partial sand substitution
maintained or even improved compressive strength compared to the conventional
mixture, indicating that the agricultural residue not only diverts waste but can also
contribute beneficially to structural performance.

(c) SCB BA as-received (d) SCB BA as-received “magnification. x2000

Fig 24- Scanning electron microscopy of ashes. [42]
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Fig 25 - (a) As-received SCB fly ash — SCB FA (ar); (b) Treated SCB fly ash — SCB FA(t); (¢)
As-received SCB bottom ash — SCB BA (ar); (b) Treated SCB bottom ash — SCB BA(t). [42]

Materials and Experimental Framework

Aggregate and Bitumen Characterisation: The research begins with a thorough
examination of the local aggregates (both fine and coarse) and the bitumen (VG 30 grade)
used in the pavement mix. Standard tests ensure that these materials meet the established
Dense Bituminous Macadam (DBM) specifications.
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Job Mix Design: A job mix formula is developed using the Rothfuch method to create a
dense-graded aggregate assembly that aligns with industry standards. The initial experiments
determine the optimum bitumen content for the conventional mix through the Marshall
stability test, with the optimal binder content identified as 5% by weight of the total mix.

Molasses Modification: Sugar cane molasses, obtained from local sugar industries with
approximately 95% sugar purity, is introduced as a partial replacement for bitumen. To ensure
a homogeneous blend, the molasses and bitumen are mixed at 150°C for 10 minutes.
Replacement levels are varied from 1% to 11% (by weight of bitumen) to assess their impact
on mix characteristics.[44]

Laboratory Testing and Findings

Marshall Stability and Flow Value: Through a series of Marshall tests, the study examines
critical mix parameters such as stability, flow value, voids in mineral aggregate (VMA), voids
filled with bitumen (VFB), and air voids. The results reveal that as the proportion of molasses
increases, the stability of the mix improves—peaking at a 10% replacement level—before
beginning to decline if molasses content increases further. The flow values, indicative of
workability, also fall within the ideal range when the replacement is maintained between 3%
and 11%, with optimal performance observed at 10%.

Voids and Density Considerations: Key parameters like VMA and VFB are monitored to
ensure that the mixture remains densely graded and maintains its structural integrity. The
VMA values decrease with increasing molasses content up to the 10% threshold and then
show less desirable trends beyond that point. Similarly, air voids are maintained within the
recommended limits at the optimal substitution level, ensuring that the mix achieves the
required bulk density and stability.

Overall Performance: The incorporation of sugar cane molasses is found to enhance the
Marshall stability, increase the bulk unit weight, and reduce the overall void content of the
bituminous mix. Additionally, the presence of molasses helps mitigate moisture absorption
and limits the oxidation of bitumen-entrapped air, contributing to the durability of the
pavement.

Appliction of Sugarcane Waste
The study presents several promising alternatives:
A. Biofuel Production

o Ethanol from Molasses:

o Molasses fermentation yields ethanol, with distillation efficiencies up to
98.5%.

o Potential ethanol yield from Australian molasses could exceed 242,000 tonnes
per year.

o This approach has higher economic returns than selling molasses directly.

o Bagasse-Based Ethanol:
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o Bagasse contains 43% cellulose, suitable for enzymatic hydrolysis to
fermentable sugars.

o Estimated ethanol production from bagasse could reach 1.2 billion liters
annually.

o Converting bagasse instead of burning could lead to energy savings of AUD
171 million.

o Biogas Production:

o Sugarcane waste can undergo anaerobic digestion, generating methane-rich
biogas.

o Biogas applications include power generation and compressed natural gas
(CNG) production. [47]

B. Energy Recovery
e Upgrading Bagasse Combustion:
o Instead of burning bagasse wet, drying and pelletizing improves efficiency.

o Could generate higher electricity output, reducing dependency on fossil
fuels.

e Cane Trash Utilization:

o Partial removal of dry leaves (leaving tops for soil nutrients) supports
bioethanol or pellet production.

o Thermochemical processing could convert trash into biochar or synthesis
gas. [46]

C. Agricultural and Industrial Applications
e Mill Mud-Boiler Ash Enhancement:

o Currently used for soil remediation, but could be further processed into
phosphate fertilizers.

o Studies suggest mineral-enriched variants improve crop yields.
e Molasses-Based Value-Added Products:

o Expanding molasses applications beyond ethanol includes -citric acid
production, biodegradable plastics, and enzyme production. [45]

Objective of Waste Management in India

o Multiplicity of Objectives: Unlike the singular focus on environmental protection seen
in developed countries, waste management in India involves a nuanced blend of
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goals—including improving public health, enhancing economic productivity, and
generating employment alongside environmental stewardship.

Hierarchical Action Plan: The resulting intent structures offer a clear hierarchy of
actions, illustrating which measures should be prioritized to achieve long-term waste
management goals. The model guides policymakers in identifying key leverage
points—where strategic interventions can have broad, positive ripple effects across
the entire system.

Understanding Indirect Influences: By using the MICMAC analysis, the study
revealed how indirect interactions between objectives can significantly shape the
overall effectiveness of waste management strategies. This insight is critical for
planning coordinated actions that address not only the visible aspects of waste
management but also the underlying systemic linkages.

Framework for Future Policy: The structured, methodical analysis supports the
development of policies and strategies tailored to India’s unique circumstances. It
suggests that effective waste management will require multifaceted interventions and
cross-sectoral collaboration, underpinned by a clear understanding of the
interdependencies among various objectives. [49]

Future Aspect of Waste Management

Key Foundations for Effective Waste Management

1.

Clear Objectives and Policy Frameworks: The authors stress that every nation must
first define its waste management goals. These objectives typically include
minimizing the production of waste, reducing the hazard of waste produced,
reclaiming useful materials through recycling, and ensuring that all waste is disposed
of in a manner that safeguards public health and the environment.

Integrated Legal and Administrative Structures: A successful waste management
system requires not just technical solutions but also a robust legal framework. This
means passing legislation that mandates specific actions, licensing treatment and
disposal sites, and ensuring that waste generators remain responsible for the proper
handling of their waste.

The Role of Data, Planning, and Resources

1.

Accurate Data Collection and Management: A central theme of the document is the
necessity of continuous data collection. Effective planning depends on knowing what
types of waste are generated, in what quantities, by whom, and what eventually
happens to them. To this end, the authors recommend establishing standardized
nomenclature and data management systems—a process that is increasingly facilitated
by computer modeling.
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2. Forward Planning and Continuous Review: The development of waste
management plans is described as an iterative process that includes identifying current
problems, forecasting future changes in waste composition and quantity, and then
adjusting strategies accordingly. The document advocates for planning mechanisms
that are dynamic and continuously updated. This requires a planning organization or
function that can coordinate among various stakeholders—including waste generators,
treatment providers, regulatory authorities, and the public—to revise and improve
strategies over time.

3. Resource Allocation and Capacity Building: The effective management of waste is
heavily dependent on the availability and proper allocation of resources, including
finances, equipment, land, and—crucially—trained personnel. The paper emphasizes
that many developing countries still face shortages of skilled waste managers who can
navigate the technical, economic, and regulatory challenges involved. Improving
educational and training programs, as well as ensuring that sufficient resources are
dedicated to waste management, are seen as prerequisites for success. [50]

Conclusion

In conclusion, organic waste, long regarded as a burden, is now being reimagined as a
valuable asset capable of contributing to sustainable development across multiple
dimensions. From agricultural residues like rice husk, banana pseudostems, and sugarcane
bagasse, we find immense potential for creating bio-based materials, energy, and
environmental solutions. These by-products, when properly managed, can reduce landfill
dependency, support renewable energy systems, and enhance soil and crop productivity. The
rice industry, for instance, produces vast quantities of husk and bran, which can be
transformed into high-purity silica, pozzolanic cement additives, and other advanced
materials. Similarly, banana waste—including peels and stems—can be processed into fibers
for composite materials, while its pulp and peel offer nutritional, pharmaceutical, and
agricultural benefits. Sugarcane waste, especially bagasse and molasses, is an established
feedstock for ethanol production and emerging applications in bioplastics, biofertilizers, and
even construction materials.This transition to a more sustainable waste management
paradigm is supported by the integration of circular economy principles, which emphasize
reuse, recycling, and resource recovery over disposal. However, challenges remain.
Variability in waste composition, technological costs, logistical limitations, and regulatory
gaps can hinder effective implementation. Additionally, informal sectors—while crucial—
often operate under hazardous and unregulated conditions that must be addressed through
better policies and institutional support.The path forward requires a multifaceted approach.
Policymakers must establish robust legal frameworks and incentives to encourage innovation
and private sector participation. Research institutions should continue exploring efficient and
low-cost extraction and processing methods. Communities must be engaged in awareness
campaigns and local solutions, particularly in areas where formal waste systems are
lacking.Crucially, integrating waste management into national development agendas—linking
it to climate goals, rural development, and industrial innovation—will ensure its place as a
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cornerstone of sustainable progress. As demonstrated throughout this report, transforming
waste into a resource is not only possible but essential in achieving environmental
stewardship, economic resilience, and social equity.
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