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ARTICLEI NFO ABSTRACT

Article history: The amount of waste produced by people has reached very high levels due to urbanization and industry, and has
ﬁe“’f"eg 16 MaTChdszM become more dangerous for the environment, health, and climate. But traditional approaches to solid waste
ecelved In revised form management involve only the collection and disposal of waste and are likely to create more negative effects.
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Available online 16 June 2026 designing completely safe substanc_es. iny with the help of developments_ in industry was it possible to boost the
economy and employment levels in different regions of the planet, but it brought additional problems such as
Keywords: increased amounts of industrial waste. When disposed of improperly, industrial waste will lead to the
) contamination of air, soil, and water. Therefore, sustainable waste management is a vital topic for organizations
Waste Treatment, Industrial and governments. This research paper will examine the role of the science of chemistry as a means of promoting
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circumventions of the issue of waste management. The analyzed research is based on secondary information
collected from different sources such as scientific journals and articles, books, online resource, and governmental
resources. The paper will look at various methods of treating industrial waste used in industries across the globe.

of circular economy. Nowadays, the use of innovative technologies
comprises the application of green processes and renewable resources
in order to conform to the regulations for usage of waste disposal
technologies nationally and internationally.

India’s fast industrialization is evident in such sectors as textiles,
chemicals, pharmaceuticals, ceramics, paper, food production, etc.
There are many instances in India, Khurja city in Uttar Pradesh,
which can be mentioned to illustrate the production of a variety of
industrial waste requiring proper disposal methods. The waste from
the different industries has to be disposed of properly. The paper
presents an overview of the methods based on chemistry that are used
to process the waste.

Introduction
Industrialization has transformed into one of the biggest reasons for
advancing the economy all around the world. Industrial production
not only creates various jobs but also contributes to the development
of production and enhancement of the quality of life. On the other
hand, the process of industrialization has brought about huge
amounts of solid, liquid, and gaseous wastes. If the waste is not
treated properly, it creates devastating environmental complications
such as air pollution, water pollution, soil pollution, and climate
change. The wastes produced by different types of industries
contain dangerous chemicals, heavy metals, colorants, acids, alkalis,
and biodegradable wastes that are harmful for the environment and
human beings.
The increasing population and urbanization and industrialization of
the society result in the growing amount of waste produced all over
the world. Millions of tons of municipal solid wastes, agricultural
products, industrial waste, and plastic waste are generated in India
every year. The waste produced ends up in open dumps and
landfills, which contributes to greenhouse gas emissions and waste
of land. Landfill leachate contaminates ground water. Open burning
processes release poisonous gases into the air and decrease its
quality.
Chemistry plays an essential and vital role in the development of
effective methods for waste disposal. It provides industries with Educationand Oreen
opportunities to reduce waste generation, get back useful materials, — -
recycle by-products, and convert waste into a less dangerous form Literature Review
of existence. Green chemistry encourages industries to create Due to the significant increase in the amount of waste released into the
cleaner processes of production in order to eliminate waste ecosystem caused by the rapid industrialization process, waste
generation. management has emerged as a crucial field of study. Scientists have
Sustainable waste disposal conforms to the principles of reducing, been exploring various methods aimed at processing waste while at the
re-using, recycling, recovering, and responsible disposal of the same time recovering some substances. Chemistry has been beneficial
wastes. These principles are very helpful not only for environmental since it has promoted the purification of the wastewater and allowed
protection but also for industrial effectiveness improvement, removal of heavy metals, recycling of industrial waste, and the use of
production cost reduction, natural resources preservation, and boost cleaner production technologies.
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Industrial Waste and Environmental Pollution:-Industrial waste is
defined as solid, liquid, gaseous, and hazardous waste generated by
industries such as ceramic, textile, chemical, pharmaceutical, paper,
food processing, mining, and metal industries. It is proven by studies
that untreated industrial waste ends up contaminating rivers,
underground water, agricultural land, and the environment.

Types of Industrial Waste:-

1.Solid Waste - Sludge, ash, plastic waste, metal scraps.

2.Liquid Waste — Chemical effluents, wastewater containing acids,
alkalis, dyes, and heavy metals.

3.Gaseous Waste — Carbon dioxide (CO:), sulfur dioxide (SO),
nitrogen oxides (NOX), volatile organic compounds (VOCs).
4.Hazardous Waste — Toxic chemicals, pesticides, radioactive
materials, and heavy metals.

Solid waste
40%

Liquid Waste
30%

Hazardous Waste
vos nors

Figure : Types of Industrial Waste
Heavy metals including lead (Pb), cadmium (Cd), mercury (Hg),
and chromium (Cr) can remain in the environment for a long time
since they do not degrade rapidly. Toxic substances remain in
various organisms (plants, animals, humans) leading to adverse
health effects, such as kidney damage, nervous system diseases,
respiratory problems, and cancer. New environmental studies
suggest that industrial wastewater is a key source of freshwater
pollution in developing countries. As a result, implementation of
efficient industrial pollution control methods has become essential
to safeguard the health of the planet and people.
Green Chemistry for Sustainable Waste Management :- Green
chemistry is recognized as one of the best means of controlling
pollution originating from industries. According to Anastas and
Warner, green chemistry is concerned with developing products and
processes that minimize the amount of harmful substances used.
As researchers have shown, companies that implement the 12
Principles of Green Chemistry can :
eReduce hazardous waste generation
eImprove energy efficiency
e Use renewable raw materials
eIncrease atom €conomy
eMinimize toxic solvents
ePromote recyclable products
eSeveral studies have reported that green
Numerous studies assert that green chemistry allows to not simply
minimize environmental pollution, but also reduce costs thanks to
increased efficiency of processes. Therefore, companies all over the
world have started moving towards green technologies instead of
using conventional technologies.

Figure : The 12 Principles of Green Chemistry
Chemistry -Based Wastewater Treatment Technologies: -
Numerous scientists have examined the methods of chemical
treatment of industrial wastewater. Some of the treatment methods
include:
» Chemical precipitation
* Coagulation & flocculation
« Neutralization

* lon exchange

* Activated carbon absorption

* Advanced oxidation processes (AOPs)

Chemical precipitation has been effective in eliminating heavy metals
from industries such as electrolysis, mining and chemical
manufacturing. Coagulation & flocculation results in the removal of
suspended solids and better quality of water prior to biological
treatments. The technique of activated carbon absorption is
considered as one of the best methods for removing dyes, pesticides,
phenols and other types of organic pollutants from the wastewater due
to its surface area. Advanced oxidation processes that use ozone,
hydrogen peroxide and ultraviolet light are capable of generating very
reactive hydroxyl radicals, which are capable of destroying the
pollutants that are hard to eliminate by other means. Various scientific
studies had confirmed that the use of several methods together can
result in a better efficiency in terms of pollutant removal than using
one method alone.

Heavy Metal Removal Technologies:

Heavy metal pollution is one of the most serious environmental issues
related to industrial waste. Many researchers have analyzed various
approaches to eliminate hazardous metals such as:

1. Lead (Pb)

2. Mercury (Hg)

3. Chromium (Cr)

4. Cadmium (Cd)

5. Nickel (Ni)

6. Copper (Cu)

lon exchange, adsorption, membrane filtration, chemical
precipitation, and electrochemical treatment have proven to be
effective methods.

Recent studies investigated low-cost sorbents based on agricultural
waste such as rice husk, coconut shell, sawdust, sugarcane bagasse,
and orange peel which are a cheap and eco-friendly substitute for
commercial activated carbon.

Recycling and Resource Recovery: According to current studies, it
was determined that industrial waste is not only waste but also
valuable secondary resource. Researchers found that industrial waste
like fly ash, slag, gypsum, metal sludge, plastic waste, and ceramic
waste can be reused for the production of:

Cement

Concrete blocks

Bricks

Paving materials

Metal recovery products

Glass ceramics

Resource recovery saves landfill, saves natural resources, decreases
production costs, and promotes a circular economy.

Countries such as Taiwan and Germany are considered to have
successfully running recycling-based industrial system that brings
environmental and economic benefits.

THE ZERO WASTE HIERARCHY
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Figure 3: Recycle & Resources Recovery
Waste -to -Energy Technologies: Researchers have increasingly
focused on converting industrial waste into renewable energy.
Common waste-to-energy technologies include:-
Pyrolysis,Gasification, Anaerobic digestion, Incineration with energy
recovery
These technologies produce:
Biogas, Syngas, Bio-oil, Electricity, Heat energy
Recent studies report that waste-to-energy technologies reduce waste
volume while simultaneously decreasing greenhouse gas emissions
and fossil fuel consumption.
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Figure: Waste -To - Energy
Biological Treatment Methods : Despite the effectiveness of
chemical treatment techniques, biological treatment processes prove
to be a very useful complementary tool. The techniques used in
activated sludge systems; biofilters, bioreactors, and bioremediation
involve the use of various microorganisms to treat biological
contaminants. Combining biological treatment and chemical
treatment has demonstrated an increase in pollutant removal
effectiveness compared to using only chemical treatment. Hybrid
treatment technologies are recommended as a great way to improve
the efficiency of wastewater treatment at industrial facilities.
Circular Economy and Sustainable Industrial Development : In
the previous decade, the idea of circular economy has attracted lots
of attention. Circular economy is different from the traditional
"take-make-dispose" model because it promotes industries to:
* Cut back on waste
* Reuse raw materials
* Recover precious materials
* Recycle products
» Make products available for a longer time.
Many experts have come to the conclusion that the adoption of
circular economy practices will result in economic sustainability in
enterprises which would, at the same time, minimize impact on the
environment.

Raw materials

Design -
Production
™ CIRCULAR
ECONOMY ,
i e

Collection

Consumption
Reuse & repair

Figure: Circular Economy
Current Challenges: Even with all of the significant innovations
that have occurred, some challenges are still present. These
challenges include:
1) Advanced treatment technologies are quite expensive to install
2) Limited knowledge of the technology in small industries
3) Weak enforcement of the environmental laws
4) Difficult because of hazardous waste management
5) Lack of skilled labor
6) Requires a lot of energy in some processes
7) Treating mixed effluents is also problematic
The work should also be directed toward developing low-cost,
energy-efficient, and environmentally-friendly technologies that can
be used in industrial plants in both developed and developing
countries.
Research Gap- The examination of the previous studies shows that
advancement in industrial waste treatment methods has been
accomplished. However, a number of important research gaps
remain. Most of the studies deal with specific treatment techniques
instead of integrated waste management systems. There is little
information available regarding the application of sustainable waste
management using green chemistry in medium industrial enterprises
like ceramic industry of Khurja in Uttar Pradesh. In addition, the use
of cheap sorbents, green catalysts, nanotechnology, etc., needs to be

studied further.
Research Objective :
eThe main aim of this research is:
eTo investigate various types of industrial waste and their impacts on
the environment.
o To assess chemistry-based waste treatment methods.
oTo develop a better understanding of the contribution of green
chemistry to pollution prevention.
eTo make a comparison of a range of industrial waste management
solutions.
o To analyze recycling and resource recovery techniques.
eTo find out sustainable alternatives for getting rid of industrial
pollution.
eTo suggest environmentally friendly options for enhancing waste
management systems.
Materials and Methodology
Research Design-This project employs a mixed research approach.
No laboratory experiments were conducted for this project. Data
collection involves using scientific literature, academic books,
governmental documents, and reliable environmental organizations.
The information collected was analyzed for gaining insights on the
contributions of chemistry to sustainable industrial waste
management. The primary goal of the study is to analyze the
chemistry contributions to sustainable waste management practices by
examining available scientific literature. Since the focus of the
research is the comparison of different waste management techniques,
experimental research methods were not required. The study looks
into green chemical methods, techniques for pollution control, and
resource recovery practices.
Source of Data
The information used in research project was collected from:- Peer -
reviewed research articles , Chemistry and Environmental science
textbooks , CPCB reports , WHO publications, UNEP reports , EPA
reports , Government environmental reports , Reliable scientific
database
The research was carried out through the following steps:-
1.Selection of research topics.
2.Collection of secondary data from scientific literature.
3.Classification of industrial waste.
4.Study of chemistry-based treatment methods.
5.Comparison of conventional and green technologies.
6.Analysis of treatment efficiency.
7.Preparation of conclusions and recommendations
Waste Treatment Methods Studies:
Physical methods
eFiltration
e Sedimentation
e Membrane filtration
e Adsorption
Chemical methods
eNeutralization
e Chemical precipitation
e Coagulation—Flocculation
elon exchange
e Advanced oxidation processes
Biological Methods
e Activated sludge process
e Bioremediation
® Anaerobic digestion
e Composting
Data Analysis
The collected information was compared using:-
e Treatment efficiency
e Environmental impact
o Cost-effectiveness
eResource recovery potential
e Sustainability
ePollutant removal capacity
Results and Discussion
Table 4.1 Types of Industrial Waste

Industry Waste Major pollutants Environment
generated al impacts

Textile Dye Synthetic dyes, Water
wastewater salts pollution

Paper Sludge Organic matter Soil and
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water
pollution
Chemicple | Hazardous Acid alkalis and Toxic
dge chemical solvent contaminatio
n
Electroplat | Metal sludge Cr,Pd,Cd,Ni Heavy metal
ing pollution
Food Organic waste | Fats and proteins High BOD &
processing COD
Table 4.2 : Chemistry - Based Treatment Methods
Treatment method Pollutant removed | Efficiency (%)
Chemical precipitation Heavy metals 85-95
Coagulation and Suspended solids 80-90
flocculation
Activated carbon Organic pollutants | 80-98
adsorption
Advance oxidation Dyes and toxic 90-99
process organics
lon exchange Heavy metal ions 90-98

Table 4.3 Waste Management Hierarchy

Method Environmental benefits

Reduce Minimum waste generation
Reuse Conserves raw materials
Recycle Save energy and resources
Recover Produces useful products
Dispose Safe disposal of remaining waste

Based on the results obtained through the collected data, treatment

methods based on chemical processes are very effective in controlling

pollution from industries. For instance, the use of advanced oxidation

processes can be regarded as the most effective in breaking down

toxic organic materials, activated carbon adsorption has been highly

efficient in removing organic substances and dyes. Chemical

precipitation and ion exchange have also proven their efficiency in

removing heavy metals from industrial water. According to the review

results, the combination of different techniques such as physical,

chemical, and biological technologies can take place to achieve better

results than using any of them separately.

Major findings-The main conclusions of the research include:

01. Green chemistry greatly minimizes hazardous waste from

industries.

02. Treatment methods are very effective in cleaning pollutants and

waste.

03. Systems using combined forms of treatment are better than single

treatment methods.

04. Waste recycling and resource recovery save the natural resources.

05. Technologies of waste-to-energy minimize the amount of waste

sent to landfills and produce energy.

06. The wuse of sustainable waste

environmental pollution.

07. Enterprises that practice green chemistry have much better

environmental performance.

08. Regulations from the government as well as awareness of the

public are important for achieving long-lasting results.

Future Scope- Future research may focus on:

01.Nanotechnology-based wastewater treatment.

02.Artificial intelligence for waste monitoring.

03.Low-cost adsorbents prepared from agricultural waste.

04.Green catalysts for industrial chemical processes.

05.Carbon capture technologies.

06.Circular economy-based industrial systems.

07.Smart waste management using 10T.

08.Zero-liquid discharge technologies.

09.Sustainable recycling of ceramic and electronic waste.

10.Development of energy-efficient industrial treatment systems.
Conclusion

Managing industrial waste has turned out to be one of the key

envi-ronmental issues around the world. This paper indicates that

chemistry is able to tackle the problem of pollution caused by

industries through the chemical treatment of waste, green chemistry

approaches, recycling, and waste-to-energy technologies. Novel

treatment methods ensure the improvement of wastewater quality, as

well as minimize the quantities of hazardous waste generated and

facilitate sustainable development of industry. It has been found that

management minimizes

This is an Open Access article published under the Creative Commons Attribution 4.0 International License (CC BY 4.0)

the combination of physical, chemical, and biological treatment
methods is more efficient compared to the traditional methods of waste
disposal. The introduction of green chemistry reduces pollution at its
source and improves resource use and industrial effectiveness. In
general, applying chemistry in managing industrial waste sustainability
is an effective means of protecting the environment, saving natural
resources, decreasing carbon emissions, and attaining the sustainable
development goals. According to the findings of the study, it follows
that chemistry is vital for the implementation of sustainable industrial
waste management. Modern chemical technologies change the approach
to waste management from disposal to waste recovery and pollution
prevention. Thus, green chemistry enables industrial enterprises to
create cleaner production processes and overcome pollution problems.
Through various advanced chemical treatment methods, harmful
chemicals are removed from industrial wastewater, and companies
comply with environmental requirements. The research also shows that
the efficiency and sustainability of waste management can be increased
through the use of the combined techniques of physical, chemical, and
biological treatment in the process of managing waste instead of only
one treatment method. Moreover, recycling and resource recovery
technologies contribute to better sustainability by changing industrial
waste into useful resources, which helps decrease natural recourses
usage. Waste-to-energy technologies have the additional benefit of
generating renewable energy while solving the waste disposal problems
of industries. Nevertheless, there are challenges related to waste
management, such as expensive installation, the implementation of high
technologies, unawareness of industries, as well as complicated
hazardous waste management issues. Therefore, constant research, new
ideas, government support, and strict observance of environmental
regulations are needed. In the end, it is worth mentioning that
approaching waste management from the green chemistry perspective is
one of the most efficient ways to protect the environment while
achieving the goals of economic and industrial development.

Recommendations:

1) The application of the twelve principles of green chemistry is

important in the industrial sphere.

2) Cleaner technologies should be implemented in order to reduce

waste generation from the source.

3) All industries should guarantee the application of modern

technologies for wastewater treatment.

4) Recycling and recovery should be promoted.

5) There must be attempts aimed at realization of waste-to-energy

technologies where feasible.

6) Government authorities should control the strict implementation of

environmental laws.

7) There should be regular waste monitoring and auditing.

8) The industrial sector should invest in innovation aimed at eco-

friendly technologies.

9) There should be training programs for personnel on sustainable

waste management.

10) Future studies must focus on low-cost and effective waste

management technologies.
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