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Preface

This book addresses the textile industry’s environmental challenges, recent develop-
ments, and future directions. We used different research development results for the
textile industry to demonstrate how to reach a green environment in future. There are
five chapters presented in this book that help achieve such objectives.

Chapter one introduces the textile industry’s environmental challenges, recent
actions, and future prospects. This chapter outlines the industry’s background and its
key environmental challenges. Chapter two addresses some of the key sustainability
challenges, including environmental, social, and economic challenges encountered by
the textile industry. Chapter three explores advanced technology, such as cutting-edge
technologies, for reducing the environmental impact caused by dyeing and finishing
processes. Chapter four presents the new approach to using Al technology to enhance
the accuracy and efficiency of textile production processes. The last chapter gives
insight into new alternatives to deal with the challenges caused by the textile industry.
All chapters summarise environmental challenges, the recent development and
possible solutions, and the future of avoiding such challenges in the textile industry.

It is useful for industrial practitioners to design and develop more research on green
textiles.

I acknowledge the support that the Publishing Process Manager Mateo Belir and
his editorial team provided while editing and processing the book’s publication. His
support is essential for delivering high-quality book chapters to readers.

Dr. Chi-leung Hui
The Hong Kong Polytechnic University,
Kowloon, Hong Kong






Chapter1

Introductory Chapter:

Textile Industry and the
Environment — Challenges, Recent
Development and Future

Chi-leung Hui

1. Introduction
1.1 Green textiles — challenges, recent development and future

The textile industry is one of the oldest and key industries in the world. It plays
an important role in the global economy. It covers various sub-industries including
spanning, weaving, knitting, dyeing and finishing, garment manufacturing, packag-
ing and logistics. The textile industry operates on three major principles including
designing, producing, and distributing a wide range of finished and semi-finished
products such as bedding, clothing, apparel, medical, and other accessories. The
industry is greatly diverse, from traditional handmaking to computer-aided manu-
facturing and automation. The major countries contributing to the deliverables of the
industry include China, India, Bangladesh, Vietnam and European Union (EU) coun-
tries. The global market value of the textile industry in 2023 is around USD 1,837.27
billion in 2023 and is anticipated to grow at a compound annual growth rate (CAGR)
of 7.4% in revenue from 2024 to 2030 [1]. Although there has been rapid growth
and expansion over the past few years, the textile industry still faces challenges in
environmental impact, and it has become one of the most polluting industries in the
world. The environmental impact includes water pollution, carbon dioxide emissions,
velease of harmful chemicals and dyes into the envivonment, and increasing garment waste
under a shorter product life cycle [2]. In water pollution, the textile industry is a major
contributor, especially in cotton treatment and dyeing processes. Water consump-
tion of producing one cotton shirt is around 3,000 liters. Meanwhile, water wastage
from dyeing and finishing processes generally contains toxic chemicals which are
harmful to humans. Harmful chemicals generated by industry such as dyes, bleaches,
and finishing agents could contaminate the environment such as soil and water. The
industry would produce natural and man-made fibers like nylon and polyester. Such
synthetic materials could release microplastics which pollute waterpipes during
washing. In addition, the textile industry produces 8-10% of global carbon emissions
from energy-intensive textile manufacturing process and transportation in the global
supply chain [2]. Especially for the production of synthetic fibers like polyester, the
process would generate further exacerbating emissions that are derived from fossil
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fuels. Furthermore, more consumers like fast fashion, which has generated a culture
of increasing textile waste under a shorter product life cycle. Such impacts led the
different governments to set up rules and regulations for environmental protection
against textile waste and pollution.

2. Green textiles: Challenges

In recent years, consumers, governments, and environmental protection agencies
have raised their concerns on how to deal with such challenges and set up strategies
for the environmental protection caused by the textile industry. Some governments
are implementing stricter regulations on textile waste, chemical pollution, and carbon
emissions [3]. In the European Union (EU), they set up a circular economy action
plan to promote recycling, reuse, and sustainable design in the textile industry. EU
also launches REACH regulations to restrict the use of hazardous chemicals in textile
production as well as EU strategy for sustainable and circular textiles to produce
textile products more durable, recyclable, and free of hazardous by 2030. In the
United States, the federal government encourages textile producers to take responsi-
bility for end-of-life management of textile products. They form a multi-stakeholder
initiative for promoting sustainable practices in the textile industry. In China, the
government set up green manufacturing standards for textile factories to reduce pol-
lution and improve energy efficiency as well as a circular economy promotion law for
encouraging recycling and waste reduction in the textile industry. In India, zero liquid
discharge regulation is mandatory for the textile industry how to treat and recycle
wastewater at zero discharge level. They also encourage the use of organic cotton
and natural dyes for sustainable textile and fashion products. In Bangladesh, there
are the highest numbers of certified green textile and garment factories for reduc-
ing energy and water consumption as well as stricter enforcement of environmental
laws for textile manufacturers. Besides such environmental protection measures
by various countries, the textile industry promotes the use of sustainable materials
such as organic natural fibers and recycling synthetic fibers which aims to reach
net-zero emissions by 2050. Most fashion brands are moving toward the adoption of
green practices and the use of reusable materials for textile and apparel products [4].
However, in many developing countries, environmental regulations are not strictly
enforced, and the capital for investment of sustainable materials is very huge because
advanced technologies such as bio-tech and waterless dyeing are expensive for devel-
opment and implementation.

In the consumer’s viewpoints, they are increasingly in favor of slow fashion,
which focuses on quality and durability. The rental and second-hand markets are
growing, which are driven by environmentally aware consumers, especially younger
ones [5]. However, such slow fashion and second-hand markets are only applicable
to younger consumers, not to mature consumers. Mature consumers like to change
garment styles for various occasions and seasons. They prefer to buy different colors
and styles of garments for daily dressing. Mature consumers have higher purchasing
power than young consumers when buying new textile and fashion products. It leads
many textile manufacturers to produce various textile and fashion products with
different colors and styles to meet their needs. It will increase textile waste and water
consumption. Education about environmental issues toward consumers, especially
for mature consumers, producers, and the government will have a significant impact
on the textile industry.
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3. Recent development and future

In future, there are several issues to be resolved for environmental protection
toward textile industry. The first issue is to increase consumer awareness of sustain-
able textile products, especially for mature consumers. For example, it is possible to
educate mature consumers to buy only what they need and the desired products are
able to be recycled and sustainable. The second issue is to increase transparency and
environmental labeling for all consumers. It is better to provide all consumers with
the environmental footprint of their textile and fashion products such as carbon
dioxide emissions or water consumption in the product label. For example, EU has
provided an EU ecolabel for textile and clothing products. Finally, washing and
drying of textile production process contributes to a large impact on environment,
and the textile producers could provide consumers with better information on how
to reduce their environmental impact via QR code imprinted on care label, which
provides repair and care guidelines when mobile device scanned QR code to connect
the textile and fashion product’s website.

In conclusion, the textile industry is at a crossroads on balancing the need for
innovation and growth to address environmental, social, and economic challenges
faced by the industry. While challenges still alive, technological advancements and
market demand are driving the textile industry toward more sustainable products to
provide large environmental protection. By examining such chapters in this book, the
stakeholders in the industry will be well-positioned on how to leverage technology for
thriving in the dynamic changes.

Author details

Chi-leung Hui
The Hong Kong Polytechnic University, Kowloon, Hong Kong
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Chapter?2

Sustainability Challenges of the
Textile Industry

Mohammad Abul Hasan Shibly
and Mohammad Mohsin Ul Hoque

Abstract

The textile industry is a significant economic sector with profound environmental,
social, and economic challenges. Its high water consumption, pollution, and waste
generation contribute to environmental degradation, while labor exploitation and
supply chain opacity raise serious social concerns. Fast fashion exacerbates these
issues by promoting disposable clothing, leading to excessive resource consumption
and waste accumulation. Addressing these challenges requires a multidimensional
approach, including technological advancements, regulatory frameworks, and
shifts in consumer behavior. Innovations in water-efficient dyeing, chemical-free
textile processing, and sustainable material adoption, such as organic cotton and
recycled polyester, are key to mitigating environmental impacts. Strengthening labor
standards, ensuring supply chain transparency, and promoting fair trade practices
are essential for improving social conditions. Additionally, implementing circular
economy principles, such as textile recycling and waste reduction initiatives, can
enhance sustainability. Regulatory measures, industry collaborations, and consumer
awareness play vital roles in driving systemic change. Governments must enforce
stricter environmental and labor policies, while brands and manufacturers should
prioritize ethical sourcing and sustainable production. The transition to a sustain-
able textile industry is imperative for long-term economic viability, environmental
conservation, and social well-being.

Keywords: sustainability, textile industry, pollution, fast fashion, circular economy,
environmental regulations

1. Introduction

The textile industry is one of the most important economic sectors, both regard-
ing its direct contribution in terms of production, revenues, and employment, and
the vast downstream and upstream activities. Environmentally, the industry’s out-
put has significant impacts: on the one hand, the exploitation of natural resources,
particularly water, and on the other hand, the production of waste and mainly
wastewater.
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In the first case, the industry is one of the most water consumptive international.
In fact, according to the Water Footprint Network: “it takes around 2,700 liters of
water to produce one cotton shirt. This is enough water for one person to drink
for 2-and-a-half years! The water is mainly used to grow the cotton and dye the
material” [1].

In addition, the textile industry is a great contributor to environmental pollu-
tion. Around 20% of the global wastewater volume comes from the textile sector.
The mentioned wastewater is usually a blend of different toxic materials from the
dying steps that in the absence of proper treatment will result in losing the nega-
tive influence of the aquatic systems and the contamination of the drinking water
source [2].

Socially, the textile industry suffers from many criticisms of labor practices.

The most striking example is the one that occurred in Bangladesh in 2013. Then,

the Rana Plaza building collapsed and cost the lives of over 1100 workers [3]. These
labor practices are criticized for the child’s or slaves’ labor conditions, and the overall
working and living conditions, such as the incapacity to have a decent wage and living
payment.

From a sociological perspective, the issue is tangled with complications due
to the complex nature of the supply chain and the widespread lack of transpar-
ency within it. Often, brands and consumers do not know where and how their
specific clothing items are made. This lack of transparency makes it challenging to
hold manufacturers accountable for continuing abusive practices hidden from the
public eye [4].

Economically, the issues are perpetuated by the overall growth of fast fashion,
which normalized and promoted the practice of treating clothes as disposable com-
modities. According to the United Nations Environment Program, annually, the world
buys approximately 62 million tons of apparel. However, relatively few people buy
only that, which means this demand is not recycled or reused [5]. This leads to the
waste of resources as well as the filling-up of landfills with nonbiodegradable waste,
leading to systemic problems in the environment. These challenges require a mul-
tidimensional solution that would include new technologies, legal regulations, and
changes in consumer habits. It is essential for the long-term success of the industry
that all those involved in production, from the farmers and day laborers to the CEOs
and buyers, take part in these solutions. Ways to address textile sustainability chal-
lenges should be pursued in a variety of ways, but the most problematic issues include
water consumption, pollution, and waste disposal.

2. Environmental challenges
2.1 Water consumption and pollution

The textile industry is a major water-consuming sector of the economy, particu-
larly as it pertains to natural fibers such as cotton. Cotton growing is known to be
one of the thirstiest processes around. To produce a single cotton shirt and trousers,
a person uses more than 20,000 liters of water, or 20 cubic meters per kilogram [6].
In the whole world, there are less than several rivers containing this volume at any
given time. The key world manufacturers of cotton—India, China, and Pakistan—are
coincidentally arid countries and suffer from water stress not merely in terms of
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ecological balance but also because their populations go thirsty and lack water for
sanitation. Moreover, cotton companies cause severe water pollution. Chemicals used
in the manufacture of dyes, bleaches, and fixing agents, and a significant proportion
of them are poisonous and consist mainly of heavy metals. These substances ruin

not just the marine life but also the river habitat. Azo dyes that are used for turbid
coloring are known to release cancer-like amines [7]. Furthermore, the environ-
mental and human health dangers of the discharge of untreated or partially treated
textiles wastewater caused by eutrophication, the decline in biodiversity, and aquatic
ecosystems’ destruction have been shown. For instance, the Institute of Public and
Environmental Affairs reported that a large proportion of textile factories in China—
one of the biggest world producers—concealed their dirty water into the Yangtze and
Pearl waterways.

2.2 Challenges
2.2.1 Technological innovations

There is no use pretending that anything is splendid. However, the good news is
that there are several ways to implement technological enhancement in the wastewa-
ter treatment sphere. First of all, membrane infusion, ozone treatment, and advanced
oxidation techniques can be employed to cleanse the wastewater of hazardous
substances [8].

2.2.2 Water-efficient practices

Practices that factories can adopt to be more water and energy-efficient and reduce
pollution are critical. For example, using a low-liquor ratio dyeing practice can save
up to 50% of water compared to regular industrial practices [9]. According to Smith,
another way to minimize water consumption and the impact on the environment is
by using less water-intensive crops that necessitate fewer chemicals such as organic
cotton, or a variety of textile fibers, such as hemp and bamboo.

2.2.3 Regulatory and policy measures

To combat excessive water consumption and water pollution in textile industries,
there is a need for more stringent regulatory frameworks and adequate enforcement
aimed at ensuring that textile industries adhere to the necessary environmental
standards. Policies, as well as appropriate regulatory systems, which offer incentives
to platforms or companies that adopt cleaner and more efficient technologies, will
also greatly play important roles in transforming the industry. Water stewardship
initiatives are of vital importance, since they give emphasis to proper use of water in
an industry or at an organizational level.

The challenge of excessive water consumption and pollution of water in the textile
industry is big but not too big to the extent that cannot be addressed. The develop-
ment of modern technologies as well as a concerted effort on the establishment of
suitable regulatory frameworks, and the practice of sustainable practices can go a
long way to effectively address the problem. This not only sustainability of the textile
industry but also ensures that water is conserved effectively for the use of future
generations.
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2.2.4 Energy consumption

The processes involved in the production of textiles always tend to be energy-
intensive since the operation of different machinery for the spinning, weaving, and
knitting companies requires very high temperatures for clothes dyeing, printing,
and finishing. Notably, the IEA study was conducted and is estimated to make up
10% of the total industrial energy usage [10]. Moreover, it is impossible to produce
any textiles without using energy. This means that there will be both economic and
environmental consequences due to such usage.

2.2.5 Greenhouse gas emissions

The solar heat trapped by clothes produced from natural materials like cotton
and linen in the textile manufacturing processes is responsible for greenhouse gases.
Increased heat in the earth’s atmosphere causes natural processes and activities like
ventilation and cooling that occur when wearing clothes leading to temperature
fluctuations. More greenhouse gas emissions are a result of manufacturing that
involves the production of clothes and is added to the already existing heating
conditions [11].

2.2.6 Energy efficiency measures

Both energy consumption and the greenhouse gas emitted are significantly
reduced in industries as a result of better energy efficiency measures. It has been
noted that many companies embody poor energy efficiency conditions enhanced
by old technology that uses high energies in their production processes. Also, the
Ellen MacArthur Foundation reports that the use of coal and natural gas in a textile
industry that specializes in making clothes leads to the emission of greenhouse gas
emissions (GHG). Conversely, upon scrutinizing the comprehensive procedure
of manufacturing and conveying goods across urban and continental expanses, it
becomes apparent that this process engenders approximately 1.2 billion tons more
CO, emissions annually than the aggregate emissions from all international aviation
and maritime transport combined [12].

2.2.7 Renewable energy sources

Another effective strategy that may help to mitigate GHG emissions is the transi-
tion to renewable energy sources, such as solar, wind, and bioenergy. It is possible
to employ these sources of energy directly in the production processes to reduce the
dependency on fossil fuels. There are leading textile manufacturers that have already
started installing solar panels and wind turbines at their production sites. These
companies strive to achieve a considerable reduction in carbon emissions.

2.2.8 Carbon management practices

Implementing comprehensive carbon management practices is essential for
monitoring and managing the emissions across the supply chain as well as achieving
net-zero emissions. Such practices include regular carbon audits, taking targeted
reduction measures based on a sound scientific basis, and engaging in carbon offset
projects [13].
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2.2.9 Legislative and policy frameworks

Governments and international organizations are very important in the context
of the textile industry’s energy consumption and emissions profile. Policymakers, by
increasing environmental regulations and incentives for clean energy, can influence
business people toward choosing more sustainable options. In light of the foregoing,
the way items of clothing are manufactured is influenced by policymakers; therefore,
it is vital that they are educated and motivated to act in accordance with national or
organizational objectives [14].

2.3 Waste generation in the textile industry

The textile industry contributes significantly to the overall amount of waste in its
different stages. The waste can be divided into two groups, namely, pre-consumer and
post-consumer waste. Since the industry involves a considerable amount of materials
and produces even more, every step in the process of textile manufacturing, from
fiber production to fabric cutting, generates waste products. The growing popularity
of fast fashion among consumers implies that garments are being thrown away at a
higher rate.

2.3.1 Pre-consumer waste

This is also referred to as manufacturing waste as it is the waste that is gener-
ated from the manufacturing process of cloths. This includes the remnants from
the cutting of the fabric that are normally discarded after cutting, yarn waste that is
produced as a result of the spinning and weaving and lastly the defective products.
For instance, as cited by Allwood et al. another textile manufacturer discards approxi-
mately 15-20% of the fabric in the process of making clothing thus wasting both the
material and energy [15].

2.3.2 Post-consumer waste

These are the clothes used by consumers and disposed of to the environment
as waste. An estimation provided by the Environmental Protection Agency (EPA)
government states, the United States produces approximately 16 million tons of post-
consumer waste as it disposes of 84% of the waste in landfills and 15% is used to make
cloth cushions, among other products. It also disposes 6% of the post-consumer waste
by burning it in the incinerator [16].

2.4 Challenges
2.4.1 Recycling and veuse

Reducing waste requires increasing the recycling and reuse of textile materials.
Textile recycling involves processing old clothes and textile fibers into new products.
However, the recycling rate for textiles is low due to challenges such as technology
in processing blended fiber and the limited infrastructure in collection and sorting
materials. Closed Loop Partners’ Textile Recycling Innovation is an initiative that
focuses on overcoming these challenges by supporting new recycling systems and
technologies [17].

9
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2.4.2 Civcular economy models

The adoption of the circular economy model can effectively reduce waste genera-
tion. The model comprises various measures that focus on the lifecycle of materials,
including designing for durability, facilitating repair and maintenance, and returning
used clothes to the manufacturer for recycling or repurposing. Companies such as
Patagonia and H&M have developed take-back programs to persuade consumers to
return their used clothes to recycle or resale [18, 19].

2.4.3 Reducing production waste

The generation of waste during production is one of the significant contributors
to the waste problems in the textile industry. Technological measures can be imple-
mented to reduce this waste. For instance, computer cutting technology can be used
in optimizing fabric remnant layout during cutting. Firms may also adopt the use of a
zero-waste design technique whereby cut patterns do not generate any form of scraps
since all pieces are used [20].

2.5 Chemical usage in the textile industry

The textile industry is one of the most chemically dependent sectors and utilizes a
wide variety of harmful chemicals at multiple stages, including fiber production, fab-
ric treatment, dyeing, and finishing. These harmful chemicals include dyes, bleaches,
and finishing agents. The biggest disadvantage to us is that provides the necessary
water-repelling properties vitality durability, and other resiliency, at the same time as
other necessary attributes to the textiles. Finishing agents react with other chemicals
mentioned and alter into something fatal. All of these are very hazardous because this
process causes a problem to nature and to human health.

2.5.1 The scope of chemical use

The use of chemicals in textile production is vast. However, a large percentage
of the chemicals used in the industry are harmful to both populations’ health and
the environment. Concerning the environment, azo dyes, for instance, popular for
their intense colors, tend to break down to form aromatic amines, which are major
carcinogens [21]. Moreover, materials like waterproofing agents and flame-retardants
applied to several textile types contain per- and polyfluoroalkyl substances, which
are not only persistent but also associated with many health problems. Health impacts
also result from untreated or inappropriately treated effluents discharged into water
bodies [22].

2.5.2 Environmental and health impacts

A significant face of using toxic chemicals in the textile industry is their discharge
into the water bodies. Usually, untreated and ineffectively treated effluents contain
these chemicals. Thus, they lead to the occurrence of severe water pollution which
immediately impacts drain dwellers, and as a result, these chemicals enter the human
food chain [23]. In addition, workers in textile factories are in danger as they are
exposed to toxic chemicals leading to different respiratory problems, skin diseases,
and other severe health issues.
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2.6 Challenges

The textile industry faces significant sustainability challenges that encompass
environmental, social, and economic dimensions. Addressing these challenges
requires a holistic approach, integrating technological innovations, regulatory mea-
sures, and industry-wide commitment to sustainable practices. Below are some of the
key challenges affecting the sector:

2.6.1 Environmental degradation

The textile industry is one of the largest contributors to environmental pollution.
The extensive use of water, hazardous chemicals, and non-renewable energy sources
in textile manufacturing has led to severe ecological consequences. Wastewater dis-
charge containing dyes, heavy metals, and other toxic substances pollutes rivers and
groundwater, causing harm to aquatic ecosystems and human health. Furthermore,
industry is a major source of greenhouse gas emissions, contributing to global climate
change.

2.6.2 Resource overconsumption

The production of textiles is resource-intensive, particularly in terms of water and
raw materials. Cotton cultivation, for example, requires significant amounts of water
and pesticides, depleting freshwater resources and contributing to soil degradation.
Additionally, the over-reliance on synthetic fibers, derived from fossil fuels, raises
concerns about sustainability and resource scarcity in the long run.

2.6.3 Waste management and circular economy

A major issue in the textile sector is the large volume of waste generated through-
out the production and consumption cycles. The rise of fast fashion has exacerbated
this problem, leading to an increase in textile waste that often ends up in landfills
or incinerators. Recycling and circular economy initiatives remain underdeveloped,
with only a small percentage of textile waste being repurposed or reused. Developing
effective waste management strategies, including extended producer responsibility
(EPR) programs and closed-loop recycling systems, is crucial for sustainability.

2.6.4 Social and labor concerns

The textile industry has long been criticized for its exploitative labor practices,
particularly in developing countries where low wages, poor working conditions, and
lack of labor rights protections are prevalent. Child labor and forced labor remain
persistent issues in some regions, undermining social sustainability. Ensuring fair
wages, safe working environments, and ethical labor practices requires stringent
regulations, industry compliance, and consumer awareness.

2.6.5 Supply chain transparency and accountability

The complexity of global textile supply chains poses a significant challenge in
ensuring ethical sourcing and environmental responsibility. Many brands struggle
to trace the origins of raw materials and the working conditions of their suppliers.
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The lack of transparency allows for the continuation of unsustainable and unethical
practices. Implementing blockchain technology, certification programs, and stricter
regulatory oversight can enhance supply chain visibility and accountability.

2.6.6 Regulatory and compliance challenges

While various environmental and labor regulations exist, enforcement remains
inconsistent across different regions. Many textile manufacturers operate in countries
with weak regulatory frameworks, allowing for non-compliance with environmental
and labor standards. International agreements, such as the Registration, Evaluation,
Authorization, and Restriction of Chemicals (REACH) in the European Union, and
industry-led initiatives like the Zero Discharge of Hazardous Chemicals (ZDHC)
program, aim to standardize sustainable practices, but global adoption remains a
challenge.

2.6.7 Consumer awavreness and behavioral shifts

Consumer behavior plays a crucial role in shaping the sustainability of the textile
industry. The demand for fast fashion, driven by frequent style changes and low-cost
production, encourages unsustainable manufacturing practices. Increasing consumer
awareness about the environmental and social impact of their purchasing choices and
promoting sustainable alternatives, such as eco-friendly textiles and slow fashion, are
essential for long-term industry transformation.

2.7 Adoption of greener chemicals

To ameliorate the negative environmental impacts of textile production, all fac-
tories using chemicals must use greener products in their processes. Factories should
start phasing hazardous chemicals out of their operations and replace them with safer
alternatives. ZDHC, which stands for zero discharge of hazardous chemicals, is a
foundation that is globally working to promote strategies that lead to zero discharge of
hazardous chemicals from the textile and footwear value chain [24].

2.7.1 Improved wastewater treatment

The textile industry also needs to improve wastewater treatment processes.
Wastewater resulting from the use of chemicals in the production of textiles must
be treated within these facilities to remove all toxins before the water is released
into streams or any other running water body. Methods like membrane filtration,
advanced oxidation processes, and biological wastewater treatment help eliminate
toxic products from water [25].

2.7.2 Regulatory and compliance measures

The enforcement of stricter regulations and compliance with environmental
standards are essential for chemical use management in textiles. Governments
can strengthen the controls and monitoring, and international agreements like
Registration, Evaluation, Authorization, and Restriction of Chemicals (REACH) in
the European Union and related certifications may facilitate the regulation to use and
dispose of dangerous substances [26].
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2.8 Social challenges in the context of the textile industry

Despite being a significant financial driver, the textile industry faces numerous
social issues, which may be challenging and potentially dangerous. Labor rights and
working conditions, as well as the transparency of the supply chain, remain the primary
social concerns that have to be addressed in order to ensure the development of the
industry and improve the conditions in which tens of millions of people are working.

2.8.1 Labor conditions

This industry has a long history of enforcing specific rules, which necessitate
significant performance improvement. The conditions in many textile factories,
particularly in less developed countries, are extremely exploitative. Workers of these
shops have to perform long-lasting work under excessive pressure having consider-
ably low wages. Moreover, the accidents that happen also enhance the necessity for
significant improvements in labor conditions; in particular, the collapse of Rana Plaza
in Bangladesh in April 2013 resulted in over 1175 victims [27].

2.8.2 Child and forced labor

To a particular extent, the same conditions of life can be associated with child
and forced labor, which seems a persistent problem in some of the regions where
textiles are produced. The practices of these types not only violate human rights but
also tend to cause unemployment and poverty. According to the International Labor
Organization, over 230 million children and tens of millions of adults are employed
in the textile industry where working conditions, in many cases, are characterized as
hazardous [28].

2.8.3 Supply chain transparency

The pervasiveness and complexity of the textile supply chain, with numerous
stages across the many countries in the world, make transparency very difficult
to achieve. The supply chain remains mostly opaque, which can help hide labor
abuse and conceal the extent of environmental damage, making it hard to avoid
negative practices for both the companies and the consumers. Moreover, the lack of
clear data often makes it difficult to attack the problem by holding the brand and
manufacturer responsible for the given harmful practice. For these reasons, while
the industry has made certain steps toward greater sustainability, the goal remains a
difficult one [29].

2.8.4 Gender inequality

While the textile industry employs a great many women, especially in Asia,
women often face specific challenges as workers. They work in the presence of
discrimination and sexual harassment, with male workers simultaneously much more
likely to receive benefits, such as increased pay, job security, access to health insur-
ance, maternity leave, and paid time off. Thus, in order to address these challenges, it
appears important to raise the industry’s standards on labor and push for adherence
to the minimum wage, limits on the workday length, and rigorous health and safety
standards for all workers, to be enforced through the buying companies’ constant
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auditing Grayson, 2010. Moreover, the pressure should be put on the manufacturers
by refusing to buy from institutions not adhering to these practices [30].

In summary, the addressing of the issue will require a multipronged approach.
Both the demands of the manufacturers and brands should be raised, with the
demand for transparency and adherence to the environmental and labor standards.
At the same time, the consumers should make their small contribution by buying fair
trade-certified products.

2.9 Challenges
2.9.1 Improving labor standavds

Implementing and enforcing higher labor standards is essential for addressing
social challenges in the textile industry. This includes adhering to minimum wage
laws, ensuring safe working conditions, and reducing working hours to reasonable
limits. International brands have a crucial role to play by demanding compliance
from their suppliers and by conducting regular audits to ensure adherence to labor
standards [31].

2.9.2 Promoting fair trade

Supporting fair trade practices can also make a significant difference. Fair trade
organizations help ensure that workers are paid fair wages and work under safe
conditions. By purchasing fair trade-certified products, consumers can contribute to
improving the economic well-being of textile workers.

2.9.3 Enhancing transparency and accountability

Increasing transparency within the supply chain is vital for addressing social
challenges. Technologies such as blockchain can help track the origin of garments and
ensure that they are produced under fair labor conditions. Furthermore, strengthen-
ing reporting requirements and supporting whistleblower protections can improve
accountability [32].

2.9.4 Supporting worker empowerment

An effective strategy to support worker empowerment is providing them with
proper education, training, and opportunities to get engaged in the union. These
strategic steps help to increase the bargaining power of the workers and protect their
rights. Another solution would be related to the initiatives for gender equality. Such
programs imply providing women with the possibility to take corporate governance
training to occupy positions where they wish to work. This approach works well with
anti-discriminating laws, which are imperative in this sphere [33].

2.10 Potential solutions to the sustainability challenges in the textile industry
The implementation of potential solutions to the textile industry sustainability

challenges should be based on a complex approach covering the environmental,
social, and economic dimensions. The introduction of innovative initiatives and
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efforts in cooperation with all supply levels is required to minimize its negative
environmental footprint, improve people’s working conditions, and make it more
sustainable in the long-term perspective.

2.11 Sustainable materials
2.11.1 Adoption of eco-friendly fibers

The improvement of the environmental sustainability of textiles should be
associated with the implementation of eco-friendly technologies. An effective
solution in this sphere is the adoption of sustainable raw materials. Organic cotton,
linen, hemp, and bamboo are the alternatives to traditional cotton, as their produc-
tion requires fewer pesticides and water [34]. Another approach is related to the
application of recycled materials, such as plastic bottles for producing polyester or
carpets [15].

2.11.2 Types of eco-friendly fibers
2.11.2.1 Ovganic cotton

Organic cotton is a type of fiber produced without harmful and toxic materials,
including pesticides, fertilizers, and genetically modified organisms. It reduces the
amount of water used in cotton production by about 91% compared to traditional
cotton. This fiber is less likely to cause soil and water pollution [35].

2.11.2.2 Hemp

Hemp is a type of fiber with a shorter growing cycle and can be planted in areas
affected by drought. No fertilizers or pesticides are used in industrial hemp cultiva-
tion. Hemp enriches the soil with various nutrients [36].

2.11.2.3 Bamboo

Bamboo is an environmentally friendly option because it grows rapidly and does
not require replanting. This plant also absorbs more CO, and releases more oxygen
than many other types of vegetation. Moreover, when processed appropriately, it
can be transformed into a soft and breathable fabric. Nevertheless, the sustainability
of bamboo textiles depends on the chemicals used in production processes. Thus,
Liu et al. stress the necessity to apply a closed-loop process to recapture and reuse
chemicals.

2.11.2.4 Recycled polyester

Similarly, recycled polyester is more sustainable than its virgin counterpart. It
is produced from post-consumer plastic bottles and significantly reduces landfill
waste. At the same time, it requires less energy to be developed. Another benefit
is that already existing plastic is transformed into high-quality fibers, promoting
a lower dependency on oil as a major raw material source. On the other hand, the
main disadvantage is that this material retains the ability to shed microplastics,
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which further pollute water reservoirs. Moreover, in the long run, plastic recycling
may require replacements of plastic bottles with alternative material returned. In
this respect, using recycled polyester clothing might contribute to the growth of
waste [37].

2.11.3 Benefits of using eco-friendly fibers
2.11.3.1 Environmental conservation

In general, eco-friendly fibers require less water, fewer chemicals, and lower
energy inputs to cultivate or produce them. As a result, there is less environmental
degradation and more preservation of vital resources.

2.11.3.2 Reduction of pollutants

Since these materials do not require the use of toxic pesticides and fertilizers, there
is a decrease in the number of contaminants washed into local water systems, protect-
ing local wildlife and inhabitants.

2.11.3.3 Supporting biodiversity

Among the various types of sustainable farming practices, the ones that produce
eco-friendly fibers also support higher biodiversity levels. For instance, it is stated
that organic cotton farms can house up to 30% more insect species than those grown
conventionally [38].

2.12 Challenges and future perspectives

Despite the presence of many benefits, using eco-friendly fibers is still chal-
lenging, with the relatively high cost of production, limited variety, and quality of
materials. It should be agreed that this area requires a more substantial investment in
research and development, raising awareness among the population, and more favor-
able policies for the benefit of all stakeholders.

It is important to note that numerous sustainable fibers and textiles exist today.
For instance, cotton is a crop that uses a lot of water, so organic cotton that is grown
using more sustainable methods is considered eco-friendly. Moreover, the supply
chain for organic cotton is often enhanced, and the use of certifications such as
the Global Organic Textile Standard helps consumers make sure the products they
buy are eco-friendly. As higher demand can possibly result in lower prices because
of economies of scale, such textiles might become more affordable in the future.

It should also be noted that the development of new materials is one of the most
promising options.

3. Development of new materials

One such material is Pifiatex, which is made from pineapple leaves. Mylo is an
alternative for leather that is made from mushrooms. It is evident from this example,
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some new materials are developed from unusual sources, and this approach makes
them relatively less resource-intensive [39].

3.1 Emerging sustainable materials
3.1.1 Biodegradable fibers

Emerging sustainable materials are biodegradable fibers that can pose a solution
to the issue of textile waste. Traditional synthetic fibers decompose over hundreds of
years, but biodegradable fibers naturally decompose in the environment without any
negative impact on it. For example, polylactic acid is a biodegradable synthetic fiber
that is made from fermented plant starch, typically that of maize. It is compostable
and can be used to make fabric that decomposes under industrial composting con-
ditions, reducing the need for landfill space. Lab-grown materials of plant origin
also exist. They are developed via cell culture, rather than being cultivated. Some
examples of such materials are bio-fabricated silk and leather, and Modern Meadow
and Bolt Threads are two leading companies in this area [40].

3.1.2 Lab-grown materials

Unlike ordinary leather, lab-grown one demands no animals to be slaughtered,
and, thus, emits significantly less greenhouse gases. The water use of the bio-
leather and bio-silk production is also reduced. The other promising area is the use
of recycled or upcycled materials, for instance, recycled polyester that is made of
post-consumer plastic bottles. In summary, these materials use existing waste and,
hence, resource use and energy required to make new products is decreased. Upcycled
materials are used to make new high-tech items of high value, enabling decreased
landfill to use and decreased need for new items due to longer use of the upcycled
product [41].

3.2 Recycled and upcycled materials

Recycled materials, such as recycled polyester made from post-consumer plastic
bottles, help reduce waste and lower the environmental impact of textile produc-
tion. These materials use existing waste products, thus conserving raw materials and
reducing the energy required for production. Upcycling, on the other hand, involves
creatively reusing waste materials to produce new, high-value items, which helps to
extend the lifecycle of textiles and reduce landfill waste.

3.2.1 Natural and renewable fibers

Interest in natural fibers like hemp, bamboo, and organic cotton has been increas-
ing, as these fibers offer a rather low environmental and social footprint compared
to traditional cotton and many synthetics. Hemp is a resilient and versatile plant that
requires minimal water and no pesticides or fertilizers to grow; it also improves the
soil. Bamboo is extremely fast-growing and can be processed into soft, breathable
fabrics. At the same time, it is essential to diminish their environmental impacts for
processing to claim them to be sustainable [42].
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3.3 Benefits of working on developing new materials
3.3.1 Environmental conservation

New and innovative materials often have a smaller environmental footprint in
comparison with traditional textiles. Furthermore, they are often designed in a way
that reduces resource consumption, waste creation, and enhances their biodegrad-
ability, thus helping preserve crucial natural resources and protecting ecosystems.

3.3.2 Reduction of greenhouse gas emissions

Innovative technologies like lab-grown leather or recycled polyester can help cut
greenhouse gas emissions up to a certain extent, help implement policies, and meet
targets set to help address the issue of climate change and invite a more sustainable
way of doing business.
3.3.3 Improved material properties

Many new materials also have improved properties: they can be more durable, bio-
degradable, or comfortable, absorbing, and preventing moisture as required depend-
ing on the purpose. Lab-grown, also called in-vitro, leather can be tailored to possess
certain characteristics spared in traditional leather like a certain strength or flexibility.
3.4 Challenges and future directions

3.4.1 Technical and economic barriers

First of all, working on developing new materials can be challenging technically
and bear high initial costs.

3.4.2 Consumer acceptance

Informing consumers about the benefits of new materials and encouraging them
to make sustainable choices while buying clothes or other textile products can be
essential for their adoption. Transparent labeling and hefty certification fees.
4. Water and energy efficiency
4.1 Advanced dyeing technologies

A good solution would be the implementation of waterless dyeing technologies.
For example, CO, dyeing uses pressurized carbon dioxide to dye fabric and com-
pletely eliminates water usage and wastewater generation.
4.2 Waterless dyeing technologies

Waterless dyeing technologies have become one of the most substantial advance-

ments in reducing water and chemical use in textile processing. Supercritical
CO, dyeing eliminates water and uses fewer chemicals while ensuring the most
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resource-efficient and efficient dyeing process [43]. Additionally, the dyeing time is
reduced, and the coloration of the fabric is more even. The technique has a relatively
high initial investment for equipment but reduces water and chemical consumption
and time, so it is also beneficial in an economic dimension [44].

4.3 Digital printing

Another green technology that allows for reducing water usage while
maintaining the proper dying of textiles is digital textile printing. This method
applies dye through the textile with high accuracy and level of detail, so that the
need for water as a diluent is minimized. In screen printing, the use of water-based
paste dye was considered more eco-friendly compared to traditional water-
insoluble synthetic dye practices. The digital textile printing technique does not
require any water, especially for fixation, so it is favorable from an ecological point
of view. In addition, digital printing is well-suited for small production series,
which helps to avoid excess dye and water usage due to overproduction. Both
methods are examples of ways that can be used to reduce excessive water usage
in the process of printing and dyeing textiles and, thus, make the textile industry
greener [45].

4.4 Natural dyes and bio-based dyeing

Natural dyes, derived from plants, insects, and minerals, are gaining popularity
as a sustainable alternative to synthetic dyes. These dyes are biodegradable and less
harmful to the environment and human health. Advances in biotechnology have also
led to the development of bio-based dyes, produced using microorganisms. These
dyes can offer a consistent color palette and reduce dependency on petroleum-based
chemicals.

4.5 Energy efficiency in operations
4.5.1 Energy-efficient machinery and process optimization

It is possible to increase energy efficiency through modern equipment and
operations that can reduce greenhouse gas emissions and related energy costs. For
example, using energy-efficient motors and LED lighting in factories can signifi-
cantly reduce energy consumption. The use of energy-efficient machinery is another
potential approach to reducing energy consumption in the textile manufacturing pro-
cess. Modern machinery with designated energy-saving features, such as improved
motor systems, heat recovery units, and airflow systems, can achieve reductions in
overall electricity, fuel, and water requirements within operations [10]. Advanced
knitting and weaving equipment also consume less electricity and work at higher
speeds, enhancing overall manufacturing productivity with relatively lower energy
use levels.

Other possible options to reduce energy consumption and achieve higher effi-
ciency at operations include process optimization. By managing operational aspects
more effectively and integrating automation and control processes, it is possible to
reduce energy waste. Specifically, batch process optimization through the estab-
lishment of more efficient rehanging processes can achieve the desired outcomes.
Moreover, the integration of real-time monitoring and predictive maintenance and
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the reliance on lean manufacturing processes can also ensure low energy consump-
tion in operations. Finally, the integration of renewable energy sources, such as solar,
wind, and biomass, in operations will ensure decreased use of fossil fuels and other
GHG-producing resources. For example, solar thermal systems can be installed in
operations to provide heat for dyeing, drying, and finishing units. As a result, lower
GHG emissions and associated costs can be supported, which will also ensure a better
reputation of the company as a sustainable products provider [46].

The use of advanced technologies and the implementation of energy-efficient
practices bring substantial benefits to the textile production process. Firstly,
advanced dyeing technologies and machinery reduce the environmental impact of
textile production by lowering water and chemical use and energy consumption and
decreasing greenhouse gas emissions. Additionally, these innovations generate cost
savings. While the acquisition of new technologies and machinery may require huge
initial investments, the long-term operational savings are significant due to decreased
water and energy use and reduced waste disposal costs [47]. Moreover, advanced
dyeing technologies and energy-efficient machinery enable higher quality as a result
of better color adhesiveness and reduced damage to fabrics, as well as increased
product flexibility, allowing to meet market demands faster and reduce lead times.

The application of circular economy principles to the textile industry is related to
designing out waste and keeping the materials in use. To achieve these objectives, tex-
tile production should focus on reducing waste during all stages of the product’ life
cycle, including the production, use, and end-of-life stages. In the production stage,
waste can be minimized by designing textile products in a way that ensures their
long-term use, as well as easy repair and recycling. Supply chains should be designed
to facilitate post-consumer textile recycling and the development of products made
from these recycled materials. At the same time, business models and consumption
practices should be transformed to introduce habits like take-back programs, resale or
lease services, as well as recycling.

4.5.2 Renewable energy integration

Integrating renewable energy sources, such as solar, wind, and biomass, into textile
production can significantly reduce greenhouse gas emissions and reliance on fossil
fuels. Solar thermal systems, for instance, can be used to generate the heat required for
dyeing and finishing processes. Companies that invest in renewable energy not only
benefit from reduced energy costs but also enhance their sustainability credentials [10].

4.6 Benefits of advanced technologies and energy efficiency
4.6.1 Environmental impact reduction

Adopting advanced dyeing technologies and energy-efficient practices sig-
nificantly reduces the environmental footprint of textile manufacturing. These
innovations lower water and chemical use, decrease energy consumption and reduce
greenhouse gas emissions.

4.6.2 Cost savings

Although the initial investment in new technologies and energy-efficient machin-
ery can be high, the long-term operational cost savings are considerable. Reduced
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energy and water consumption, along with lower waste disposal costs, contribute to
improved profitability.

4.6.3 Enhanced product quality and flexibility

Advanced dyeing technologies often result in superior product quality, with
better color consistency and less fabric damage. Energy-efficient operations can also
increase production flexibility, allowing manufacturers to respond more quickly to
market demands and reduce lead times.

5. Waste reduction
5.1 Circular economy practices

Promoting a circular economy within the textile industry involves designing
out waste and keeping materials in use. Strategies include designing for longevity,
facilitating easy repair, and recycling garments at the end of their life cycle [11].

5.2 Key circular economy practices
5.2.1 Design for longevity

Designing textiles and garments for longevity involves creating products that
are durable, timeless, and easy to repair. This practice reduces the need for frequent
replacements and minimizes waste. High-quality materials and construction tech-
niques are essential for ensuring product durability. Brands like Patagonia are known
for their focus on producing long-lasting products and offering repair services to
extend the life of their garments [19].

5.2.2 Recycling and upcycling

Recycling is the process of converting used items into new products. Textile
recycling can be done mechanically and chemically. The mechanical process turns
used fabrics into fibers, which are spun into new yarn. In this way, both natural and
synthetic fabrics can be recycled. The chemical process breaks down the synthetic
fibers back to their monomers, which can be repolymerized.

Upcycling, on the other hand, is when waste materials, in this case, used clothes
and fabrics, are not broken down but instead used for something else. An example of
upcycling would be turning old clothes into new fashion pieces or turning industrial
textile waste into new products. The upcycling practices add value to end-of-life
products and reduce the need for new materials [48].

5.2.3 Take-back schemes and reverse logistics

Take-back schemes are when retailers and manufacturers take-back end-of-life
products for recycling or repurposing. The system ensures that a certain percent-
age of discarded products are returned to the manufacturing cycle and are not
simply being thrown away. Reverse logistics is the quick transportation of the end-
of-life products from the retailers and customers to the manufacturers. Efficient
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reverse logistics systems are essential for the success of take-back schemes and
recycling initiatives. In the case of textiles, these schemes are particularly impor-
tant, as the main consumers, fashion companies, do not have the technology or the
desire to recycle the items. An example of a take-back scheme is H&M’s system,
where customers who return their old clothing would get a discount for new
purchases [18].

5.2.4 Closed-loop production systems

Closed-loop systems are those where no waste is produced. The “waste” is reused
for the production same or new materials. Since the manufacturing technology
cannot yet operate at 100% efficiency, the ideal system is a 90-95% efficient one. The
difference between the two is the minimal waste that is produced. An example of a
closed-loop production system is when the textile can be disassembled, broken down
to raw material, and then restricted back to a textile product. Thus, no difference
is seen between the original and the processed items, and the same textile could be
broken down and remanufactured forever [49].

5.3 Benefits of circular economy practices
5.3.1 Environmental impact reduction

There are several benefits of the circular economy practices. The first is reducing
the impact on the environment. The more is recycled and upcycled, the less needs
to be made out of new materials. For example, the production of synthetic textiles
is extremely resource-consuming and harmful to the environment. Every little bit
recycled decreases the pressure on it. The second benefit is economics. Many compa-
nies have already established waste disposal systems, and further thinking about their
products’ end-life and return options to the production cycle does not usually require
big additional investment. On the other hand, the image benefits are numerous. A
company that is environmentally friendly receives more recognition from the general
public.

The circular economy significantly reduces waste generation and resource con-
sumption. The textile industry can lower its environmental footprint by ensuring
materials are kept in use for a longer time and then either reused or recycled. This
includes reduced landfill waste, as well as saved water and energy and minimized
emissions of pollutants. It also allows for new economic opportunities, such as
recycling of textiles or jobs in repairing, and remanufacturing. It opens up prospects
for new products, materials, and business models.

5.3.2 Economic opportunities

In addition, due to the increased environmental sustainability of products,
adopting circular economy processes can help improve a company’s reputation and
further establish relationships with consumers. Companies begin to provide repair
services and take-back their products that are no longer needed by consumers. It is
very important to optimize the efficiency of the product life cycle, as well as enhance
the consumer’s belief in the organization through faithfulness in environmental
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values. Consumers today are valuing sustainability with an incredible sentiment that
businesses should be concerned about if desire to be competitive. Consumer changes
in action are not aspects. In addition to significant action taken, the development of
the consumer shift in attitude is to simplify the return of portable products for repair
through training, education, and the creation of advertisement systems for sustain-
able demands. However, before being distributed, the requirements should be offered
to the consumer. To ensure the greater adoption of the circular economy in business,
the active help of policy and business is necessary. In addition to this, it opens up
prospects for new economic opportunities such as recycling or jobs in repairing and
remanufacturing.

5.3.3 Policy and regulatory support

Government policies and regulations can support the transition to a circular
economy by providing incentives for sustainable practices, funding research and
development, and enforcing standards for product design and waste management.
Collaborative efforts between industry, government, and consumers are necessary to
create a supportive environment for circular economy practices.

5.3.4 Textile recycling innovations

Improving textile recycling technologies is important for handling blended fibers
and dyes. Chemical recycling is a major method that disassembles the materials at the
molecular level and may be used to recycle the fabrics that are not currently recy-
clable. Mechanical recycling is based on the disassembly of the fabrics into filaments
that may be utilized in the production of new garments. The current paper discusses
both recycling methods and describes and compares some examples used in different
locations [50].

5.4 Mechanical recycling
5.4.1 Fiber-to-fiber recycling

Fiber-to-fiber recycling is a mechanical method that allows the obtaining of
fibers to produce new textiles. First, the fabrics are shredded, and the material is
divided into fine fibers that are next carded and spun to get yarn. This method is
effective for cotton and wool. The common disadvantages of mechanical recycling
are that it reduces the length and quality of fibers and is difficult for blended fabrics
that are commonly short-fibered. The exciting news concerns developments in
separating and reclaiming such materials, such as Texaid Groups’ new machine that
divides cotton and polyester fibers. As for the advantages, mechanical recycling is
cost-efficient, the machinery used is comparatively cheap, and the process is not
very labor-intensive. In general, one may conservatively assume that the quality of
the material obtained is inferior to the virgin since it is composed not only of new
fibers [34].

Other participants in recycling may include rubber cloth and canvas products, rags
of various products, and used upholstery. Mechanical recycling is both less sophisti-
cated and the most widespread. Most of the enterprises for processing these materials
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are placed in developing countries by such organizations as Tex-India, Tong Siang,
Nichols, and others, and employ many workers. At the same time, chemical recycling
is mainly implemented by larger companies and small examples do not seem to be
successful in Russia in this regard.

5.5 Blended fiber recycling

One of the significant challenges in mechanical recycling is dealing with blended
fibers, such as polyester-cotton blends. These fabrics are common but difficult
to recycle because they require separation of the different types of fibers. Recent
advancements include the development of machinery that can separate and recycle
blended fibers more effectively. For example, the Texaid Group has developed a
process that separates polyester and cotton fibers, enabling the recycling of blended
fabrics [49].

5.6 Chemical recycling
5.6.1 Depolymerization

Chemical recycling involves breaking down synthetic fibers, such as polyester
and nylon, into their monomers through a process called depolymerization. These
monomers can then be repolymerized to create new fibers. This method can produce
high-quality recycled fibers that are almost identical to virgin materials. One example
is the chemical recycling of polyester through glycolysis or methanolysis, which
breaks down the polymer chains and reassembles them.

5.6.2 Solvent-based recycling

Solvent-based recycling processes dissolve textiles in a solvent to separate the
different components. This method is particularly useful for mixed-fiber textiles, as
it allows for the recovery of both natural and synthetic fibers. The Evrnu technology,
for example, uses a solvent-based process to recycle cotton waste into high-quality
cellulose fiber, which can be spun into new yarn.

5.7 Emerging technologies
5.7.1 Engymatic vecycling

Enzymatic recycling is an emerging technology that uses enzymes to break down
textile fibers into their basic components. This method is environmentally friendly
as it operates under mild conditions and uses biodegradable catalysts. Research is
ongoing to develop efficient enzymes for recycling different types of fibers, such as
cellulose and polyester [51].
5.7.2 Thermal recycling

Thermal recycling processes, such as pyrolysis, convert textile waste into useful

chemicals and fuels through high-temperature treatment in the absence of oxygen.
This method can handle a wide range of textile waste, including mixed fibers and
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contaminated materials. The resulting products can be used as raw materials in
chemical manufacturing, reducing reliance on fossil fuels [52].

5.8 Benefits of textile recycling innovations
5.8.1 Environmental impact reduction

Textile recycling innovations significantly reduce the amount of waste sent to
landfills and incinerators. By transforming waste into valuable resources, these tech-
nologies conserve natural resources and decrease greenhouse gas emissions associated
with textile production.

5.8.2 Resource efficiency

Recycling textiles conserves water, energy, and raw materials. For example,
recycling polyester saves about 30-50% of the energy required to produce virgin
polyester. Similarly, recycling cotton can save water and reduce the use of pesticides
and fertilizers [19].

5.8.3 Economic opportunities

Innovative recycling technologies create new economic opportunities by generat-
ing value from waste. They support the development of a circular economy in the
textile industry, fostering new business models and job creation in the recycling and
remanufacturing sectors.

5.9 Challenges and future directions
5.9.1 Technological barriers

Despite the progress in recycling technologies, challenges remain, such as
improving the efficiency and scalability of these processes. Continued research
and development are needed to address these barriers and enhance the quality of
recycled fibers.

5.9.2 Consumer participation

Consumer participation is crucial for the success of textile recycling.
Educating consumers about the importance of recycling and providing convenient
collection systems can increase recycling rates and support the growth of recycling
initiatives.
5.9.3 Policy and regulatory support

Government policies and regulations play a vital role in promoting textile
recycling. Incentives for recycling, standards for recycled materials, and extended

producer responsibility schemes can encourage companies to invest in recycling
technologies and adopt sustainable practices.
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6. Chemical management
6.1 Safer chemicals and dye processes

Adopting nontoxic dyes and mordants, and reducing the use of harmful chemicals
through standards like the OEKO-TEX and Bluesign certifications, helps in minimiz-
ing the adverse environmental and health impacts associated with chemical use in
textiles [24].

6.2 Challenges of conventional chemicals and dye processes

Conventional textile processing involves numerous hazardous chemicals, includ-
ing synthetic dyes, fixatives, and softeners. These substances can have severe environ-
mental consequences when discharged into water bodies, leading to water pollution
and harm to aquatic life [53]. Additionally, exposure to toxic chemicals poses health
risks to workers and nearby communities.

6.3 Safer chemical alternatives
6.3.1 Low-impact dyes

Low-impact dyes are designed to reduce environmental harm. They require less
water, generate less waste, and often do not contain heavy metals or toxic substances.
These dyes also have higher absorption rates, reducing the amount of dye that washes
out into wastewater. Low-impact reactive dyes, for instance, bond more efficiently
with fabric fibers, resulting in less dye runoff [54].

6.3.2 Natural dyes

Natural dyes, derived from plant, animal, or mineral sources, offer a sustain-
able alternative to synthetic dyes. Examples include indigo (from the indigo
plant), cochineal (from insects), and madder root. Natural dyes are biodegrad-
able and less harmful to the environment and human health. However, they may
require more land and resources to produce and can be less colorfast compared to
synthetic dyes.

6.3.3 Bio-based chemicals

Bio-based chemicals, produced from renewable resources, provide an eco-friendly
alternative to conventional petroleum-based chemicals. Enzymes, for instance, are
increasingly used in textile processing for desizing, bleaching, and finishing fabrics.
Enzymatic treatments are effective at lower temperatures and pH levels, reducing
energy consumption and chemical use [55].

6.4 Innovative dye processes
6.4.1 Digital printing

Digital printing technology applies dyes directly to fabrics using inkjet printers,
significantly reducing water and chemical use. Unlike traditional dyeing methods,
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which require large amounts of water to rinse excess dye, digital printing uses precise
amounts of dye, minimizing waste. This method is suitable for short production runs
and custom designs, reducing overproduction and waste [45].

6.4.2 Supercritical CO, dyeing

Supercritical CO, dyeing is an innovative waterless dyeing process that uses supercriti-
cal carbon dioxide as a solvent to dissolve and transport dyes into fabrics. This technology
eliminates water use and produces no wastewater. The CO, is recaptured and reused in
a closed-loop system, making it a highly sustainable dyeing method. While the initial
investment is high, the long-term environmental benefits and cost savings are substantial

[43].
6.4.3 Plasma technology

Plasma technology uses ionized gas to modify the surface properties of textiles,
enabling better dye uptake and reducing the need for water and chemicals. Plasma
treatments can also impart functional properties to fabrics, such as water repellency
and antimicrobial effects, without the need for additional chemicals. This technology
is energy-efficient and environmentally friendly [56].

6.5 Benefits of safer chemicals and innovative dye processes
6.5.1 Environmental protection

Adopting safer chemicals and innovative dye processes significantly reduces water
pollution, chemical waste, and greenhouse gas emissions. These practices contribute
to cleaner water bodies, healthier ecosystems, and reduced environmental footprints
for textile manufacturers.

6.5.2 Health and safety

Using nontoxic, bio-based chemicals and minimizing hazardous waste protects
workers and local communities from chemical exposure. Improved safety standards and
working conditions enhance the well-being of textile industry employees.

6.5.3 Economic advantages

While the transition to safer chemicals and advanced dyeing technologies
may involve initial costs, the long-term economic benefits include reduced waste
management expenses, lower energy and water bills, and enhanced product qual-
ity. Sustainable practices can also improve brand reputation and consumer loyalty,
driving market growth [57].

6.6 Challenges and future directions
6.6.1 Technological and economic barriers

The adoption of safer chemicals and advanced dye processes requires significant
investment in research, development, and infrastructure. Small and medium-sized
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enterprises may face financial challenges in implementing these technologies.
Collaborative efforts and financial incentives from governments and industry stake-
holders are crucial for overcoming these barriers.

6.6.2 Regulatory support

Strong regulatory frameworks are needed to enforce the use of safer chemicals and
sustainable practices in the textile industry. Policies that promote green chemistry,
provide subsidies for sustainable technologies, and penalize noncompliance can drive
industry-wide change.

7. Labor practices and transparency
7.1 Fair labor initiatives

Ensuring fair wages and safe working conditions through certification schemes
like fair trade and SA8000 helps improve the lives of workers in the textile
industry [30].

7.2 Key fair labor initiatives
7.2.1 Fair trade certification

Fair Trade certification ensures that textile products are made under fair labor
conditions. This certification requires compliance with stringent labor standards,
including fair wages, safe working conditions, and the prohibition of child and forced
labor. Organizations like Fair Trade USA and the World Fair Trade Organization
(WFTO) work to certify textile products and ensure that workers receive fair com-
pensation and benefits [58].

7.2.2 SA8000 Standard

The SA8000 Standard is a leading social certification program that
promotes ethical working conditions globally. Developed by Social Accountability
International (SAI), SA8000 sets standards for fair wages, working hours,
health and safety, and workers’ rights to form unions. Companies that
comply with SA8000 undergo regular audits to ensure adherence to these stan-

dards [59].

7.2.3 Better work program

The better work program is a collaboration between the International
Labor Organization (ILO) and the International Finance Corporation (IFC).
It aims to improve labor standards and working conditions in the textile industry
by providing training and support to factories and workers. The program
focuses on issues such as worker safety, gender equality, and fair wages,
working with governments, brands, and workers to create sustainable improve-
ments [60].

28



Sustainability Challenges of the Textile Industry
DOI: http://dx.doi.org/10.5772/intechopen.1009414

7.3 Strategies for implementing fair labor initiatives
7.3.1 Worker empowerment

Empowering workers through education and training is crucial for ensuring fair
labor practices. Initiatives that provide workers with knowledge about their rights and
skills for negotiating better working conditions are essential. Programs that support
unionization and collective bargaining can also help workers advocate for fair wages
and safe working environments [30].

7.3.2 Supply chain transparency

Increasing transparency in the supply chain helps identify and address labor
abuses. Brands can implement traceability systems to monitor their supply chains
and ensure compliance with fair labor standards. Technologies like blockchain can
enhance transparency by providing an immutable record of transactions and labor
practices [32].

7.3.3 Collaboration and partnerships

Collaboration between brands, suppliers, nongovernmental organizations
(NGOs), and governments is vital for promoting fair labor practices. Partnerships
can facilitate the sharing of best practices, resources, and knowledge, helping to
create a more ethical textile industry. Multi-stakeholder initiatives, such as the Ethical
Trading Initiative (ETI), bring together various stakeholders to improve labor condi-
tions in global supply chains [61].

7.4 Benefits of fair labor initiatives
7.4.1 Improved working conditions

Fair labor initiatives lead to significant improvements in working conditions,
including safer workplaces, reasonable working hours, and fair compensation. These
improvements enhance the well-being and productivity of workers, contributing to a
more sustainable industry.

7.4.2 Enhanced brand reputation

Brands that commit to fair labor practices can enhance their reputation and build
consumer trust. Ethical consumers are increasingly seeking products made under
fair labor conditions, and brands that meet these expectations can gain a competitive
advantage in the market [50].

7.4.3 Economic benefits
Fair labor practices can lead to economic benefits for both workers and businesses.
Workers who receive fair wages and benefits are more motivated and productive,

reducing turnover rates and improving overall efficiency. Additionally, ethical prac-
tices can attract investment and support from socially responsible investors [62].
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7.5 Challenges and future directions
7.5.1 Enforcement and compliance

Ensuring compliance with fair labor standards can be challenging, especially in
regions with weak regulatory frameworks. Robust monitoring and enforcement mech-
anisms are needed to ensure that factories adhere to fair labor practices. Independent
audits and worker feedback systems can help identify and address noncompliance.

7.5.2 Cost implications

Implementing fair labor practices can involve higher costs for brands and suppli-
ers. While these costs can be offset by the long-term benefits of a motivated workforce
and enhanced brand reputation, initial investments may be a barrier for some compa-
nies. Financial incentives and support from governments and international organiza-
tions can help mitigate these costs.

8. Regulatory and policy support
8.1 Supportive legislation

Government policies that encourage sustainable practices through tax incentives,
subsidies for clean technologies, and stricter environmental regulations can drive
industry-wide changes [14].

8.2 Key legislative areas
8.2.1 Environmental protection

Governments can enforce strict environmental regulations to control the pollution
levels associated with textile production. This involves:

» Water and air quality standards: Regulations such as the Clean Water Act in the
U.S. and the EU Water Framework Directive in Europe set limits on pollutants
released into water bodies and the atmosphere, ensuring textile factories treat
their waste before disposal.

* Chemical use regulations: Legislation like the EU’s Registration, Evaluation,
Authorization, and Restriction of Chemicals (REACH) mandates the safe
production and use of chemicals, aiming to improve human health and the
environment.

* Resource efficiency and waste reduction: Laws that encourage or mandate recycling
and sustainable waste management practices. For example, the EU’s Waste
Framework Directive pushes for increased recycling and reuse within the textile
industry, setting ambitious recycling targets for member states.

» Water pollution control: The Clean Water Act in the United States sets standards
for discharges of pollutants to ensure that surface waters meet water quality
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standards. Similar regulations are enforced in the European Union under the
Water Framework Directive, which aims to achieve good qualitative and quanti-
tative status for all water bodies [63].

* Chemical management: The Registration, Evaluation, Authorization and
Restriction of Chemicals (REACH) regulation in the European Union requires
companies to identify and manage the risks linked to the substances they manu-
facture and market in the EU [26].

* Waste management: The EU Waste Framework Directive mandates measures to
prevent or reduce adverse impacts on the environment and human health from
the generation and management of waste [64].

8.2.2 Labor standards

Improving labor conditions in textile factories is critical for addressing social
sustainability issues. This can be enforced through:

* Labor rights laws: These laws ensure fair wages, reasonable working hours, and
safe working conditions. The International Labor Organization (ILO) provides
guidelines, although the enforcement is up to individual countries.

* Fair labor standards: The International Labor Organizations conventions, such as
Convention No. 87 (Freedom of Association) and Convention No. 98 (Right to
Organize and Collective Bargaining), provide a framework for labor rights that
member states are encouraged to adopt and enforce (ILO Conventions, various
years).

* Prohibition of child and forced labor: Strong legal frameworks are needed to com-
bat child labor and forced labor in the textile industry. The U.S. has implemented
regulations like the Child Labor Laws and the Fair Labor Standards Act to protect
against these practices [65].

* Right to organize: Ensuring that textile workers have the right to form and join
trade unions without discrimination or repression is vital for promoting fair
labor practices. Legislation supporting union rights and collective bargaining can
lead to significant improvements in worker treatment and pay.

* Health and safety vegulations: Occupational Safety and Health Administration
(OSHA) standards in the United States regulate safety and health conditions in
most private industries, including textiles [66].

8.2.3 Trade and economic policies

Trade agreements and economic policies can incentivize or mandate sustainable
practices:

* Import/export vegulations: Tariffs and nontariff barriers can be adjusted to favor
environmentally friendly and ethically produced textiles.
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* Sustainable trade agreements: Modern trade agreements, such as the
Comprehensive and Progressive Agreement for Trans-Pacific Partnership
(CPTPP), often include chapters on environmental and labor standards that
signatory countries must adhere to [67].

* Subsidies and incentives: Financial incentives for companies that invest in sustain-
able technology, waste reduction, and ethical labor practices can accelerate the
adoption of sustainable practices within the industry (National and regional
government publications).

* Sustainable public procurement policies: Governments can lead by example by
prioritizing the procurement of sustainable textile products for public sector use,
thus creating a significant demand for sustainable textiles.

8.2.4 Transparency and reporting requirements

Mandatory reporting on sustainability metrics can improve transparency and
accountability in the textile industry.

* Corporate sustainability reporting: The EU Non-Financial Reporting Directive
(2014/95/EU) requires large companies to disclose certain information on the
way they operate and manage social and environmental challenges [68].

* Supply chain transparency: The California Transparency in Supply Chains Act
requires retailers and manufacturers doing business in the state to disclose

their efforts to eradicate slavery and human trafficking from their direct supply
chains [69].

8.2.5 Implementation strategies

* Enforcement mechanisms: Effective enforcement mechanisms are critical for
ensuring compliance with environmental and labor laws. This might include
regular inspections, penalties for noncompliance, and support for companies
transitioning to sustainable practices.

* Education and training: Legislators can fund programs that educate manufactur-
ers and workers about sustainable practices and technologies, thereby facilitating

smoother transitions to greener methods.

* Public-private partnerships: Collaborations between governments, industry players,
and NGOs can foster innovation and spread best practices across the textile industry.

8.2.6 Benefits of supportive legislation

* Environmental impact: Reduced pollution and waste production, contributing to
global efforts to combat climate change and preserve biodiversity.

* Social impact: Improved working conditions and protection of workers’ rights,
leading to a better quality of life for employees in the textile industry.

32



Sustainability Challenges of the Textile Industry
DOI: http://dx.doi.org/10.5772/intechopen.1009414

* Economic impact: Creation of a level playing field where companies compete
to innovate more sustainable and efficient production techniques, potentially
leading to job creation in new areas of textile recycling and sustainable materials
production.

8.2.7 Challenges

* Global enforcement: The global nature of the textile supply chain complicates
enforcement, requiring international cooperation to ensure that sustainability
standards are met worldwide.

* Economic impacts: Transitioning to sustainable practices might initially increase
operational costs, which could be challenging for small and medium-sized
enterprises.

9. Conclusion

The textile industry, as a cornerstone of global economic, cultural, and social
frameworks, faces profound sustainability challenges that necessitate immediate and
comprehensive responses. These challenges span environmental, social, and economic
domains, each intertwined with the others, reflecting the complexity and scale of
the industry’s impact. Environmentally, the industry’s massive consumption of water
and contribution to pollution exemplify the urgent need for sustainable practices.
The cultivation of cotton and the dyeing and treatment processes are particularly
water-intensive and pollutive, threatening both ecological balance and human health.
Innovations such as advanced water treatment technologies and low-liquor ratio dye-
ing are vital in mitigating these impacts but require widespread adoption, supported
by robust regulatory frameworks.

Socially, the industry’s labor practices often involve exploitative conditions,
highlighted by disasters such as the Rana Plaza collapse. The prevalence of child labor
forced labor, and gender inequality within the industry’s workforce calls for a stron-
ger enforcement of fair labor standards and enhanced transparency across supply
chains. Legislative support, coupled with initiatives like fair trade certification and
the SA8000 Standard, can significantly improve labor conditions. However, achieving
these improvements also depends on the empowerment of workers and the ethical
commitments of global brands.

Economically, the drive toward fast fashion exacerbates resource wastage and
environmental degradation, with most apparel ending up in landfills or incinerators.
This unsustainable economic model highlights the critical need for a shift toward
circular economy practices, where material reuse and recycling are prioritized over
disposal. Legislative frameworks and policies must incentivize such a shift, promot-
ing technological innovation and infrastructure development for textile recycling and
waste management.

To address these multi-faceted challenges, a coordinated effort involving techno-
logical innovation, regulatory reform, and shifts in consumer behavior is imperative.
The path forward must engage stakeholders at all levels—from policymakers and
industry leaders to consumers and workers—each playing a pivotal role in forging a
sustainable future for the textile industry. By implementing supportive legislation,
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enhancing supply chain transparency, and fostering international cooperation, the
textile industry can move toward sustainability, ultimately contributing to environ-
mental conservation, social justice, and economic viability for future generations.
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Abstract

Used clothes and waste fibre materials are recycled and recovered using a number
of processes to create recycled textile. The majority of recyclable textiles are found in
municipal waste, which comes from items such as worn-out or abandoned clothing,
tyres, shoes, carpets, furniture, non-durable products such as sheets and towels. The
global demand for textile products is continually increasing as a result of population
expansion and economic growth. This discussion includes assessments of studies on
textile recycling and reuse. For these reasons, in this review chapter will be forgotten
recycled textile materials based on some of the most recent main research papers
at world level. In this chapter, various issues related to the area of environmental
studies, new and innovative recycling process for polymers have been discussed
on several aspect-related textured below: sustainable route; challenges and safety
guides; methods used in order textile industry alone as well as polymer use applica-
tion techniques. This chapter provides insights for researchers who are new in the
area to by pointing out some of the iconic papers on this subject and enable them
to get our hands-on various sources necessary along with a vision how they may
propagate awareness about environment protection leading towards institutional
commitment worldwide.

Keywords: reuse, recycling, textile materials, sustainability, impact on the environment

1. Introduction

The demand for fiber production has been made of this substance and is still
growing because a brief 113 million-ton global fabric was generated in the sum-
mary year 2021 or, even if items continue as ordinary business, by ripping into 140
million tons end with the finish decade. Fast fashion has led to a significant waste
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buildup (with an estimated 92 million tons of textiles being wasted globally each
year), as the demand for clothes increases, textiles are tossed away sooner than they
used to be a generation ago. Of all this waste, less than 1% is recycled, but the rest
ends up in landfills or being incinerated (approximately 73%), lost during produc-
tion and collection (around 14%), or downcycled into lower-value applications.
This leads to a considerable waste of valuable resources and severe environmental
problems [1]. Fabric production continues to recover from the last few years, and
world fabric manufacturing will continue to rise in 2021. All over the world, cloth-
ing has gone through a lot of trends and is in style from now on, but very short-
period. But this ultimately shortens the lifecycle of that clothing before it goes to

a landfill. Adjustable attire, which means constantly changing in clothing, leads to
the rise of the textile industry, but it has disadvantages for generating large-scale
waste on textiles. Today, waste textiles cannot be landfilled on a cost-effective basis
because unlimited landfill space needs these days do not exist, and as large amounts
deposited daily are exposed to rapid biodegradability of textile wastes in fanned
atmospheres along with environmental hazards and costs related to their disposal
in the form of garbage into landfills. So, using less textiles or recycling textile waste
will help nature as well due to the decrease in non-renewable fossils that are used
for making fibers. These reviews present an insight into different textile waste
recycling technologies for fiber recovery from wastes into diverse products [2]. This
study found that if textiles destined for reuse are collected separately from those for
recycling, the environmental difference is dramatic and the impacts from reuse are
lower than from recycling. It was observed that the manufacturing of textiles with
recycled fibers is usually associated with lower environmental impacts compared to
virgin fibers, except in several impact categories in the cases of cotton and polyester
fibers [3]. This study also underlines the need for understanding the utilization of
textile waste and by-products as precursors for functional materials and the avail-
ability of the potential of using textile waste in depollution applications as under-
recognized. That has triggered the need to review the economic viability and the
environmental impacts of moving from laboratory scale to pilot and industrial scale
plants for commercial application [4]. The study focuses on exploring the potential
of second-hand business by applying the mathematical model regarding environ-
mental advantages of clothing reuse and taking Humana’s case of Portugal. From
2016 to 2020, Humana in Portugal was able to sell 1426 tons of garments, which in
return created an overall saving of 18,574,473 kg CO2eq emissions, 80,342,082 m?
water consumption, and 121,941 MWh energy consumption. The study points out
that clothing reuse has beneficial impacts on the environment and scourges the
second-hand clothing situation in Portugal, particularly present that policy promo-
tion might be helpful [5].

The paper focuses on the environmental concern of the textile and apparel
industry through identifying its contributions to carbon emissions and effluent
discharge as well as the emerging problem of textile wastes. The research is con-
cerned with the fabrication of bricks out of textile waste, especially in construction
and architectural design, through specimen testing with various binding agents.
Finally, it analyzes and discusses the mechanical and thermal characteristics
of these bricks used from reclaimed recycled textile waste in relation to the
traditional clay bricks and introduces the concept of green interior design and
construction [6]. The study notes the need to embrace systematic evaluations of
environmental impacts linked to such new approaches in bio-recycling of textiles
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for their sustainability. By analyzing the Life cycle assessment (LCA) of the textile
bio-recycling method, it was noted that the pre-treatment step was the largest
fraction, trailing melt spinning and enzymatic hydrolysis [7]. This paper is thus
concerned with the ineffective and expensive process of recycling waste fabrics,
which has significantly contributed to environmental degradation and misuse of
resources. The study presents a novel eco-friendly approach to recycling waste
fabrics to fabricate versatile and energy-saving photothermal protective materi-
als using MCFs coated with polydopamine and dodecylamine despite the poor
photothermal performance of fabrics. The modified carbonized fibers (MCFs)
derived from waste fabrics exhibited a light absorptivity of more than 95% in the
visible region, heating up to 95 [8]. Specifically, the paper is devoted to the analysis
of the consequences of apparel landfilling and recycling, noting that, worldwide,
a considerable number of discarded clothes find their way to landfills whereas
they can be recycled and used again. It includes data from research carried out

in Australia, identifies comparative environmental impacts of landfilling natural
apparel and synthetic apparel, and highlights the scope for environmental gains
through recycling worn-out apparels [9]. This study zooms into the life cycle
assessment of yarns produced from recycled cotton relative to virgin cotton in
apparel production. It is, however, revealed that recycled forms of cotton yarns
have relatively lower positions on life cycle environmental impacts than virgin
products for almost all categories such as fossil fuel, abiotic, water, and land
depletion, except for 62 and 95%. Of course, in terms of climate change and water
depletion due to land occupation and due to irrigation water cotton, respectively
[10]. This study describes an idea of a new article of the stitched sacrificial sewing
thread that can be easily removed from this article of the clothing that will help it
through the process of recycling the textile material [11]. The method adopted in
the research paper is to recycle cellulose-containing textile material in the produc-
tion of regenerated cellulose-molded bodies. The process includes, among others,
the comminution of textile material, separating non-fiber components from fiber
components, mechanical separation of non-cellulose fiber from cellulose fiber,
chemical separation of additional non-cellulose fiber from cellulose fiber, and
lastly, the formation of molded bodies from the cellulose fiber [12].

In this review chapter, we explored recycled textile materials by reviewing some
of the most recent leading research papers globally regarding the topic. The chapter
targeted a topic such as environmental studies, innovative applications of recycling,
circular economy and a sustainable approach, challenges and precautions, textile
recycling methods, as well as textile sectors’ uses of recycled materials. This paper
aspires to help new researchers highlight the studies in the field and also acquire vari-
ous materials for raising environmental knowledge and advocating for sustainability
around the globe.

2. Environmental benefits of textile reuse and recycling
2.1Life cycle assessment (LCA) findings
It is now well documented that reuse and recycling of textiles is advantageous to

the environment. Reuse is often found to create fewer effects on the environment than
recycling. Generally, fabrics produced from recycled fibers entail less environmental
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Figure 1.
Textile reuse and recycling process.

impacts than those from virgin fibers, other than where the fiber types are cotton/
polyester [3].

2.2 Second-hand markets

The expanded use of second-hand clothing as a product type can be seen through
the Portuguese case of Humana, to show how reuse is beneficial toward the environ-
ment. During 2016-2020, the operation of Humana has helped to prevent significant
amounts of CO, emission, water usage, and energy consumption, which indicates that
prolongation of garment life cycle is not only an operational and economic success but
socially and ecologically advantageous as well (Figure 1) [5].

3. Innovative recycling applications
3.1 Functional materials from textile waste

Importantly, current textile waste is recyclable and can be used as functional
materials for cleaning up the environment. For instance, waste wool is used to
produce wool powder, which increases the efficiency of adsorbing the stocks of bad
smells such as ammonia and formaldehyde gases [13].

3.2 Construction materials

Construction industry waste, such as textile waste, can be used in the produc-
tion of construction bricks that should prove to be environmentally friendly. These
bricks are produced from post-industrial waste textile materials and possess accept-
able mechanical performance and thermal conductivity compared to standard
materials, making them a feasible solution to decrease the ecological impact of
construction [6].
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3.3 Water decontamination

Some textile wastes can be recycled as adsorbents for water purification. These
fibers, when modified, can function like filter papers in removing pollutants such as
heavy metals and dyes from the water, which is part of management of the environ-
ment and conservation of resources [14].

4. Circular economy and sustainable practices
4.1 Bio-recycling and material recovery

A novel bio-recycling process opens up opportunities for recycling useful materi-
als such as PET fibers and glucose from textiles, and the use of recycled materials
instead of virgin products reduces the environmental impacts. But it is vital to apply
optimization for these processes to increase energy effectiveness and material charac-
teristics [7].

4.2 Construction applications

The textile waste can then be used in construction, for instance, in the making of
bricks. These bricks, which are made out of textile fiber waste, have similar mechani-
cal and thermal performances to traditional material, ensuring a circular textile
system [6].

5. Challenges and considerations
5.1 Energy and resource efficiency

This means that the environmental advantages of recycling will depend on the
efficiency of all the processes involved. For example, while recycling of bio-cotton-
polyester blends is possible, certain processes, such as the pre-treatment, are very
exhaustive lest the gains be eroded. It is therefore vital to find ways of enhanc-
ing energy efficiency in these processes in order to realize the most gains for the
environment [7].

5.2 Economic and policy support

As evident from the study, there is a viable market opportunity for recycling of
textile waste into value-added products; however, this can only happen after biting
considerable economic analysis alongside innovative policies to support the sustain-
ability of the business model. A greater focus invested in the collection and recycling
of these materials has been shown to have profound benefits in minimizing the effects
on the overall environment, but these should be backed up by the right policies and
market signals [9]. Textile reuse and recycling make positive impacts in the environ-
mental sector; still, there are hurdles that impinge on the potential of the processes,
such as efficiency of processes, market-related factors, and policy support. The further
implementations of advanced recycling applications and the supporting of second-
hand markets are critical processes to move toward a sustainable textile industry.
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5.3 Barriers to recycling

These challenges include complexity in fiber blends, contamination, and quality
deterioration of fibers during recycling of the textiles. These issues inform the need to
come up with advanced recycling technologies and methods in the near future [15, 16].

5.4 Value-added products

As it will be described below, an increasing focus on processing recyclable tex-
tiles into added value goods may add value to the entire process, thereby making
recycling economically feasible. By adding these products to the market, the waste
problem is solved while developing new market opportunities and taking care of the
environment [17].

6. Methods of textile recycling
6.1 Mechanical and chemical recycling

On the basis of the processing technique used, the textile recycling can be classi-
fied into two categories, namely, mechanical and chemical recycling. In mechanical
recycling, there are activities such as shredding and respinning of the fibers and the
formation of new yarns and fabrics. The other type of recycling is known as chemical
recycling, which entails dissolving the fibers into its chemical base for the production of
new materials. Pyrolysis, enzymatic hydrolysis, and glycolysis methods are examined
to demonstrate the possibility of recovering textiles, while pyrolysis and enzymatic
hydrolysis have the issues of high price and technical difficulties (Figures 2 and 3) [18].
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Figure 2.
Mechanical recycling process for textile waste.
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Chemical recycling process for fibers.

6.2 Innovative techniques

New developments are the entrants in the sewing thread market that are sacri-
ficial, that is, the threads useful in the sewing of garments in such a way that they
make the recycling process easier. Furthermore, the IoT is also being considered
for use in the sorting and identification of textile waste for further improvement of
recycling [18].

6.3 Bio-chemical recycling

End-of-life textiles can be depolymerized using enzymes in a bio-chemical
recycling process, breaking them down into their monomeric building blocks to
serve as substrates for the production of value-added products like sugars (glucose)
and bioethanol. The biological processes have the advantage of being low in energy
demand, benign solvents and chemicals, and renewal instead of fossil carbon-based.
Along with this, the process is extremely complex, which makes those perfect for
separating combined textile waste [19, 20].

7. Economic and environmental impacts
7.1 Cost analysis

Economic viability of textile recycling depends on the cost of new as compared to
recycled fiber. The cost of the recycled fibers and the cost of processing is normally
what defines the feasibility of the recycling program. Recycling also has some dis-
advantage in that it requires more capital investment during the initial stages than
the conventional method of disposal. However, if the long-term view is taken, this
method proves cheaper in the long run since it involves lesser use of fill land and
resources [21].
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7.2 Carbon footprint reduction

Recycling of textiles has been proven to elicit a direct positive impact of decreasing
the carbon footprint of textiles. There is an existing potential for emission reductions
through recycling process waste and end-of-life products in the present structure of
the industry. As highlighted by the previous LCA, a successful implementation of
the recycling strategies has the capability of bringing down the carbon footprint by a
great amount (Table 1) [15].

Authors Practical implications Results Conclusions
Sanjrani The developing nations have It is evident that most The bulk of these textiles
Manzoor been depicted as having developing countries end up as solid waste due
Ahmed etal. little or no systematic have no systematicway of ~ to poor waste management
[22] management of textile solid disposing of textile solid in developed countries;
waste; hence, they call for waste, making this a big developing countries still lack
proper infrastructure and challenge in disposing of systematic waste management
policies that will address the the waste. for textile solid waste.
disposal of the endangered
textile waste.
Fatma $ener The paper also concludes The analysis of the life It emerged from life cycle
Fidanetal. that there is a need to use cycle implication also assessment that recycled PET
[23] recycled raw materials in defined that recycled fiber yields considerably lower
the manufacturing of the PET fiber has less freshwater ecotoxicity than
denim fabric, especially negative effect having both conventional PET fiber
the recycled PET fiber, regard to ecotoxicity and cotton fiber in addition to
in order to minimize the using freshwater, giving less eutrophication and
environmental impacts, eutrophication, and acidification.
including freshwater acidification than
ecotoxicity, eutrophication, traditional PET fiber and
and acidification. This has also than cotton fiber.
a close connection to global
textile industry practices
to adopt eco-friendly
production techniques so as
to reduce its contribution to
global warming,.
Torun This is true when selecting a All considered Comparing the environmental
Hammar chemically recycled cellulose  environmental impacts impacts of chemically recycled
etal. [24] carbamate fiber for garment were reduced by applying cellulose carbamate fiber to
production sinceithad alow  recycled cellulose primary fibers demonstrated
total climate impact, a low carbamate fiber in place lower overall boundaries
total water scarcity impact, of primary conventional for the evaluated garment;
and a low total land use cotton, amounting to a however, there are trade-offs
impact compared to primary ~ positive environmental in different categories of
conventional cotton and impact effect of the environmental effects between
organic cotton. chemically recycled fiber. different fiber types.
Kaushik Roy The paper emphasizes the Some of the problems Due to this, the paper
Choudhury issue of disentanglement with blended textiles concludes that for sustainable
etal. [25] of cotton, polyester, being mechanically strategies in textile recycling,

and elastane fibers in
blended textiles for better
opportunities for their
recycling while reducing
environmental impacts of
the textile industry.

recycled are due to the
inability to separate the
blend from the fibers.

there is a need to separate
constituents that are important
in blended textiles, such as
cotton, polyester, and elastane.
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Authors Practical implications Results Conclusions
Anabela The paper also focuses on A Portugal-based white The study concludes
Gongalves the necessity of using life T-shirt made from 50% by supporting the
etal. [26] cycle assessment and such post-industrial waste environmentally positive
tools as open LCA along and recycled cotton and impact of introducing
with the coinvents database 50% organic cotton from postconsumer recycled
for the proper evaluation of Turkey was examined cotton, which is produced
the environmental impactin in the study concerning in Portugal and is produced
the textile sector. its environmental by repurposing post-
impact. Key among industrial waste for textile
the findings was that manufacturing.
the use of recycled
cotton from Portugal
emerged as having some
environmental advantage
over the two categories of
cotton.
Erha Andini Therefore, the chemical The utilization of the According to the findings
etal. [1] recycling method described postconsumer mixed presented in the paper,
in the paper addresses the fabric waste comprising the chemical recycling of
problem of a low recycling of polyester and the mixed textile waste
rate of postconsumer textile spandex is done using using microwave-assisted
waste by converting mixed the microwave-assisted glycolysis over ZnO catalyst
fibers into their monomers glycolysis catalyzed by and solvent dissolution is a
for the subsequent ZnO followed by solvent commercially viable process
production of new textiles dissolution, where the for the rapid depolymerization
without the use of virgin material turns into of the PET and spandex to
materials. glycolide in 15 minutes. their monomers in about
15 minutes.
Table 1.

Presented are the aggregated findings from studies on the recycling and reused textile and circular economy.

8. Recycling material in textile sectors

The recycling of textile materials is well established, both in open and closed loops.
Despite being an ideal manufacturing hub on every parameter, be it price, volume,
or the availability of raw materials, there are challenges faced in building economi-

cally operational units. Fashion in particular has demonstrated the ability to perform
open-loop recycling. Furthermore, open-loop recycling is a system through which
textile waste can be recycled into other products/applications, while closed-loop
recycling only turns recyclable products into the same type of their original form. The
majority of textile waste with its mix over fiber type and color leads to shoddy fibers,
which have limited visual appeal and are unsuitable for being respun into quality yarn
(closed-loop recycling). As a result, recycled textiles are only really useful as an input
for low-margin products such as carpet underlay or insulation material [27].

8.1 Recycling consequences of textile blends

In order to attain the necessary properties needed for clothing usage, natural fibers
are often blended with regenerated or synthetic fibers. Example of further fiber blend-
ing with natural or regenerated fibers (cotton blend, polyester blend, lycra blend,
viscose blend, linen blend, and lyocell blend) percentage-wise. In the textile production
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sector, blending is an accompaniment to this; it occurs at various stages of manufactur-
ing and makes recycling complex as fiber blends in waste textiles need separating and
sorting into their constituent fibers. As a result, the vast majority of textile waste ends
up in landfills with severe ramifications for all essential resources. Usually, they are made
of multiple fibers and single-fiber polymer materials, making it difficult to recycle.

8.2 The impact of fabric chemical treatments on recycling

The textile production processes use a vast range of chemicals and water to help
the methods that are used in achieving the required properties for these textiles.
Chemicals are added to fabric by the dyeing, printing, and finishing processes that
remain on textiles during their use. Dyeing and Printing: Processes of adding color
and prints to the fabric with dyes or pigments (artisans factory). Chemical finish
applications can also be used for such technical properties as antimicrobial, anti-
wrinkle, and fabric softeners and flame retardants, depending on the materials and
textile fabrics. Fabric chemical treatments exercise dyes or purposeful agents; how-
ever, a number of the chemicals continue to be in textile products at end-of-life even
after multiple launderings [28].

Textile recovery and recycling, chemical bond dye fiber. Nevertheless, methods
are available in brief for the removal of different dye classes. Chemicals degrade
chemical recycling, so we need pre-treatment steps. Various dyes and other pollutants
that usually sublime or coagulate into insoluble particles can cause complications in
the respective respining techniques [29].

8.3 Dashing for trash: Picking up waste and segregating

The main function of waste recycling is a correct separation and identification
by the composition of individual objects. Textile material identification: Textiles are
usually composed of various components, such as zippers and buttons or other deco-
rations, making it quite difficult to identify textile materials in the process of textile
recycling since they have a very complex structure. Textiles are currently manually
sorted and identified one by one, which not only makes handling large volumes of
material a limitation but also does not lend itself to full automation. Identification
of textile materials using microscopy has been reported. Greater challenges are often
encountered in discriminating at the level of species within a genus from morphologi-
cal data, e.g., identification of an assemblage known to contain cotton from one that
corresponds instead with viscose [30].

9. Basically, recycled fiber and yarn future scenario
9.1Fiber to yarn process

Over three-quarters (65-76%) of global textile recycling income came from cot-
ton materials in 2021. This segment is expected to grow at a CAGR of 2.5% during
the forecast period. One of the main materials in clothing and other textiles is cotton;
thus, it gets discarded a lot. A lot of the recycled cotton is one-third virgin or non-
renewable treated fabric. Wool clothing is inherently strong and can last longer in the
textile industry. Unspun wool or recycled wool is really easy to recycle, and so, in Prato,
Italy, for example, lots of recycling goes on. A study by the International Wool Textile
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Organization (IWTO) reveals that remnant wool can make a difference to radicalize the
market if correctly used and cared for. There is a growing need in the clothing industry,
so polyester recycling gains momentum. Corporate said they start to make more clothes
of really recycled polyester instead of regular ones (Figures 4 and 5) 31, 32].

9.2 Textile waste to fabric developed

Apparel waste held a 28.75% share in the revenue generated from textile recycling
across the globe and is estimated to advance at 3.1% CAGR during the forecasting
horizon of the comparison year (2020-2026). Visibly, the trash is clothing scraps,
defective garments, and shoes the owner has thrown away, along with leftover fabric
from production. During the past two decades, new clothes have lost nearly a year off
their average lives. Just 5 years ago, Europeans bought 40% more clothing items than
they do today, and retail prices of apparel fell by around one-fifth. Cushions, carpets,
and rugs, mattresses, coverings with fabrics cousin curtains sofas. This unfortunately
led to more waste as disposable incomes globally increased, leading people worldwide
to purchase them (Figure 6) [31].

Figure 4.
(a) Recycling fiber with original fiber mixing. (b) After refinement with mixing for recycling fiber.
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Figure 5.
Recycling fiber to yarn package.

(b)

Figure 6.
(a) Recycling yarn packages. (b) Recycling fabrics.

Textile recycling is better for the environment as it reduces energy and water waste,
saves on virgin fibers, which decreases spinning yarn production emissions, uses fewer
chemical dyes that pollute land soil and river waters, etc. More recently, it has begun
to demonstrate how big a thing sustainability can be in the clothing industry. For these
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reasons, recycled textiles are applied across a variety of sectors, including apparel,
home furnishings, retail automotive, mining, building, and construction.

10. Conclusions

The paper on Functional Application for Textile Reuse and Recycling to Impact of
Environment reveals that reuse and recycling of textiles have a vital role in minimiz-
ing the impact of the fashion and textile industries on the environment. Reducing
the amount of freshly produced cloth and trash that ends up in landfills by practicing
the reuse of cloths as well as by recycling the old and discarded clothes lowers landfill
waste and resource utilization and reduces greenhouse gas emissions as well. The study
claims that further development of recycling technologies and introducing a fast and
efficient system of collecting and sorting what is to be recycled will provide the high-
est opportunities. Besides, it also suggests the necessity of higher consumer activation
and involvement, as active consumer involvement is one of the important success
factors of such initiatives. Thus, the study brings attention to the fact that recycling
has to become a or, in fact, remain a pivotal focus in textiles as an attempt to reduce
environmental effects and attain sustainable development objectives in the long run.
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Chapter 4

Al-Based Width Measurement
System

Muhammad Mirza Nouman Baig

Abstract

This chapter presents the development and evaluation of an Al-based fabric
width measurement system designed to enhance the accuracy and efficiency of
fabric production processes. Utilizing the YOLOv5s algorithm, the system captures
real-time fabric width measurements, displaying them on both an human machine
interface (HMI) and a web interface. The experimental setup, which includes data
labeling, epoch size, and batch size, is thoroughly detailed, demonstrating the model’s
ability to achieve high precision and reliability. Performance metrics such as train/
box_loss, train/obj_loss, train/cls_loss, and metrics/mAP_0.5:0.95 are analyzed to
assess the system’s effectiveness. The final output confirms the model’s capability
to provide accurate fabric width measurements with an impressive accuracy rate of
approximately 90%. Additionally, the system’s real-time operational potential and
future integration with machine PLCs for enhanced control over fabric shrinkage are
discussed. This Al-based solution offers significant improvements over traditional
manual measurement methods, promising advancements in quality control and
operational efficiency in the textile industry.

Keywords: Al-based fabric measurement, YOLOvV5s algorithm, machine learning,
real-time measurement, textile industry, performance metrics, quality control

1. Introduction

The global economy depends on the textile industry, which makes a considerable
contribution to employment and trade on a global scale. It includes the manufacturing
of numerous textiles and textile goods using different techniques, such as weaving,
dying, printing, and finishing. To stay competitive in the market, the industry works
to continually increase its operational effectiveness, product quality, and cost-effec-
tiveness. The deployment of automation and technology has significantly advanced in
the textile sector in recent years. Textile producers have embraced creative solutions
to fulfill the rising customer demands and address operational issues. In the textile
sector, Al has become a potent instrument for operational modernization. The manu-
facture of textiles has benefited from the use of Al techniques like machine learning
and image analysis. Quality control, defect identification, production optimization,
and supply chain management are just a few of the operations that can be automated
thanks to these methods. Textile producers may increase production, raise product
quality, lower prices, and better adapt to market demands by utilizing Al
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1.1 Current Al-based solutions
1.1.1 Defect detection system

The use of Al-powered defect detection systems is a noteworthy Al initiative in the
textile industry. These systems employ deep learning methods and computer vision
algorithms to automatically recognize and categorize fabric flaws like stains, holes,
and unusual patterns. Manufacturers can swiftly discover and address quality con-
cerns, saving waste and raising the caliber of their finished products, by automating
the defect detection process [1].

1.1.2 Predictive maintenance

Predictive maintenance for textile machinery is the topic of another Al-based
research. Manufacturers can track the functioning of machinery in real time and
anticipate probable faults or maintenance requirements by utilizing machine learning
algorithms and sensor data. This preventative strategy enables prompt maintenance
interventions, reducing downtime and increasing production effectiveness [2].

1.1.3 Inventory management solutions

The textile industry has also seen a rise in the use of Al-driven inventory
management solutions. In order to optimize inventory levels and guarantee timely
material availability, these systems use Al algorithms to analyze past sales data,
demand forecasts, and supply chain variables. Manufacturers can reduce stockouts,
carry costs, and customer satisfaction by precisely forecasting demand and opti-
mizing inventory [3].

1.1.4 Optimiging production process

Additionally, scheduling and planning textile production with Al has proved
beneficial in streamlining and improving production methods. Al algorithms are able
to create effective production plans that minimize downtime, maximize resource
utilization, and shorten lead times by taking into account a variety of factors, includ-
ing order volumes, machine capacities, and production restrictions [4].

1.1.5 Color and design identification

The industry has also benefited greatly from Al-based technologies for textile
pattern and color identification. These systems use machine learning algorithms to
analyze and classify the patterns and colors in fabrics, giving designers and producers
the ability to swiftly spot trends, produce complicated patterns more quickly, and
develop bespoke designs [5].

2. Objectives and scope of the project

The design and implementation of an Al system specifically suited for fabric width
measuring on sanforizing machines is the main goal of this research. The project
wants to accomplish the following goals:
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* Create a strong Al model based on image analysis methods that can precisely
measure cloth width.

* To do proper real-time model testing on fabric.

* Design a user-friendly interface for tracking and visualizing cloth width mea-
surements in real time.

* Compare the Al system’s efficiency and precision against conventional measure-
ment techniques.

The project’s scope includes the full design and implementation of the AI
system for calculating fabric width. This involves a number of steps, such as the
collection of the dataset, labeling of images, training of the Al model, integra-
tion of the model with the webpage and database, and performance testing of the
system. It is crucial to remember that the project only addresses the measurement
of fabric width; it does not cover any other facets of sanforizing or textile manu-
facturing processes.

The textile industry is a cornerstone of global manufacturing, where precision and
efficiency in fabric production are crucial. Traditional methods for measuring fabric
width are often manual, time-consuming, and prone to human error. To address these
limitations, this chapter presents an advanced Al-based fabric width measurement
system, utilizing machine learning algorithms to enhance accuracy and streamline
operations. By integrating the YOLOv5s algorithm, this system offers real-time fabric
width measurement, significantly improving process control and quality assurance in
textile manufacturing.

3. Methodology

Basically, methodology identifies the applied methods to find a proper and
complete solution to an outlined problem. It allows us to get a detailed plan that
helps researchers on track, making the process smooth, effective, and manageable.
Methodology will enable us to get structured steps to solve a problem which will
ensure that the system is working efficiently.

3.1 Dataset creation

This is the very first step in developing a customizable machine learning model.
Initially, we created a dataset by capturing 500 images of fabric. Then all the jpeg files
are renamed according to the numbering of images. Creation of the dataset includes
the two main tasks mentioned below:

3.1.1 Data labeling

Data labeling is the process of tagging data with relevant information to form a
labeled dataset. In this Al-based width measurement system data labeling refers to
the process of assigning the desired detection area in the images. All the images are
uploaded to the makesense.ai tool for labeling. By using the rectangle tool, the desired
area in each image is identified manually. All the images are labeled one by one to
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complete the overall data labeling of the custom dataset. The process of data labeling
is shown below (Figure 1):

3.1.2 Data annotation

The process of adding metadata or labels to raw data to offer more context, infor-
mation, or meaning is known as data annotation. The machine learning algorithm
understands this data annotation which includes labeling, tagging, or any parameter
or properties in the dataset.

When we done the data labeling step in makesense.ai, it gives the text file of an
individual image which holds some relevant information regarding data labeling. So
now we have downloaded all the text files of images from sensemake.ai.

3.2 Machine learning model

3.2.1 Modlel selection

YOLOVS5, a prominent object detection algorithm in computer vision and machine
learning, is employed in the Al-based fabric width measurement system. When the
project commenced, YOLOv5 was highly demanded and user-friendly. Known for its
speed, efficiency, and high detection accuracy, YOLOVS met the core requirements
of the project. Its customizable design allows for adaptation to specific application
needs, enabling fine-tuning on the fabric width dataset to precisely recognize fabric
edges and boundaries. Integration with the database and website via API is straight-
forward. Additionally, the algorithm’s strong, active community offers extensive
resources, tutorials, and pre-trained models, providing robust support for trouble-
shooting during deployment. Therefore, YOLOVS is an optimal choice for addressing
the industry’s fabric width measurement challenges.

3.2.2 Model creation

As we have discussed above the machine learning model selected for this project
is Yolov5, so the built-in Yolov5 model is downloaded from official GitHub and
extracted in the PC with the folder named “Yolov5.” In the directory Yolov5 we have
created two folders named “train” and “val.” In the train and val folder, two additional
folders called “images” and “label” are created.

Figure 1.
Data labeling sample.
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Now the dataset created is divided into three parts w.r.t folders discussed below:
3.2.2.1 Train

In this folder, we have placed 70% of the dataset in the form of jpeg and text files
in the folder of images and labels respectively.

3.2.2.2 Val

In this folder, we have placed 20% of the dataset in the form of jpeg and text
files in the folder of images and labels respectively.

Lastly the remaining 10% of the dataset is kept aside for future model testing phases.

Furthermore, there are multiple steps that need to be followed to completely
deploy the machine learning model in real time. The steps are provided below:

3.2.2.3 Libraries and dependencies installation

There are some dependencies that need to be installed before the model training.
In a folder named “data” there is a yaml file named “cocol28.yaml,” the purpose of
this file is to load the path of our customized dataset and identify the classes of the
dataset. This file is updated according to our dataset directory and class. As there is
only one class in our dataset which is width.

Furthermore, we have downloaded the ylov5I6.pt. file from GitHub and extracted
in the “Yolov5” folder. The purpose of this file is to store the learned weights and
parameters of a Yolov5 model that has been trained on a specific dataset.

There is a virtual environment created on PC for machine learning model training.
This command is used in cmd to install the virtual environment library:

Virtualenv myenv

After this, the environment is activated using this command:

Myenv\Scripts\activate

After that, the model-required libraries are installed using this command:

pip install -r requirements.txt

Till now the major libraries and dependencies are installed in PC. So, now the
system is ready to train the machine learning model.

3.2.3 Model training

As it is, make sure that the environment is created successfully and all the libraries
and dependencies are installed perfectly, so we can head toward model training. On
cmd, we should be in “Yolov5” directory, and after that, the machine learning model
is trained through a single command given below:

!python train.py --img 1280 --batch 16 --epochs 10 --data cocol28.yaml
--weights yolov516.pt —cache

Here the command is described precisely for understanding:

Ipython: The exclamation mark (!) at the beginning of the command indicates
that it is being run within a Jupyter Notebook or a similar interactive environment.

train.py: Refers to the Python script being executed. In this case, it is a script
named “train.py” that is likely responsible for training a YOLOv5 model.

--img 1280: Specifies the image size to be used during training. In this case, the
value is set to 1280 pixels.
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--batch 16: Sets the batch size for training. The value is set to 16, indicating that 16
images will be processed in each training iteration.

--epochs 10: Specifies the number of epochs or training iterations to be per-
formed. The value is set to 10, indicating that the training process will iterate over the
entire dataset 10 times.

--data cocol28.yaml: Indicates the YAML file containing the configuration and
dataset information. In this case, the file is named “coco128.yaml” and likely contains
details about the dataset used for training.

--weights yolov5I6.pt: Specifies the weight file to be used for training. The value
is set to “yolov5I6.pt,” indicating that the pre-trained weights from that file will be
loaded before training.

--cache: Enables caching of images for faster training. It allows the model to store
preprocessed images in memory, reducing disk I/O during training.

Furthermore, in the detect.py file there is an addition mentioned below:

for *xyxy, conf, cls in reversed(det):

cl, c2 = (int(xyxy[0]), int(xyxy[1])), (int(xyxy[2]), int(xyxy[3]))

center_point = round((c1[0] + ¢2[0])/2), round((c1[1] + c2[1])/2)

circle = cv2.circle(im0, center_point,5,(0,255,0),2)

text_coord = cv2.putText(imO0, str(center_point), center_point, cv2.

FONT HERSHEY_PLAIN,2,(0,0,255))

print (center_point[0]/16.43)

This code is actually measuring the width of the fabric, as the model was detecting
in the form of a bounding box so we took the parameters of the box, and on the basis of
those numbers, we scaled the number to get it converted into the inches. The bounding
box is in the xyxy array, which we converted into an integer, and after rounding the data,
we divided this by 16.43 so that we have achieved the real-time width of fabric in inches.

3.2.4 Sample testing

After this command the machine learning model is trained and the weights of
this model are created. So now the model is going to be run on PC using cmd with the
command given below:

python detect.py —weights runs\train\exp\best.pt —conf 0.7 —-img 1280 —source
sample.mp4

Here the command is described precisely for understanding:

python: Refers to the Python interpreter that will execute the script.

detect.py: Specifies the Python script that contains the code for object detection.

 weights runs\train\exp\best.pt: Specifies the path to the weights file of the
trained model. In this case, the file is located at runs\train\exp.\best.pt. The
weights file contains the learned parameters of the trained model.

* conf 0.7: Sets the confidence threshold for object detection. The value is set to
0.7, indicating that only detections with a confidence score greater than or equal
to 0.7 will be considered.

* source sample.mp4: Specifies the source of the input for object detection. In
this case, the source is a video file named sample.mp4. The script will process the
frames of the video to perform object detection.
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3.2.5 Real-time testing

As the model had been tested on a sample video and detected the width perfectly.
Now the model has been tested on real-time production of fabric. While the fabric
is passing the inspection table, the model detects the fabric in real-time and it shows
the width of the fabric on-screen live. The physical width of the fabric is accurately
equaled to the width predicted by this model. The model has shown an accuracy of
80% in predicting the width of the fabric. The system has performed very efficiently
and accurately in measuring the width of the fabric.

3.2.6 Model deployment

As the machine learning model is completely tested in real-time, now it can be
deployed permanently on the machine for operators’ ease. The hardware is installed
perfectly on the machine. The model is running on a PC, and the user interface for
operators is remaining which is the next part. Till now the Al-related work has been
deployed on this system.

3.3 Website development
3.3.1 Frontend development

Frontend development involves creating the graphical user interface (GUI) using
JavaScript, CSS, HTML, jQuery, and Bootstrap. The main files are content.php,
which serves as a static homepage with introductions and images; live.php, which
displays real-time fabric width measurements from the machine learning model and
includes fields for monitoring and entering fabric lot numbers; signup.php, which
allows authorized personnel to create accounts with fields for personal details; and
login.php, which provides a form for users to access their accounts using email and
password (Figures 2-5).

3.3.2 Backend development

Backend development, also known as server-side development, is responsible
for the behind-the-scenes logic that powers the web application. In this project, the
backend integrates the system’s database with the front end, ensuring seamless data
flow and real-time display of fabric measurements on the webpage. The width of
the fabric shown on the webpage is working on this file. Basically, the data is coming
through API in the webpage from the database. The “fetchapi.php” file fetches data
to the webpage from the database.

3.4 Database development

The goal of database development is to design a framework that will make it pos-
sible to store and retrieve data quickly. Some of the basic advantages of the database in
this system are to analyze data in a variety of ways, promote a disciplined approach to
data management, turn disparate information into a valuable resource, and improve
the quality and consistency of information of the machine (Figure 6).
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Figure 2.
Live page demonstration.

Figure 3.
Content page demonstration.

Figure 4.
Signup page demonstration.
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Figures.
Login page demonstration.
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Database demonstration.

MYSQL language is used for database creation. A database is created named
“fyp_naveena”

3.4.1 Recovd table creation

As the operators demanded that they need the lot number, width, time, date,
and cloth id. So, there are five columns made in the fyp_naveena database through
XAMPP software. The table created is named “width_record.”
3.4.2 API development

API stands for application programmable interface. API is generically used to

describe connectivity interfaces to an application. We need to use API in our project
to integrate model data with the database and website.
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Initially, we created a folder named “api.” In “api” folder we made two files named
“insertapi.php” and “fetch.php.” The purpose of insertapi file is to pick data from
the machine learning model and save it to the database. The fetchapi file is used to
send model data to the website from the database.

4. Experimental design study
4.1 Performance metrics

Performance metrics are used to calculate the effectiveness and accuracy of the
Al-based fabric width measurement system. The importance of performance metrics
in Al-based width measurement systems is described below briefly:

4.1.1 Quantitative evaluation

Quantitative metrics were used to evaluate the system’s performance, including
accuracy, precision, recall, and mean average precision (mAP). These metrics provide
a comprehensive assessment of the model’s ability to detect fabric edges and measure
width accurately.

4.1.2 Comparison with benchmarks

The Al-based system was compared with industry benchmarks and traditional
measurement methods. This comparison highlighted the advantages of the Al sys-
tem in terms of accuracy, speed, and efficiency, demonstrating its superiority over
conventional methods.

4.1.3 Quality control and process optimization

Performance metrics play a crucial role in quality control and process optimiza-
tion. By analyzing these metrics, manufacturers can identify areas for improvement,
optimize production processes, and enhance fabric quality.

4.2 Decision-making and system optimization

Metrics inform decision-making and system optimization, enabling continuous
improvement in fabric measurement accuracy and overall system performance. This
section discusses how data-driven insights can lead to more effective decision-making
and operational efficiency.

4.3 User satisfaction and acceptance
User feedback and satisfaction are critical in evaluating the system’s impact.
The Al-based system’s performance was assessed based on user experiences,

highlighting its effectiveness and ease of use in real-world textile manufacturing
environments.
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5. Result finding and analysis

In the results and analysis chapter, we have presented the findings of our study
and experiment. This section mainly focuses on providing a detailed and objective
account of the data trained, experiments conducted or observations made during g
the implementation process. It contains the raw data, statistical analysis, and specifi-
cally performance metrics in a systematic and organized manner. The emphasis is on
describing what is observed or measured and analyzing the results to draw meaning-
ful insights and the best conclusions.

In this heading, the overall result obtained from this project is presented in a
graphical and analyzed way. Lastly, we have shown the output result of the machine
learning model in which the width of the fabric is shown on the screen to verify its
accuracy and reliability.

5.1 Analysis of performance metrics

Mainly the performance metrics include the technical parameters that provide precise
and accurate results. The recorded parameters are graphically described below (Figure 7):

* train/box_loss: This parameter is recorded during the machine learning model
training. As the number of epochs increases, the box_loss value decreases. This
parameter refers to the box showing during the detection of fabric, if the fabric
gets moved from left to right the box also moves with it. It must be synchronized
with the fabric movement.

* train/obj_loss: This parameter is also recorded during machine learning model
training. As the number of epochs increases, the train/obj_loss value decreases.
This parameter refers to the loss of detection of fabric, if the fabric is not detected
by the model the loss will increase which will definitely reduce the accuracy.

train/bes_loss Rraimjot]_loss trainfchs_loss metricsprecision metricsrecall
1 [ R =y 10 e eamen
oo 06 Do I| L4
|| o
8.8% w0 nee 142
- ol o wa rﬂ Ol —————
%08 o
i D52 f L]
;i toz a2
o s 004 JI [+ -2
o o ao
o W ] 10 ] it o 1w 8 10
vl b valioby_loss valich_loss mECEmAR 0L matricsmAR 0.5 0.9%

- 1 Lo
LT Dod || i -
@0 o8 /
LLL ]
oA 0e
[ ]
. 5 o4

a2

BB
2 3
-
r
o
-
bob
E &
=
K
e

Figure 7.
Performance metrics of the model.
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* train/cls_loss: This parameter is also recorded during machine learning
model training. As the number of epochs increases, the train/cls_loss value
decreases. This parameter refers to the classification loss, which measures the
discrepancy between actual width and predicted width. The purpose of this
metric is to evaluate how well the system is learning to classify fabric widths
correctly.

* val/box_loss: This parameter is recorded after the model is trained. This param-
eter is working on the same specifications of train/box_loss.

* val/obj_loss: This parameter is also recorded after the model is trained. This
parameter works on the same specifications as the train/obj_loss parameter.

* val/cls_loss: This parameter is also recorded after the model is trained. This
parameter is working on the same specification of train/cls_loss.

* metrics/precision: This parameter mainly focuses on the precision of the
model. It shows that as the number of epochs is increasing, the precision is also
increased. There is a point where the precision is maximized and constant, this is
because of the epoch’s achievement, as the epochs are reaching to maximum the
model is trying to give the best prediction with more precise values.

* metrics/recall: This parameter mainly focuses on the situation when the model
recalls the training overall. If there are issues in accuracy, precision, and detec-
tion, the graph will show the ascending order toward the y-axis. In this scenario,
the recall parameter is fixed at 1.0 because there are no such issues in accuracy
and precision.

¢ metrics/mAP_0.5: The metric “metrics/mAP_0.5” refers to the mean aver-
age precision at an intersection over a union (IoU) threshold of 0.5. In object
detection tasks, IoU measures the overlap between predicted bounding boxes
and ground truth boxes. In the context of fabric width measurement, “metrics/
mAP_0.5” assesses the system’s performance in accurately identifying and local-
izing fabric edges. A higher mAP_0.5 indicates better performance in terms of
object detection accuracy and localization precision.

¢ metrics/mAP_0.5:0.95: The metric “metrics/mAP_0.5:0.95” refers to the mean
average precision across a range of intersection over union (IoU) thresholds,
specifically from 0.5 to 0.95 with a step size of 0.05. The mean average precision
(mAP) is a commonly used evaluation metric that combines precision and recall
across different IoU thresholds. A higher mAP_0.5:0.95 indicates better perfor-
mance in terms of object detection accuracy and localization across a wide range
of IoU thresholds.

5.1.1 Precision-confidence curve

The precision-confidence curve in this model shows the relationship between
precise and confidence scores for object detection. Basically, precision measures the
accuracy of the system by correctly identifying the object in real time. Confidence
scores show the stage of confidence associated with each predicted detection. The
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above curve helps to evaluate the trade-off between precision and confidence which
allows us to select an appropriate confidence threshold that balances accuracy and
reliability based on Al-based fabric width measurement system. The confidence set in
this model is 0.7, hence the model will only show the width of fabric if it is confident
70% of its predicted value (Figure 8).

5.1.2 Precision-vecall curve

Similarly, the precision-recall curve represents the relationship between
precision and recall for object detection. As discussed above the precision shows
the accuracy of the system to perfectly detect fabric in the running samples or
real-time. Similarly, the recall factor measures the system’s ability to correctly
highlight the detection in running samples. Basically, the precision-recall curve
provides insights into the system’s performance by accurately detecting cloth edges
and measuring the width. As the graph shows that the precision factor and recall
factor are at maximum value, hence the model detects the fabric in real-time very

perfectly (Figure 9).
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Precision-recall curve.
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5.2 Final outputs of the model

As we have analyzed successfully the model is running very smoothly. So, the
output of the model must be verified for research satisfaction. Finally, the width of
the fabric measured by the model is shown below (Figures 10 and 11).

The above output of the model is completely showing the objective of this project.
The accuracy of the model detection is around 90%. Furthermore, the model has
precisely detected the fabric passing through the inspection table. The width is also

Figure 10.
Predicted width at 59.95inc. of fabric.

Figure 11.
Predicted width at 60.07inc. of fabric.
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Width comparision

Detect iterations

Figure 12.
Graphical representation of predicted width and manually measured width.

S.no model_width(inc.) manual_width(inc.)
1 60.0121728545343 60
2 59.8904443091905 60
3 60.0121728545343 60
4 60.0121728545343 60
5 60.0121728545343 60
6 60.0121728545343 60
7 60.0121728545343 60
8 60.0121728545343 60
9 60.0730371272063 60
10 60.0730371272063 60
11 60.0121728545343 60
12 60.0121728545343 60
13 60.0121728545343 60
14 60.0121728545343 60
15 59.8904443091905 60
16 59.9513085818624 60
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S.no model_width(inc.) manual_width(inc.)
17 60.0121728545343 60
18 60.0121728545343 60
19 60.0121728545343 60
20 60.0730371272063 60
21 60.0121728545343 60
22 60.0121728545343 60
23 60.0121728545343 60
24 59.8904443091905 60
25 60.0121728545343 60
26 59.9513085818624 60
27 59.9513085818624 60
28 60.0121728545343 60
29 60.0121728545343 60
Table 1.

Analyzing the data of width of fabric.

showing which is updating in milliseconds due to the frame rate and precision of the
trained machine learning model.

5.3 Comparison results between existing methods and this system

Lastly, we have compared the width of fabric by this Al-based fabric width mea-
surement system with the manual measurement of fabric method which is currently
applied on the machine. We have shown graphical representation and width analysis
data below where the accuracy of this model could be seen easily without any discus-
sion (Figure12 and Table 1).

6. Conclusion

In conclusion, we have summarized the important key points of experimental
setup, performance metrics, and results and analysis which have given us more
important new information about its efficiency and performance. The experimental
setup, which included different technical aspects including data labeling, epoch size,
and batch size, was extremely important in assessing the accuracy and reliability of
the system. The system’s precision, recall, and overall performance were assessed
quantitatively using the performance metrics train/box_loss, train/obj_loss, train/
cls_loss, and metrics/mAP_0.5:0.95. The evaluation of these metrics revealed the
system’s capacity for precise fabric width measurement as well as its potential for
process and quality control improvement in the textile sector. Additional information
was provided via the precision-confidence curve and precision-recall curve, which
demonstrated the system’s accuracy in fabric detection and breadth measuring. The
model’s excellent output, which provided accurate and immediate measurements of
fabric width, confirmed the effective implementation of the Al-based system. The
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significance of the Al-based fabric width measurement system in increasing produc-
tivity and assuring high-quality fabric production processes is highlighted by these
findings. The system is a useful tool for the textile industry because of its precision,
dependability, and efficiency, which allows for better decision-making, process opti-
mization, and user happiness. The fine output of the model is a noteworthy feature of
the Al-based fabric width measurement method, in addition to the thorough analysis
of the trial results. When detecting cloth as it moves through the inspection table, the
model has shown outstanding accuracy and dependability. The result demonstrates
the system’s capacity to precisely recognize the cloth edges and offer in-the-moment
width measurements. The fabric’s width is altered in milliseconds, reflecting the
machine learning model’s high frame rate and accuracy. This high-quality output
provides verifiable proof of the system’ effectiveness and its potential to completely
transform the way fabrics are measured in the textile industry. Manufacturers may
rely on an artificial intelligence-based solution to provide precise and immediate
measurements of fabric width, improving quality control, streamlining production,
and increasing operational effectiveness.
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Chapter 5

Perspective Chapter: Textile
Industry Challenges and Priority
Actions to Mitigate Microplastic
Fibre Pollution

Carmen Ka Man Chan, James Kar Hei Fang, Fei Bin
and Chi Wai Kan

Abstract

The textile industry faces challenges caused by microplastic fibre (MPF) pollution.
Urgent measures and interventions are needed to mitigate the release of MPFs through-
out the textile lifecycle. Obstacles arise when implementing action plans that impede
stakeholders from taking the appropriate steps. Standardised test methodologies to
support the control of release are still in their infancy for application in the broader
industry. The contribution of domestic and industrial wastewater to microfibre pollution
is ambiguous, so considering natural fibres alongside synthetic alternatives has ampli-
fied the complexity. Instead of awaiting perfect solutions, the industry should prioritise
implementing effective mitigation strategies without delay, including raising public
awareness, fostering collaboration, integrating policies, improving wastewater treatment
infrastructure, and supporting technological advancement. Selected sustainability initia-
tives that align with this agenda are utilised to generate insights and expedite actions.

Keywords: microplastic fibre, microfibre pollution, microfibre release, textile
pollution, domestic laundry, textile effluent, sustainable textile

1. Introduction

MPFs are ubiquitous pollutants in various environments, primarily from textile
fibres, released through multiple pathways. Limited stakeholder awareness and
inadequate preventative measures due to the absence of global standards and policies
hinder efforts to address this issue. While initial efforts focused on domestic laundry
sources, growing attention now encompasses the entire fashion and textile value
chain, highlighting significant industrial contributions. The industry has numerous
opportunities to prevent MF release and entry into the environment, and MPFs can
be repurposed as valuable raw materials or energy sources. Tackling this issue neces-
sitates adopting a perspective that involves multiple stakeholders, taking a compre-
hensive approach, and sharing responsibilities among stakeholders throughout the
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entire lifecycle of the garment industry, despite obstacles such as a lack of knowledge
with inconsistent communication, lack of standardised methodology, absence of
established policies, and undivided stakeholder responsibilities. Collaborative,
multistakeholder approaches to address MPF pollution have been sluggish and require
insights from successful industrial initiatives. This chapter investigates researcher and
stakeholder concerns and analyses practical industry efforts to focus on priorities and
accelerate progress.

1.1 Relationship of microplastics (MP) and microplastic fibres (MPF) pollution

Microplastic (MP) pollution has emerged as a critical environmental concern
because of its widespread presence and negative impacts on aquatic ecosystems and
human health [1-4]. MPs are defined as plastic particles smaller than 5 mm [5-7],
including particles in the nanometre range (1 nm) [8]. MP pollution, a global environ-
mental issue, was detected in all the tested water bodies [9]. It causes tissue damage,
reduced growth, and mortality in aquatic organisms, particularly those at the base of
the food chain [10]. Microplastic fibres (MPFs) are defined as fibrous or threadlike
pieces of plastic with a length between 100 pm and 5 mm and a width of at least 1.5
orders of magnitude shorter [11-13], and are considered a subset of MPs with similar
characteristics [14]. Typically, MPFs range from 11.9 to 17.7 pm in diameter and 5.0 to
7.8 mm for polyester, polyester/cotton blend, and acrylic fabrics and are 6 and 175 um
in diameter [15]. MPFs are often overlooked owing to methodological challenges [14,
16]. Shedding is a characteristic of textile materials, and its size varies depending on
the fibre, yarn, and fabric parameters. Owing to mechanical and chemical reactions
during production, washing, or use, fibres break into fragments and are released
into air, terrestrial, or aquatic environments, posing threats to different ecosystems
[17-19]. This phenomenon applies to fibres of natural origin, as well as MPFs from
fossil fuels. Therefore, when referring to broader fibre fragmentation, microfibres
(MF) generally include all textile fibres originating from natural, semi-synthetic, and
synthetic sources.

Furthermore, microplastics have been found to influence soil quality and aggrega-
tion, which are crucial for ecosystem functions [20]. MPs are pervasive and have the
potential to carry chemical pollutants, raising concerns for wildlife and human health
and causing comprehensive research and international collaboration to address this
multifaceted issue [3, 21]. In conclusion, the critical issue of MP is emphasised by
their extensive dissemination, the severe ecological consequences they cause, and the
potential hazards they pose to human well-being. The durability of these pollutants in
the environment and their capacity to influence various tiers of the food chain under-
scores the need for intensified surveillance, regulatory measures, and mitigation
strategies to safeguard ecosystems and public health [3, 4, 21]. Although MPFs are the
most dominant form of MPs, most studies have primarily focused on MPs [22].

1.2 Scope and scale

As a result of economic and population growth, there has been an increase in the
production of fibres worldwide from approximately 112 million tons in 2021 to 116
million tons in 2022. The primary reason for this increase is the production of virgin
fossil-based synthetic fibres, which increased from 63 million tons to 67 million
tons. Assuming this trend continues, it will reach 147 million tons by 2030. Synthetic
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materials typically include polyethylene terephthalate (PET), polyester, acrylic,
polyamide, and polypropylene. Polyester is the most widely produced fibre globally,
accounting for 54% of the total production by 2022 [23]. The demand for synthetic
materials is projected to grow faster than natural fibres, primarily because of the need
for emerging economies. Synthetic textile fibres became the most dominant fibre in
the market, surpassing cotton in production volume in the mid-1990s. The forecasted
value of total clothing sales in 2050, assuming business proceeds as usual, is expected
to be more than three times that of today [24].

Attempting to decrease consumption or prohibit the production of synthetic fibres
is not feasible unless alternative materials are accessible, owing to the benefits they
provide. Synthetic fibres are popular due to their low cost and performance proper-
ties, such as strength, stain resistance, softness, and durability. They have relatively
minimal carbon and water footprints, superior material performance, and recyclabil-
ity compared to natural fibres. Apart from clothing, they are extensively applied in
home textiles, decorations, toys, and other products.

MPFs have been found in aquatic and terrestrial ecosystems, extreme regions such
as mountains and polar areas, and various food items consumed by humans [25]. The
widespread presence of MPs highlights their importance, persistence, and ability to
attract other pollutants, posing ecological impacts and potential human health risks
[26]. The persistence and potential for MPF bioaccumulation necessitate continued
research and mitigation efforts. MPFs are extensively distributed in freshwater, rivers,
oceans, landfills, and air environments. Browne et al. [27] estimated that mechanisa-
tion was linked to population density at shoreline sites worldwide and indicated that
85% of MPs were MFs. Although research on MP pollution is still in its early stages,
much remains to be discovered. With limitations in sampling and methodology and
significant variations in the quantities reported, the findings still indicate a greater
abundance of MFs than other types of MPs [15, 28].

The persistence and potential for MPF bioaccumulation necessitate continued
research and mitigation efforts. MPFs are extensively distributed in different envi-
ronments, such as freshwater, rivers, oceans, landfills, and air. Browne et al. [27]
estimated that mechanisation was linked to population density at shoreline sites
worldwide and indicated that 85% of MPs were MFs. Although research on MP
pollution is still in its early stages, much remains to be discovered. With limitations in
sampling and methodology and significant variations in the quantities reported, the
findings still indicate a greater abundance of MFs than other types of MPs.

Boucher and Friot [29] estimated that synthetic textiles accounted for 35% of
the global release of MPs into oceans, with 25% emerging from the wastewater
pathway. By combining the releases of MPFs shown by existing domestic laundry
studies, the Ellen MacArthur Foundation [24] estimated that over 22 million tons
of MPFs will be added to the ocean between 2015 and 2050 if demand continues to
follow the current pattern. Approximately 2% of global production is projected to
be lost to the ocean.

1.3 Cause of concern
As a subset of MPs, MPFs are anticipated to exhibit comparable characteristics.
MPs are resistant to natural degradation and have not been degraded for decades.

Their continuous release results in their inevitable increase and accumulation in the
environment. Increasing evidence has suggested that MFs are the most prevalent
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type of secondary MP debris in marine environments [27, 30]. The most prominent
and widely reported sources of MFs are shedding during the domestic laundry and
manufacturing processes [14, 29, 31-33].

Mechanical and chemical stresses are known to cause MF release during domes-
tic washing or industrial wet processing of fabrics during production and usage
[34]. In the entire product lifecycle, fibre spinning into yarn, knitting or weaving
into the fabric, and sewing panels into products, fibres are released throughout the
entire manufacturing process to different extents to the weakening of fibres and
breaking into fragments [35-37]. Suction devices collect a significant quantity of
released fibres at production, disposed of as solid waste or as effluent and sludge
after the fabrics are treated in wastewater treatment plants (WWTPs) of wet
processing mills.

Although WWTPs are thought to be 95-99% effective, these plants are not explic-
itly designed for MP retention, which results in MP retention and release into the
aquatic environment [38-41]. As MPs/MFs can bypass WWTPs and have enormous
discharge volumes, there is sound evidence that WWTPs are significant sinks for MP
pollution. Moreover, it is crucial to note that MFs are the most abundant type of MP
found in many WWTPs [15, 40, 42, 43].

Longer physical characteristics and fibrous MFs appear to have more significant
environmental consequences than regular-shaped MP particles. This fibrous shape
increases the tendency for entanglement in the digestive tract, leading to the block-
age or abrasion of internal organs, a higher chance of compromised growth, adverse
effects on reproduction, and starvation [44-46]. The larger surface area of fibres is
also significant as it potentially allows greater sorption of harmful compounds and
higher retention in the gut, consequently allowing more time for the leakage of plastic
additives. Cole [47] stated that fibrous MPs or MFs might present a more significant
risk than spherical MPs. Tiny and fibrous materials at the microscopic scale have the
potential to induce cancer and fibrosis, whereas particles with equivalent particulate
content are typically non-threatening.

There are only a few studies on the bioaccumulation of plastics and the asso-
ciated chemical effects of absorbed substances such as carcinogenic persistent
organic pollutants (POPs) [48-50]. The importance of MPs, specifically MFs, as
vectors for transporting harmful chemicals relative to alternative pathways remains
a mystery, with neither their quantities nor sources identified [15, 51]. However, the
ingestion of organisms has been demonstrated to have the potential to introduce
toxic compounds into higher trophic-level species, causing adverse effects as they
are transferred to the food chain and potentially reach humans [43, 49, 52]. MFs
surround us because they exist everywhere, but little is known about their long-
term impacts on human health and the natural environment. More discussions are
emerging regarding their fate in the atmosphere we breathe, the particles we inhale
at home, the water we consume, and other aspects of our beings and environment
(53, 54].

According to industry forecasts [55], synthetic textile production is expected to
grow remarkably, and MPF is magnified and more challenging to resolve. A system-
atic approach is vital to address and manage the problem throughout the entire textile
value chain, up to end-of-life disposal. This emerging issue is closely associated with
the United Nations’ Sustainability Development Goals (UNSDG). Regarding life in
seawater (No. 9) and responsible production and consumption (No. 12), global efforts
should be made to resolve them collectively without delay.
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2. Literature review
2.1 Sources and microplastic fibres

Based on Textile Exchange [55] findings, synthetic fibres and materials comprise
64% of all fibres and materials produced globally across sectors, including fashion,
apparel, and textiles. Polyesters are the most common in the broad synthetic category,
accounting for 54% of global fibre production in 2022. Global fibre production
demand has significantly grown from 8.4 kg per person in 1975 to 14.3 kg per person
in 2021, with less than 0.6% recycled from pre- or post-consumer textiles. If the busi-
ness persists with the status quo, the definite growth trajectory will be 34% from 2020
t0 2030 [23]. The reason for the growth and shift in fossil fuel-based plastic fibres is
that they cost less and provide better functional performance than natural fibres such
as cotton [11, 56].

The most prominent and widely reported sources of MPFs are shedding during
domestic laundry and manufacturing processes [14, 57]. For an average wash load of
6 kg, over 700,000 fibres could be released per wash and discharged into the aquatic
environment via WWTPs. Although WWTPs are reported to be 95-99% effective,
they are not explicitly designed for MP/MPF retention; therefore, they can bypass
WWTPs. Owing to their enormous discharge volumes, there is compelling evidence
that WWTPs are significant sinks for MP pollution [43]. Other sources of wastewater
from WWTPs may include solid waste or sludge disposal. Sludge, a byproduct of
WWTPs commonly applied to agricultural land as a fertiliser, has been found to con-
tain MFs. Tao et al. [58] estimated that during a 15 min drying process, over 90,000
microfibres could be released from 1 kg of polyester and cotton textiles. The release
of MFs from dried clothes can represent a source of airborne MP pollution [58-60].
These byproducts, which appear as airborne textile fibres, can also cause persistent
terrestrial contamination [46, 61-63]. These pathways are involved in the release of
MFs into the environment.

The ecosystem impacts of MPs/MFs have the potential to occur through physical,
chemical, and biological pathways. Woodall et al. [30] initially reported ingestion of
MFs by deep-sea organisms in natural settings. Its fibrous and lengthy nature causes
concerns regarding the buildup of MF in the environment. MFs tend to entangle and
block the digestive tract, leading to starvation and impaired growth of microorgan-
isms [46]. The longer-term impacts include the capacity to absorb harmful chemical
substances from fibres associated with dyes or additives used in textile manufactur-
ing. Several studies have reported that MFs can transfer contaminants. The ingestion
of MFs by various aquatic species, including turtles, seabirds, fish, and lobsters, is
associated with reduced feeding and reproductive abilities.

Furthermore, owing to the large surface area of MPs/MFs, toxic compounds can
be introduced into humans by eating higher trophic-level species because these com-
pounds are transferred along the food chain [64]. Ragusa et al. [65] identified MPs
in the human placentas. Increasing evidence of MPFs in the atmosphere has recently
been reported. Flying inhaled MFs can be deposited in the lung tissue [66] and may
lead to tumours. According to Cole [47], nanoscopic and microscopic fibrous materi-
als can be carcinogenic and fibrotic, whereas particles with the same content are
comparatively benign. The fact that MFs are increasing and accumulating toxins that
are dangerous to marine life and potentially humans will only magnify and become
more challenging to resolve if further action is delayed.
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It is worth mentioning that, at present, many studies on MPF pollution have only
focused on synthetic fibres and excluded other natural semi-plastics, such as man-
made cellulosic-based fibres, and their potential impact. Controversy surrounds the
discussion of whether they should all be included. Fishing nets, ropes, and gears
are potential sources of MPF pollution. The primary concern regarding the use or
abandonment of fishing gear is the source of secondary MP pollution. It is perceived
that ropes discarded following their use in fishing activities and marine transporta-
tion are the primary sources of MFs following weathering and material breakdown
over time [13, 67, 68]. This discussion has been influenced by studies such as Miller et
al. [69] and Dris et al. [70, 71], who identified both synthetic and non-synthetic fibres
in freshwater and even in the gastrointestinal tracts of fish [48].

2.2 Microplastic fibre release from domestic laundry
2.2.1 Washing pavameters

Several studies [25, 37, 72-74] reviewed MF shedding during the usage phase.
Different conditions like detergents, temperatures and machines are used to wash
fabrics and garments. The laundry parameters outlined in Table 1 unequivocally
determined that laundry settings play a crucial role in minimising MF release.

One of the early studies by Browne et al. [27] reported that >1900 fibres were
released per garment per wash. This was followed by Pirc et al. [75], who first stated
that tumble drying releases 3.5 times more MPFs. Several studies have reviewed the
shedding of MPFs during the usage phase. Fabrics and garments are washed under
different conditions, such as detergents, temperatures, and machines. Variations in
sampling, test methodologies, and reporting units employed in numerous studies
make comparing results difficult.

Front-load washing machines minimise MF release owing to milder mechani-
cal action, potentially up to seven times less than other machines [32]. Studies
have indicated a decreasing trend in fibre release with successive washes [59, 78].
Washing load significantly influences fibre release, while textile parameters are
also critical. Although compact structures, higher twists, and long filaments reduce
MF release, translating this into a textile design is complex without detailed reports
and comparisons across production processes. Rathinamoorthy and Balasaraswathi
[25] found that waste volume was the most influential laundry parameter for MF
release, followed by washing duration, mechanical agitation, and temperature.
Thus, maintaining a full load minimises the water-to-fabric ratio and effectively
reduces fibre shedding during washing, which is consistent with the results of Kelly
etal. [77].

Both MclIlwraith et al. [90] and Napper et al. [1, 91] proved that mitigation devices
had some impact on reducing fibre release during washing processes. The Lint LUV-R
filter was the best performer, with a retention rate of approximately 80%. The num-
ber of remaining devices is significantly lower (approximately 30%). Herweyers et al.
[92] confirmed that further education is required if these devices are introduced to
consumers. They must be user-friendly and easy to understand, as well as the impact
that consumers can make in securing long-term behavioural change.

From the evidence, the first wash releases most of the MF and reaches a plateau
after several washes [77, 78, 93]. According to Mahbub and Shams [81], the release
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Washing Reduce Increase References Details (MF release)
conditions MFrelease = MFrelease
(positive (negative
impact) impact)
Machine type Front Load Top Load [32] The top load releases 7 times more than the
front load
+ N.A. [75] Successive washes decrease emission
N.A. [76] Reduce and typically stable from the 4th and
* 5th cycle
+ N.A. [77] Reduce and typically less after 4th cycles
Continue + N.A. [78] Reduce after the peak at 3rd cycle
subsequent + N.A. [59] Reduce and stabilise from 5th cycle
washes
+ N.A. [79] Reduce
+ N.A. [80] Reduce significantly from 5th cycle
+ N.A. [81] Reduce and stabilise at the 7th cycle
+ N.A. [82] Reduce and stabilise from 3rd cycle
— + [77] Increase as the most influential factor
Liquor (Water- — + [83] Increase by 5 times
volume-to-fabric) . s ..
ratio increase/ (82] Increase 2 times with liquor ratio increase from
) - * 751 L/m® to 15:1 L/m?
washing load
decrease — + [84] Increase with smaller loads (higher liquor ratio)
— + [25] Increase as the most influential factor
— + [15] Increase with temperature
No impact No impact [85] No significant effect
No impact No impact [86] No significant effect
— + [87] Increase with temperature
No significant effect between 15 and 30°C and
— + [77] . .
increase at 60°C
hi
Washing — + [88] Increase with temperature
temperature
increase — + [89] Increase with temperature
— + [73] Increase with temperature
(81] 1.8 times more if the temperature increased
- * from 20 to 40°C
— + [74] Increase with temperature between 25 and 60°C
[82] Reduced the microfibre release by 26% with
* o temperature increase from 40 to 90°C
No impact No impact [77] No impact if the increase from 15 to 60 min
Washing and — + [73] Increase with duration and spin speed
drying time — + [81] Increase if it is longer from 30 to 60 min
ferease No impact No impact [82] No impact on washing time 30 min and 60 min
No impact No impact [74] No impact on washing time 5-20 min
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Washing Reduce Increase References Details (MF release)
conditions MFrelease = MFrelease
(positive (negative
impact) impact)
+ — [75] Reduce (both detergent and softener)
+ — [86] Reduce (softener only)
— + [87] Increase (detergent only)
— + [88] Increase with detergent
No impact No impact [77] No effect (detergent only)
Adding + — [78] Reduce (detergent only)
detergent and No impact No impact [84] No significant impact (both detergent and
softener softener)
Increase (detergent and conditioner), powder
_ + [73] .
detergent>liquid detergent
+ — [25] Reduce (softener only)
— + [81] Increase (detergent only)
Increase with detergent (both handwash and
_ ¥ [74] .
machine wash)
Agitation [82]
(Stimulated by — + Increase
steel balls)
Table 1.

Summary of effect on MF release from domestic laundry test in various washing conditions from selected papers.

could be reduced to 67% from the first to the seventh wash cycle. As durability
becomes essential to reduce waste, MF release life cycle analysis becomes more crucial
to a more holistic approach for estimating the overall impact of MF pollution.

2.2.2 Textile parameters

Hazlehurst et al. [82] indicated that while no single fabric characteristic predomi-
nantly influences MF release, fabric variables may have a more significant impact
than laundering conditions. This suggests a significant potential for MF reduction
through fabric variables. However, the concluding fabric parameters are complex
because of the numerous possible combinations that can number in thousands.
Modifying textile surfaces, such as mechanical brushing or adding chemical finishes
to enhance the handfeel, may considerably affect MF release. Isolating the effects
of individual production parameters is challenging because it is difficult to compare
a single parameter while controlling for others. Table 2 summarises the impacts of
various textile parameters on MF release during domestic laundry, as reported in the
selected studies.

Carney Almroth et al. [101] reported that polyester fleece fabrics with a more
open structure shed most severely, about 84 times more than other knit structures.
Weft knits have a higher MF release than warp knits because warp knits have a
tighter and more compact structure than weft knit fabrics, which is similar to the
findings of Carney Almroth et al. [101] and De Falco et al. [98]. Vassilenko et al.
[102] suggested that mechanically treated polyester samples, dominated by fleeces
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and jerseys, released six times more microfibres than nylon samples with woven
structures and filamentous yarns. It is surprising to find that woven twill has the
highest release compared to all knitted fabrics, which is also contradictory to other
findings which believe woven fabrics are smoother and have a looser structure than
knitted fabrics [82, 106].

Klinkhammer et al. [107] investigated various functional polyester garments
and discovered that mechanically raised textiles, like fleece, rarely exhibited higher
emission values than non-raised ones. They found that microfibre (MF) release could
be more significantly influenced by altering washing parameters, particularly with an
increased washing machine load and reduced washing time. Similarly, Cai et al. [99,
108] observed that processed surface textiles (e.g. fleece, plain brushed, and microfi-
bre) released fibres at rates up to five times higher than those of unprocessed surfaces,
indicating that abrasive friction during production is highly dependent on brushing
effects. However, this does not imply that the release rates were higher for all fabric
structures. In contrast, Hazlehurst et al. [82] found that mechanical finishes such as
peaching can reduce MF release.

Ozkan and Giindogdu [93] found that recycled polyesters may release more micro-
fibres (MFs) than virgin polyesters. Choi et al. [109] indicated that blended fabrics
release more MFs than pure fabrics. Rathinamoorthy et al. [96] noted that increasing
elastane content raises overall fibre emission, proportional to the elastane percentage.
For example, a fabric with 2% elastane exhibited a 45% increase in MF release after
the fifth wash. Julapong et al. [72] observed that fabrics made from natural, man-
made, and mixed materials released more MFs than those made solely from synthetic
materials. By all means, due to the inability to compare full specifications and their
relationships, it is impossible to determine which factor has a more significant impact.
Without direct comparison, these relationships can only serve as guidance, and mea-
surement or testing is required to understand the actual MF release from a particular
fabric quality.

2.2.3 MF release at sewing

MF release data are often undervalued and ignored when capturing data; little
attention has been paid to MF generated during sewing. From these data, it is
well known that what is measured is performed. Therefore, it is critical to include
these data, although some can be released via a different pathway before washing.
Fontana et al. [110] and Rathinamoorthy and Balasaraswathi [111] demonstrated
that sewing directly affects MF release. A later study confirmed that the proper
selection of stitch density and seam type can reduce the number of MF releases by
up to 64.6%. They must be captured separately to address issues with the match-
ing solutions effectively. Rathinamoorthy and Balasaraswathi [112] showed that
sewing thread contributed approximately 1.09% of the total MF emissions during
laundry and that the fibre of the sewing thread weakened after sewing. Finer count,
filament, and twisted threads release less MF than coarser, spun, and untwisted
threads.

Considering the negative impacts of sewing and sewing threads on microfibre
release, it is essential to investigate alternative methods. Although using sewing
threads specifically designed to reduce fragmentation is advantageous, it is also
important to consider minimising the number of seams in garment construction and
adopting seamless manufacturing techniques. However, comprehensive research is
currently lacking to fully understand the potential effects of these strategies.
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2.3 Test methodology in MPF release quantification

There is no standardised method for analysing MPFs [113, 114], particularly
across research and industry communities. Measuring and identifying MPs is difficult
due to inconsistent sampling, extraction, and quantification methods, resulting in
challenges in comparing data and estimating their prevalence [16, 115]. As a result,
the reported MPF concentrations among these studies were conflicting, varied, and
divided without a standardised concentration reference. Many studies have been
conducted on oversimplified tones with missing critical details. The concentrations
of MPs/MPFs are relatively complex to compare because of the different units used
[116]. Conversion efforts may lead to biased or misleading results because of neces-
sary assumptions [117].

Recently, a few commercialised standards have been published for quantifying
MPFs from domestic washing. These are published by the Microfiber Consortium
(TMC) [118], AATCC [119], and ISO [120] and are released at the latest time. These
are remarkably similar and consistent, as shown in Table 3; therefore, the results are
projected to be comparable. From the perspective of procedure comparison, a minor
difference between the TMC method is the requirement for eight specimens but no
blank test. The AATCC and ISO standards also reduced the sample specimen quan-
tity from eight in TMC to four. The AATCC provides two options for pretreatment
and drying: detergent and wash temperature. The sample specimen size was larger
to accommodate a wider seam allowance, allowing thicker fabrics to be sewn more
easily. However, MPF testing is not widely used. As the early released industry bodies,
The Microfibre Consortium [121] reported that about 850 fabric qualities were tested
by their members in the last few years using their method and stored in their data
portal. Potentially, AATCC adoption will be comparable or more because it is interna-
tionally recognised and does not require data to be reported to the TMC and become
their signatory. Whereas ISO is relatively new, its adoption is expected to be very low.

Without addressing the calls to include counting as a more precise option to
quantify MPFs [111], these methods capture only the weight and % weight of MPF
released at the first wash. Compared to academic research, which goes deeper and
includes counting and multiple washes, commercial testing provides limited infor-
mation for textile producers and manufacturers to develop action plans; it is more
appropriate for monitoring the aggregated reduction performance of the industry.

2.4 Pathways of microplastic fibres
2.4.1 Effluent from wastewater treatment plant

Wastewater effluent is a well-known source of MPFs, which are released into the
aquatic environment. It is accepted that laundering fabrics leads to abrasion and wear
of textiles, leading to fibre shedding and their subsequent release into sewage effluent
from washing machines. Browne et al. [27] reported that the proportions of polyester
and acrylic fibres in sewage effluents resemble those of MPs found in contaminated
sediments worldwide. This indicates that some MFs in the marine environment
originate from textile washing with WWTPs as pathways.

WWTPs have recently attracted attention as pathways for MP release, with an
exponentially growing number of related publications in the last few years [122].
Mintenig et al. [123] suggested that WWTPs could be a sink and a source of MPs and
thus play an essential role in MP pollution. There is strong evidence that MPs/MPFs
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Standard TMC Method-2019 AATCCTM212-2021 ANISO 4484-1:2023
Description Quantification of fibre Test Method for Fibre Fragment Microplastics from Textile
release from fabrics Release During Home Laundering ~ Source - Determination of
because of domestic material loss from fabrics
laundering during washing
Scope All textile materials All textile materials Synthetic and natural fibres
Sample 8 4 4
Specimens
Resultant 100 mm + 10 mm 100 + 10 mm x 240+ 10 mm 100 + 10 mm x 240+ 10 mm
Dimensions x240mm + 10 mm
Original 150 mm # 10 mm 200 mm * 10 mm 150 mm # 10 mm
Dimensions x290mm + 10 m x340mm + 10 m x290mm + 10 m
Pretreatment ~ Dryat50 °C 4 hr Option A: 21 + 2°C, 65 + 5% RH 50 + 3°C dry to constant mass,
4 hr. *Option B: 70 + 2°C 4 hr. cool in a desiccator
(desiccator 30 min)
Liquor 360 ml, grade 3 water, 360 ml, grade 3 water, 50 steel 360 ml, grade 3, 50 steel balls
50 steel balls balls
Detergent Nil Option A: 0.25% Option B: Water ~ Nil
only
Wash 40 °C for 45 min, with Wash temperature as the label for 40 + 3°C for 45 + 1 min,
Conditions arotation speed of 45 min, rotation speed of 40 + 2/ rotation speed of 40 + 2/min
40 + 2/min min
Blank Test Not required Required, every 4 specimens Required, every 4 specimens
Filter 1.6 pm pore size, 47 mm 1.6 pm pore size, 47 mm diameter 1.6 pm pore size, 47 mm
diameter Rinse and dry as Pretreatment diameter,
Dryat50 °C 4 hr Dryat50 +3°C 4 hr
Balance 0.0001¢g 0.0001g 0.1mg
Precision
Calculation Fibre release Fibre fragment release Fibre fragment release
(%) = 100x(W2-W1)/S  (g) = W2-W1 (g) = M2-M1
Fibre fragment release Fibre fragment release (%)
(%) = 100x(W2-W1)/S =100x(M2-M1)/S
Reporting Average mass of fibre Average mass of fibre fragment Mean of mass loss
fragment release release and standard deviation Mass loss % of the original
(significant digits 3) Average % fibre fragment release specimen
Average % of fibre and standard deviation
fragment release
Table 3.

Comparison of commercial microplastic fibre release testing methods. Consolidated from TMC Method-2019,
AATCC TM212-2021 and ISO/DIS 4484—1 standavds.

can easily bypass WWTP filtration and other solid separation processes that have not
been designed for this purpose [40, 41, 124]. Magnusson and Norén [39] and Talvitie
etal. [125, 126] demonstrated that the supply of MPs from WWTP effluents to the
aquatic environment may be substantial because of the enormous volume discharged
daily. In the study by Conley et al. [124], the MPF removal efficiency was reported

at 80.2-97.2%, which is relatively high but still significantly less than the total MPs.
Talvitie et al. [125, 126] suggested that advanced wastewater treatment (e.g. a mem-
brane bioreactor) can improve the removal efficiency of small-sized MPs (<100 um).
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This was further supported by Ziajahromi et al. [41], who found that fibres were the
dominant MPs detected in most effluent samples and were not completely removed
even after advanced treatment processes.

Therefore, WWTPs in developed countries are considered to be more efficient.
For example, Mintenig et al. [123] reported a removal efficiency of 98% for MFs after
advanced filtration in a German WWTP. WWTPs usually have lower standards in
developing economies because of inadequate sewage infrastructure. In 2014, China
alone accounted for 69% of all polyester fibre production globally, with the combined
output of China, India, and Southeast Asia representing over 80% of the global total
[14]. Nevertheless, developing countries produce and consume more synthetic tex-
tiles (62.7%) than developed countries (48.2%) [29]. Developing countries tend not to
have commonly available tertiary treatment standards, which is of great concern.

Xu et al. [127] measured MPFs directly discharged from textile mills to an indus-
trial WWTP that collected effluents from mills in the region for treatment before
their discharge into the aquatic environment. This is a typical textile industrial
Central Effluent Treatment Plant (CETP) with a daily treatment capacity of 30,000
tons in the region where this study was conducted. This plant receives production
wastewater from 33 printing and dyeing mills in a textile industrial park, account-
ing for approximately 95% of the influent. The average abundance of MFs, both
natural and synthetic, was reported as 334.1 (+24.3) items/L in the influent before
being reduced to 16.3 (+1.2) items/L in the final effluent, with a retention efficiency
of 95.1%.

In China, when comparing industrial textile effluents from Xu et al. [127] and
municipal effluents from Yang et al. [88, 128] and Lv et al. [129], there were 28-1310
times more MFs discharged directly in concentrated effluent to aquatic environments
from industrial sources than from municipal WWTPs. The scale of textile effluents
is vast, one of the highest water-use industries globally [130], and it is considered
the second largest consumer and polluter of clean water [24]. Once discharged, no
practical solution exists to remove it from freshwater and the ocean. It is essential to
avoid discharging MFs into aquatic environments because there is no alternative way
to remediate them. Therefore, it is imperative to take immediate action to control
wastewater release. The magnitude of this pathway suggests that it is of primary
importance and a top priority. Regulators should be informed and educated without
any delay.

2.4.2 Sewage sludge (terrestrial)

Upon further examination of the studies by Habib et al. [131] and Zubris and
Richards [132], it has been shown that synthetic fibres were reported as an indicator
of municipal sewage sludge used in soils, indicating fibre presence in wastewater and
their diverging pathways. MFs within the sludge material cannot biodegrade quickly
in nature and persist for more than 15 years in the soil. Such pollutants in the soil
can be retained in terrestrial environments or eventually enter marine environments
through runoff.

MFs can also be discharged into terrestrial soils by applying sludge as a fertiliser
to farmlands [32] because of their nutritional and organic content. Since most of the
MFs found in WWTPs are kept in sludge [125, 126], this pathway for MFs has drawn
considerable attention because it captures fibres retained by highly efficient WWTPs
and transfers them to the terrestrial environment. However, there is limited evidence
of the impact of MFs on soil or land.
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2.4.3 Seawater and marine sediment

MFs are found in seawater and sediments across all global marine habitats. Gago etal.
[133] reported that the most common fibre length of surface water is 500-1000 pm,
reaching 4750 pm. In sub-surface waters, the length is 1-5 mm, and in sediments, it
ranges between 800 and 1000 pm, which is consistent with findings from studies on
WWTPs and domestic laundry. MFs and MPFs are inevitable byproducts of modern
lifestyles and can reach oceans, rivers, and lakes directly, bypassing WWTPs [31].

A Great Lakes study indicated that the estimated MPFs in aquatic environments
are significantly higher than the concentrations in wastewater effluents [134].
Similarly, Klein et al. [135] identified discrepancies between effluent fibres and
overall environmental counts in river shore sediments. Additional research has shown
that deep-sea sediments serve as major sinks for MFs [136]. MPs also enter marine
environments through storm sewers, winds, currents [137], and runoff [61, 138]. MP
debris is degraded via sea recycling ports and landfills facilitated by adverse weather
conditions. MFs from fishing gear and lines may be the primary marine sources [133].

2.4.4 Atmospheric fallout

Besides the aquatic environment, Dris et al. [139] first reported the concentra-
tion of 1.0 and 60.0 fibres/m® and 0.3 and 1.5 fibres/m? in indoor and outdoor air,
respectively. Most were natural or cellulosic, as short staple fibres are more prone to
breakage and fallout during use. Research on prolonged ultraviolet radiation exposure
and ambient temperature variations has shown that textiles deteriorate and emit MFs
into the atmosphere [140].

Research suggests that laundering is the most significant cause of textile fibre
shedding, but this may only apply to certain products. Non-laundered fabrics such
as flags and sails also deteriorate over time, leading to fibre loss [31]. The fibres were
readily visible on various indoor surfaces. Recent studies have discussed the inhaled
air quality, household dust, drinking water, and other environmental components.
Liu et al. [140] and Zhang et al. [141] indicated that textile garments and soft furnish-
ings are likely the primary sources of airborne MPs indoors, with over 60% being
MFs, potentially a significant source of MP pollution.

Textiles are a major source of airborne microplastics, predominantly in a fibrous
form. Microplastics <10 pm, particularly those <5 pm, are more likely to be inhaled
and pose significant health risks [142]. Studies [143-145] have revealed that most air-
borne fibres are smaller than 1000 pm, creating potential inhalation hazards. Recent
research indicates that atmospheric microfibres can cause respiratory issues and have
been detected in human lung tissues [66].

The MF concentrations differed markedly between indoor and outdoor environ-
ments across regions, as documented by Refs. [86, 140, 144, 145]. Clothing and
textile furniture are the primary sources [146]. Variations in indoor environments
are primarily attributed to differences in lifestyle and textile product usage. Outdoor
distribution is significantly influenced by wind, airflow, and factors such as consump-
tion habits, socioeconomic status, traffic, and urbanisation [147].

Nevertheless, the airborne MF phenomenon requires strict contamination control
from sampling to the point of the experiment. This is particularly important because
the potential presence of airborne MFs, such as from researchers’ clothing or other
textile materials, can significantly affect experimental outcomes. Therefore, it is
essential to implement effective control procedures to minimise contamination.

91



Textile Industry and the Environment — Challenges, Recent Development and Future

2.5 Ecological impacts
2.5.1 Environmental risk

The ecosystem impact of MPs can arise through physical, chemical, and biological
pathways. Woodall et al. [30] first reported ingestion of MF by deep-sea organisms
under natural conditions. However, the long-term effects of different polymer types
and their abundances [148] remain largely unexplored. These impacts include the
ability to absorb harmful chemicals from fibres related to dyes or textile additives and
the potential for MFs to accumulate environmental toxins. Studies have documented
the transfer of contaminants, such as plasticisers [149], dyes [150], polycyclic aro-
matic hydrocarbons, and polychlorinated biphenyls [151].

Fibrous MPs may significantly threaten marine life more than spherical MPs.
Microscopic fibrous materials can induce carcinogenesis and fibrosis; however, par-
ticulate forms of the same material are less harmful [138]. Ingestion of MFs by aquatic
species can lead to entanglement, stunted growth, and decreased feeding and repro-
ductive abilities [148, 152]. However, Lehtiniemi et al. [153] identified size as the key
factor influencing the ingestion of MPs by small predators. WWTP sludge byproducts
used as fertilisers on agricultural land contain MFs that can persist in sludge and soil
for up to 5 years [132], making them enduring terrestrial contaminants.

2.5.2 Health risk

MFs can potentially carry hazardous chemicals with negative impacts; however,
their direct impact on humans is still not fully understood, although there is evidence
that they reach the food web and humans. MPFs are the most prevalent MPs identi-
fied in air, terrestrial, and aquatic environments [28, 142, 154].

Ingestion of MPs by aquatic organisms has been documented across the marine
food web, including turtles, seabirds, fish, crustaceans, and worms [155]. Laboratory
studies have also reinforced that many other organisms, including zooplankton, can
ingest MPs [45, 152]. Most related studies have documented MPs in the gut, an organ
not directly consumed by humans. However, the risk of ingesting MPs contained
within other tissues depends on the degree of uptake of MPs and their translocation,
redistribution, and retention within other body tissues [156].

Moreover, the large surface area of MPs indicates that environmental pollutants
may be absorbed onto the surface of particles, with the potential to be transferred into
body tissues once ingested [155, 157]. These contaminated residues can absorb and
concentrate organic pollutants ingested by marine fauna, which can be subsequently
transferred to the food chain and potentially reach humans [43, 49, 52, 64].

The release of MFs from dried clothes could represent a source of airborne MPs.
Increasing evidence of MFs in the atmosphere has recently been reported [53, 158].
Flying MFs inhaled by humans are deposited in the lung tissue and may lead to
tumours. Several studies have shown that regular and prolonged exposures can cause
respiratory inflammation, pulmonary fibrosis, and cancer [31]. Evidence of inhala-
tion in a few studies has also found that human lung tissues contain MPs/MFs [66,
159]. There is also growing evidence of MPs/MFs being identified in different parts
of humans and animals, such as the placenta [65], stool [160, 161], liver [162], and
blood [163]. However, the direct impact of these pollutants on human health remains
unclear [164]. Consequently, it is alarming where they are found reaching our bodies
and the potential impact they can have on the chemical substances they carry.
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3. Challenges
3.1 Undivided stakeholder responsibilities

The lack of a precise definition of MF pollution and the distinction between a
problem and a challenge complicates the issue, potentially causing confusion and
impeding effective communication and action among stakeholders [165]. This ambi-
guity hinders the setting of reduction targets, the creation of regulatory frameworks,
and public awareness, leading to misunderstandings about the nature and extent
of the problem. When stakeholder responsibilities are not clearly defined, solution
development is hindered. When a problem is considered as everyone’s responsi-
bility, it often results in no single entity being able to address it independently.
Consequently, there is no obvious starting point or clear leadership role to intervene
and push into progress.

The complete elimination of MPFs/MFs is impractical because clothing wear and
washing are essential human activities. Implementing global infrastructure to treat
laundry or industrial wastewater and eliminate MF release is equally unfeasible.
Consumer engagement is crucial; retailers must guide consumers on proper gar-
ment care and recommend washing machine filters to reduce microplastic release.
Consumers can also reduce plastic use and choose sustainable products.

Industries and government initiatives play a critical role in mitigating MP con-
tamination. Businesses across various sectors, including textile, washing and drying
machine manufacturers, detergent producers, wastewater treatment technology
providers, and machine builders, can reduce their MP footprint by investing in recy-
cling technologies, adopting sustainable packaging, and implementing plastic waste
management best practices.

3.2 MPs/MPFs/MFs as pollutants

The ubiquity of MPFs in the environment complicates accurate pollution assess-
ment because MPs are found in nearly all environmental compartments, from remote
mountain lakes to deep ocean trenches [1, 69]. This widespread distribution compli-
cates the establishment of baseline pollution levels and tracking changes over time.
Moreover, the potential for cross-contamination during sampling and analysis requires
extremely rigorous protocols that can be time-consuming and resource-intensive.
Moreover, the extensive distribution of MPs/MPFs in freshwater ecosystems, oceans,
and seas, encompassing both water columns and sediments, further complicates the
assessment of their spatial distribution and biotoxicity [166].

The diverse environments of MPFs pose challenges for researchers studying their
ecosystem impact. Aquatic settings may affect microfibre behaviour, degradation,
and toxicity in ways that are not fully understood, thus complicating comprehensive
risk assessments and predictions of the long-term effects of MPF pollution on aquatic
life and food webs. Increasing research has argued that current MPF reporting is
likely underestimated because of methodologies and incomplete coverage of locations
and pathways [154, 167-169].

MPF is of tiny size and not easily visible to the human eye. However, it is difficult
to capture and handle. Therefore, specific high-end precision equipment such as
micro-FTIR or micro-Raman is required [170] for identification and quantification,
which is rarely available in a standard or commercial laboratory. Moreover, this has
substantially impeded the starting point of commercial research.
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3.3 Knowledge gap and mixed communications

Despite MFs being the main contributors to MP contamination, most studies focus
on MPs [136]. Thousands of studies on MPs exist, but MFs have received limited
attention. The MF information is often associated with MP pollution. For instance,
Boucher and Friot [29] analysed MPs in over 2000 aquatic samples from freshwater
and marine sources, facing challenges due to insufficient and undifferentiated MF
data, which limited insights. This gap underscores the need for more MF research,
accurate MF quantity reporting in ecosystems, and an understanding of material
and factor influences. Existing strategies only address a limited aspect of the issue
and should aim to reduce MF emissions throughout the product lifecycle. This data
deficiency has resulted in industrial progress.

Most MF studies have targeted synthetic textile shedding during home launder-
ing, overlooking MF release during manufacturing. Recent studies have shown that
removing MFs during fabric production reduces garment shedding risk [37, 74, 171].
Modifying construction parameters to address shedding earlier in the lifecycle is more
effective than post-shedding removal when fibres are environmentally dispersed,;
thus, industry stakeholders must understand and follow best practices in engineering
textile materials [104, 172].

Moreover, a significant amount of current research focuses on textile materials
or clothing that are randomly available in the marketplace [59, 102, 108, 170, 173].
These studies often overlook key textile parameters, such as the number of filaments
and textile finishes, which can significantly affect their performance. Insufficient
information on manufacturing processes and products limits our understanding
of lifecycle impacts and hotspots [22]. This knowledge gap encompasses the entire
lifecycle of textiles and other products that contribute to MF pollution. It is chal-
lenging to implement targeted interventions without understanding how various
manufacturing processes, materials, and product designs contribute to microfibre
shedding. This lack of information also impedes the development of sustainable pro-
duction methods and materials that could reduce MF release, rendering industrial
solutions questionable.

Pirc et al. [75] found that after five washes, microfibre (MF) release stabilised,
regardless of washing conditions, with a significant release during the first wash,
regardless of detergent, detergent, or detergent with a softener. With the % weight
loss method, the release dropped by 64-74% after the initial wash. Conversely,
Almroth et al. [101] counted the number of fibres released in subsequent washes,
which is considered more reliable [111]. Further washing cycles showed no clear
correlation with the primary fabric characteristics, likely owing to inadequate textile
parameters for accurate assessment. Limited research has investigated these aspects
and the contamination potential of initially washed fabrics. Although pre-washing
garments have been proposed [174], the industry may resist this because of the need
for additional processing and infrastructure.

The Changing Markets Foundation [175] argued that the industry is shifting its
plastic pollution narrative by claiming that all MFs, regardless of origin, are equally
problematic, which contradicts scientific evidence highlighting the specific dangers
of MPs. The widespread presence of natural MFs in various environments raises
concerns, indicating that MP pollution threats extend beyond synthetic fibres. The
industry faces conflicting messages from NGOs, academia, and industrial bodies,
such as TMC, complicating efforts to address MP pollution and broader fibre frag-
mentation issues, thereby delaying remedial actions.
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3.4 Lack of standardised test methodology

A significant challenge is the absence of standardised test methods and reporting
units to detect and quantify MPFs, particularly in industrial wastewater effluents
[167]. This inconsistency obstructs accurate comparisons and formulation of practi-
cal solutions. The lack of uniform protocols hampers researchers and policymakers
in evaluating the actual scope of MPF pollution and comparing the findings across
various studies and regions. This standardisation deficit also complicates the estab-
lishment of regulatory limits and benchmarks for MF emissions.

The development of novel testing techniques requires industry cooperation,
accelerated by stakeholder demands and regulatory actions for harmonised measures.
Current standardised methods do not consider other particulate contaminants, fibre-
type distinctions, or length distributions. The precision and reliability of the control
parameters need further refinement, depending on the polymer attributes absent in
natural fibres. Some protocols use solvents to remove contaminants, including natural
fibres, which can dissolve or eliminate organic matter. Therefore, the methodology
formulation must include fibre types prevalent in the textile industry.

Developing methodologies for measuring MF release is crucial for evaluating
solutions and making science-based decisions. Standardised methods can enhance
regulatory accountability and set maximum thresholds for environmental MF release,
thus effectively mitigating this issue. A more unified approach using AATCC TM212
[119], ISO/DIS 4484-1 [120, 176], and the TMC method-2019 [177] is now available
for the industry to evaluate MFs released from laundry. There is continued demand
to expand its scope to cover drying, air, wastewater, and sludge. Techniques capable
of separately enumerating and quantifying the size of blended synthetic and natural
fibres are crucial, given their inherently distinct impact and toxicity mechanisms.

3.5 Lack of legislation

Despite growing concerns about MPF pollution, specific legislation remains
scarce. Experts recommend incorporating MPF environmental policies into textile
regulations to address the issue at its source [178]. The current legislation on MPF
pollution is nascent, with most regulations focusing on MPs rather than MPFs. For
instance, although several countries have banned microbeads, these policies do not
address other MPs, including fibres [179].

A few countries have made limited legislative efforts on MPF. In 2018, California
Assembly Bill No. 2379 and Connecticut General Assembly No. 341 did not advance
beyond the proposals. France, however, took a pioneering step in 2020 with Law No.
2020-105, known as the Anti-Waste for a Circular Economy (AGEC) Law. This law,
which includes Article 79 targeting MPF pollution from textiles, aims to reduce waste
and promote a circular economy through Extended Producer Responsibility (EPR)
and eco-design requirements. Since January 2025, new washing machines in France
must include MPF filters. In September 2023, the European Parliament revisited a
proposal to mandate the use of MP filters in washing machines at the EU level, citing
environmental and health risks. They urged the Commission to consider EU-wide
regulations, with ongoing discussions about feasibility and implementation timelines
across member states [180].

The UN Alliance for Sustainable Fashion, launched in 2019, promotes Sustainable
Development Goals (SDGs) within the fashion industry, encouraging stakeholder
alignment. Thus, reducing emissions in the fashion value chain remains a significant
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challenge. The Cross-Industry Agreement seeks to prevent MP release into aquatic
environments during synthetic textile washing, with the European textile industry
developing a standardised testing method. TMC establishes standards for post-
laundry microfibre release testing and requires members to adhere to the minimum
quality standards for a data portal. TMC and the ZDH Foundation (ZDHC) have also
developed voluntary guidelines to control MF) release from wastewater. Despite these
voluntary initiatives, progress remains modest, and non-governmental organisations
(NGOs) [175] often question the transparency and methodologies used in these efforts.

4. Priorities
4.1 Stakeholder collaboration and industry-led initiative

Of all priorities, stakeholder collaboration through an Industry-led Initiative
should be the most important and have an overarching role in leading or guiding
action plans. There used to be Industry Action for Microfibres at an early stage to
address this problem with multiple stakeholders, including associated sectors, and
they published an assessment report [181]. However, this group did not move for-
ward. The Microfibre Consortium (TMC), set up in 2021 with its 2030 roadmap, has
become the only global industry-led and science-led initiative focusing on addressing
MF pollution by creating change through design, development, and manufacturing.
Compared to other sustainability initiatives, TMC is the youngest. They published a
recent progress report on their achievements in upgrading the testing data portal for
the TMC TM212 method, hitting over 850 fabric performances on MF release after
the first launch.

Table 4 summarises the selected industry sustainability initiatives related to the
MF agenda and are commonly referenced in the brand and NGO reports. However,
each has its own strategy and delivery method. Canopystyle has been rated as the
most successful organisation, as it has the second highest number of partners’ support
and has received several awards for its impactful work in sustainable fashion and for-
est conservation. Notably, it won the BF + DA positive impact award for leadership to
create a better supply chain in November 2016. Additionally, Canopy, the organisation
behind Canopystyle, was recognised with the US$3 million Climate Breakthrough
Award in 2021. It is just about 11 years, but in terms of partners, it reached 500,
which is significantly more than Cascale, which was established nearly 15 years ago,
although they are also recognised with the Eco-Steward of the Year in 2021 (when
they were formerly known as SAC). This recognition highlights their efforts to drive
sustainability and transparency across the apparel and footwear industries. Similar to
TMC, they have a small team that focuses on shifting the retailer-sourcing policy to
embrace a public commitment to resolve the solution. At the same time, the progress
of fibre producers will be assessed using their annual hot-button reports. Their
strategic model is unique but effective compared with their sphere of impact.

Furthermore, the majority of these organisations possess a governance framework
that includes a Board of Directors comprising diverse stakeholders from their commu-
nities. This structure ensures that the interests of various groups are well represented
while maintaining a focus on swift progress towards established objectives. The inclu-
sion of external representatives in guiding the team instils greater confidence within
the industry to participate, as these members can influence and shape the direction of
the organisation’s activities.
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Owing to the vast variations in textile materials, there is instinctively considerable
variation in the sample specimens used, which makes the comparison inconclusive.
Researchers from a non-textile background may collaborate with industry or aca-
demic disciplines to support the selection of fabrications that have an enormous
impact and can provide detailed textile parameters to be selected. Therefore, this
initiative needs to work closely with academia. Cascale has a material sustainability
index (MSI) tool, which should be an excellent fit for collecting textile parameters
and working together to measure MF release without duplicating some groundwork.

Indeed, MPF/MF pollution is a diverse cross-cutting issue for the entire textile
and clothing industry and its associated supporting industries, including wastewater
treatment, fibre and textile, garment or product manufacturing, washing machines,
detergents, and testing services. It is relevant to the fibre and material manufactur-
ing sector when addressing the impact of fibre type and textile manufacturing.
Conversely, stakeholders and processes influenced by product design become the
most relevant when addressing sewing processes. To enhance the effectiveness of
WWTPs, collaboration with technology and machinery providers is necessary. The
detergent and washing machine manufacturing industries should be integrated into
the solution. To resolve this issue comprehensively, it is essential to consider all pos-
sibilities; therefore, it is crucial to drive improvements through all potential options.

The ability to connect all stakeholders determines the speed at which solutions
can be scaled and implemented. Connecting diverse stakeholders is crucial for rapid
scaling and implementation of solutions across various sectors. This interconnected-
ness facilitates the exchange of ideas, resources, and expertise, thus enabling a more
efficient and effective problem-solving process. Furthermore, strong connections
between stakeholders foster collaboration and synergy, leading to innovative solu-
tions that may not be possible through isolated efforts. This network of relationships
can also help streamline decision-making processes, reduce redundancies, and
optimise resource allocation. Consequently, the speed at which solutions can be scaled
and implemented is significantly enhanced, allowing for more timely responses to
this type of sustainability issue.

By bringing together individuals and organisations from different backgrounds,
such as government agencies, private businesses, non-profit organisations, and aca-
demic institutions, a comprehensive approach to addressing complex challenges can
be developed. Governments, industries, communities, and research institutions must
establish partnerships and collaborate to identify solutions for MPF/MF pollution.
By combining resources, expertise, and knowledge to pursue a common objective,
novel solutions can be generated, and systemic changes can be affected. International
cooperation is particularly crucial for addressing transboundary issues, such as MP/
MPF pollution, which transcends national boundaries and necessitates coordinated
action on a global scale. The initiatives are still driven by the Global North, irrespec-
tive of whether manufacturing is in the Global South. Geographical collaboration has
been regionally limited.

While allocating responsibilities to complex issues is complicated, involving vari-
ous stakeholder groups based on their interests and roles in crafting workable solu-
tions is crucial. When framed as MP/MPF pollution, it is probable that supply chain
and activewear retailers who depend on synthetic materials as their primary resources
bear significant responsibility and face the highest business stress and risk. Their
mitigation approaches will likely differ from those relying on natural fibres, such as
cotton, as their concerns revolve more around altering chemical properties, which
makes it less easy to decompose and potentially harmful substances that may be
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released into the environment; consequently, the solution primarily involves address-
ing the chemicals used in manufacturing. The resolution of MPF pollution is unlikely
to occur rapidly unless synthetic fibres are substituted, owing to their cumulative
nature, non-biodegradability, and continuous dispersal, which render their removal
from the environment impractical. Consequently, the level of stakeholder engage-
ment can vary considerably. Framing the issue as a widespread microfibre pollution
problem stemming from fibre composition may complicate the process of involving
relevant stakeholder groups without yielding substantial collaborative benefits. It is
essential to strike a balance among these strategic perspectives.

4.2 Raising awareness

Awareness and education among all MF release supply chain stakeholders are
crucial for developing suitable mitigation measures [22, 175, 182]. Every stakeholder
group acknowledges its possible contribution in resolving this issue. Industry mea-
sures may involve altering the material choices for design and production. Consumers
can express their concerns to retailers and manufacturers and reduce fibre loss at
home by decreasing the effluent from domestic washing machines.

MFs are minuscule and vary in density, leading to their spread across different
layers of the water column [155]. Consequently, the complete removal of MFs from
oceans is impractical. Currently, the accumulation of MPs in the environment sur-
passes their removal rate [183]. Although some studies have identified bacterial spe-
cies capable of degrading plastic polymers such as PET in soil [184], these microbes
are not widely used for cleanup because of the uncertain risks of releasing bacteria
into the environment. Recently, a solution for cleaning ocean plastic debris has been
proposed [185]; however, it is more effective for MFs longer than 1000 pm, whereas
most MFs are shorter, highlighting a significant gap in cleanup efforts. Thus, stake-
holders should adopt a precautionary approach to reduce MF generation and prevent
its entry into aquatic environments.

Consumer-oriented solutions encouraging behavioural change include less
frequent washes or increased use of laundry devices, such as coral balls and grubby
bags, to capture or reduce filter releases through the washing machine to the efflu-
ent. Filters have been proven to be effective in capturing MFs by 30-60% from the
washing machine outlet [91, 113]. This solution requires commitment and motiva-
tion. Although raising consumer awareness of laundering behaviours can only offer
a limited short-term resolution [181], legislation is always the most potent tool for
transformational and lasting change.

4.3 Sustainable manufacturing technology

Product design improvement is advised by considering critical parameters that
significantly affect the MFs released during washing [186]. Table 2 shows that longer
fibres, higher yarn twists, coarser yarn counts, increased fabric density, PA coatings,
and fewer textile auxiliaries reduced the MF release and enhanced the shedding
performance. These steps are vital during the design phase. Decision-makers require
further support to encourage designers and manufacturers to use improved param-
eters with reduced MF release. Unbiased testing is essential to measure the effective-
ness of these improvements.

Recommendations for manufacturing processes, such as machinery type, process-
ing time, and temperature, remain unexplored. Mitigating MF shedding may involve
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enhancing the cohesive bonds between the fibres produced. However, there is a lack
of conclusive data on its effectiveness. Some suggestions include pre-washing, air fil-
tration, and exhaustion at the site [101]. However, this approach should be cautiously
implemented, as industrial facilities typically exercise better control over releases
than household laundries. Proper management and disposal methods are essential to
prevent environmental contamination.

Advanced technologies such as Pangaia have partnered with MTIX’s multiplexed
laser surface enhancement (MLSE®) technology to modify the surfaces of fibres
within a fabric in a way that prevents microfiber shedding [187]. MLSE® rapidly
alters textile surfaces in a high-energy reaction zone generated from the combined
high-power pulsed ultraviolet laser and high-frequency electrical discharge plasma
[188]. The nano-level treatment reconstituted would-be microfibres back into the
fibres, resulting in stronger, cleaner fibres with restored integrity and uniformity.

Other solutions have focused on innovation of renewable sources, including alter-
native bio-based and biodegradable materials. Mango Materials currently produces
poly-3-hydroxybutyrate (P3HB), a member of the PHA family. It is a biopolyester
with properties similar to polypropylene [189]. Werewool uses biotechnology to
design biodegradable fibres at the DNA level with inherent properties, such as colour,
moisture management, and stretch, that meet performance requirements. Similarly,
Tandem Repeat Technologies [190] use genetic sequencing and synthetic biology to
produce a new fibre based on a unique protein structure initially found in the ten-
tacles of squid, which is 100% biodegradable and recyclable. Another breakthrough
is the use of plants with an inexhaustible abundance on Earth. By leveraging their
strength, Natural Fibre Welding [191] can provide a sustainable and circular mate-
rial that uses this renewable resource. However, these solutions are still at an early
stage, entering the niche market at premium prices that are yet to scale. Continuing
development in these areas should be encouraged by supportive adoption pathways to
become widely available.

On the other hand, transforming plastic bottles into textiles for clothing is inadvis-
able as it disrupts the underperforming bottle-to-bottle recycling process. Clothing
from these bottles cannot be recycled into high-quality materials due to limitations in
textile recycling methods, making landfills or incineration more likely. This method
does not effectively tackle MP pollution or waste management issues [175]. The indus-
try should prioritise advanced technologies that facilitate large-scale textile-to-textile
recycling to reduce environmental waste.

Yousef et al. [192] piloted a method for converting dryer-produced Lint-
Microfibres (LMFs) into energy products via thermal processing. This innovative
approach transforms MF waste into a valuable energy resource, potentially lowering
industrial carbon emissions. As a result, LMFs can be seen as a renewable energy
source, advancing the textile industry towards a circular economy.

4.4 Wastewater treatment technologies advancement

Water stress and MF pollution can be substantially mitigated using membrane
bioreactors (MBR) and Zero Liquid Discharge (ZLD) systems, with reports indicating
areduction in MP discharge of almost 97% [123]. While MBR technology is poten-
tially the most efficacious method for removing MF from wastewater, the selection
of an appropriate technique is contingent upon the characteristics of the MPs/MPFs,
including their material, morphology, size, and density, highlighting the need for
additional research [193]. Zhou et al. [194] proposed dissolved air flotation (DAF) as
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a cost-effective alternative to reverse osmosis and ZLD for MF separation, given the
lower density of MFs compared with effluent. However, the substantial investment
and energy requirements of advanced technologies may contribute to climate change
and restrict their applications in industrial WWTPs. It should be noted that mem-
brane technology is not explicitly designed for MF removal [195]. Consequently, there
is a pressing need for more economical and efficient methods to prevent MFs from
entering the environment.

Advanced WWTP technologies can effectively prevent MF discharge as effluents,
but their importance remains essential for tackling MF pollution unless dry produc-
tion processes can completely replace conventional wet methods. Increasing the
amount of recycled water within WWTPs and reducing wastewater discharge can be
immediate solutions. Innovations in dry finishing technologies, such as using carbon
dioxide as a dyeing carrier, are cleaner than wet processes and can simultaneously
address MFs and water pollution, potentially accelerating investment decisions.
However, barriers such as a lack of knowledge and test methodology and the inability
to include MF release requirements in sourcing policies may have limited financial
incentives and delayed industrial transformation. Beyond standardising test meth-
odologies, incentives such as green funds supporting new technologies are crucial for
reducing MF discharge through this aquatic pathway.

The transformation of the textile industry to address MPF/MF pollution is
hindered by limited knowledge, testing methods, integration of MF criteria in retail
sourcing, and financial incentives. The adoption of sustainable technologies and
green production can promote quicker investment decisions. However, advanced
technology has limitations unless MF pollution is addressed. Ozone dyeing, a water-
less process, supports cleaner production but may lead to higher MF concentra-
tions in sludge, thus affecting terrestrial environments. As WWTP retention rates
improve, terrestrial and airborne MF levels MFs could surpass aquatic emissions
[196]. Effective sludge management is crucial for preventing the transfer of this
issue to soil ecosystems. Incinerating textile sludge at 800°C removes heavy metals,
reduces volume, and decomposes all fibres. The resulting ash can be used in con-
struction blocks to prevent MF transfer to terrestrial environments and to transform
MFs into valuable fuels [197]. Therefore, careful sludge management supports
systematic transformational changes without transferring the issue from one ecosys-
tem to another.

4.5 Standardise measurement

Despite the few commercial test methods outlined in Table 3, there is a lack of
suitable techniques for assessing MF release from yarns, garments, or WWTPs. The
absence of comparable measurements hinders effective management and control,
emphasising the need for a standardised testing methodology. Addressing this
knowledge gap requires collaboration beyond the academic and industrial spheres.
Therefore, it is crucial to develop scalable, diverse, and innovative solutions for prac-
tical applications. The Microfibre Consortium (TMC) exemplifies the efforts to unite
industry expertise, academia, and stakeholders in developing solutions. To achieve
a scalable impact, the results need to be shared for the entire industry to implement,
rather than being limited to signatories. The development of necessary infrastruc-
ture and tools may necessitate additional financial support from governmental
bodies, environmental funds, or charitable organisations, supplementing industry
contributions.
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Understanding MF release is essential for combating textile pollution and devel-
oping precise mitigation strategies throughout the lifecycle of a product. Despite
methodological challenges, ongoing research has enhanced the quantification and
assessment of the efficacy of interventions. Accurate measurements enable the evalu-
ation of various textiles and mitigation approaches, thereby identifying critical stages
in the textile lifecycle for emission reduction [198]. However, methodological dispari-
ties have led to varied findings, and the impact of textile variables on MF release
remains complex, warranting further investigation.

Inconsistent presentation of results, particularly regarding measurement units,
complicates data analysis and impedes definitive conclusions. This complexity forces
industries and governments to make decisions based on limited information, under-
scoring the urgent need for standardised methodologies to obtain accurate data and
develop informed strategies. The absence of uniform testing approaches in the textile
industry necessitates global collaboration to establish common standards and to
provide reliable data for manufacturing improvements. Various reporting standards
and insufficient method transparency hinder research progress. MF studies should
also adopt standardised methods to enhance reproducibility, similar to efforts towards
unified reporting guidelines in MP research [199]. This would improve the reliability
of impact assessments and formulation of mitigation strategies, thereby supporting
regulatory initiatives.

4.6 Responsible consumption and circularity

Behavioural changes are recommended at the consumer level. These include
reducing consumption and extending garment life which can represent part of the
solution. Reduced consumption and manufacturing would reduce the quantity of
MFs released into the environment by using fewer materials. However, a significant
challenge remains involving simultaneous and systematic changes across consumers,
multiple stakeholders, and government efforts. According to the Ellen MacArthur
Foundation [24], less than 1% of clothing is recycled into apparel. To achieve circular-
ity, it is essential to establish an infrastructure that enables consumers to recycle their
clothing and textile items easily. Transforming consumer behaviour requires con-
certed efforts from retailers and the implementation of local incentive programmes.

The laundry parameters outlined in Table 1 unequivocally determined that
laundry settings play a crucial role in minimising MF release. This requires consumer
education, behavioural changes, and the functions and built-in features of washing
machines. Consumers are advised to wash in cold water with fewer cycles and launder
clothes when necessary and at full load [84, 89], which also indirectly extends a gar-
ment’s lifetime irrespective of conflicting parameters when detergents and softeners
are used. This requires changing consumer behaviour when purchasing and caring
for clothes. Shifting to gentler wash and dry conditions can be the most economically
advantageous option, as it simply entails adjusting the current machine settings and
reducing energy usage.

Options that incur additional costs to replace a front-loading washing machine
that generates fewer MFs or purchases but high-quality clothing may be more chal-
lenging for most consumers to adapt; this type of machine is less common in certain
countries because of its size. Manufacturers of washing machines, tumble dryers,
detergents, and softeners should also take responsibility for and evaluate their con-
tribution to reducing the MFs released by improving the design of their products and
communicating better options and laundry conditions to their customers.
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4.7 Legislations and voluntary intervention

The EU Strategy for Textiles and UN Alliance for Sustainable Fashion support
efforts to address MPF pollution. France is the only EU country with an existing
Extended Producer Responsibility (EPR) scheme for textiles. The Netherlands advo-
cated an EU-wide EPR for textiles and introduced its own scheme in 2023. Sweden
enacted legislation for EPR for textiles starting 1 January 2022, with full implemen-
tation by 2024 [200]. These measures aim to reduce reliance on virgin synthetic
materials and eliminate MPF release using recycled or alternative sources. The EU
framework could transfer costs to textile producers and the fashion industry, possibly
by taxing the most polluting fabrics and garments, thereby promoting materials with
minimal MF release.

Research indicates that effective wastewater treatment, such as zero liquid dis-
charge (ZLD) and tertiary methods, require infrastructure investment. Filtering
devices on washing machines and dryers can also help reduce the burden on waste-
water treatment systems. For air quality monitoring, microfibres (MFs) should be
classified as fine particulate matter. Monitoring is essential to reduce uncertainty
about their sources and fate, although methodologies and standardisation of MPF/MF
measurements remain challenging, delaying the implementation of regulations. The
voluntary industry best practices should be encouraged as an alternative to legislation
to address MPF/MF pollution.

Current textile legislation lacks environmental provisions or specific regulations
on MPF/MF pollution [178]. Environmental policies on microplastics (MP) should be
integrated into textile regulations. A multidisciplinary approach combining research,
regulations, and public engagement is crucial for protecting marine life and human
health from microplastic contamination [201]. Future policies should address the
entire lifecycle of plastics, promote a circular economy, and implement strategies
to limit the environmental plastic input [202]. Strengthening laws and regulations
specific to MPF pollution is also recommended [163].

5. Conclusion

Scientific findings suggest that MPs/MPFs present the highest environmental and
human health risks among MFs, thereby guiding necessary prioritisation decisions.
The replacement of MPFs with natural or bio-based alternatives is not required to
avoid regrettable solutions. Emphasising reduced consumption and demand for
MPFs and promoting a circular model is a more viable approach to prevent problem
transfer. Addressing these challenges requires a holistic approach involving multiple
stakeholders, including industry awareness, academic investigations, and targeted
government interventions [22]. Collaboration across sectors is crucial for developing
comprehensive solutions that address the entire lifecycle of the products that contrib-
ute to MF pollution. Industry involvement is essential for implementing manufactur-
ing and product design changes to reduce MF shedding at the source.

Consistent protocols for measuring microfibres in wastewater treatment plants
can help to define the maximum limits for MF release and support legislation [167].
Standardised methods for quantifying MF in wastewater effluents would provide a
solid foundation for regulatory efforts and enable accurate assessments of the effec-
tiveness of treatment technologies, thereby facilitating targeted and effective pollu-
tion control strategies.
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Exploring source-directed interventions in textile design and manufacturing, such
as adjusting fabric structure and cutting techniques, can reduce MF release [203].
This includes developing new textile materials that shed fewer fibres, optimising
fabric construction to minimise fibre loss, and improving manufacturing processes
to reduce waste and microfibre generation. These approaches can significantly reduce
MF emissions and complement end-of-pipe solutions such as improved wastewater
treatment. Voluntary approaches with industrial guidelines on production best
practices provided by industry-led and science-led information are essential and
more effective than regulatory intervention, as it is not feasible for the granularity of
specifications that manufacturers can apply practically.

Tackling MF pollution requires a multifaceted approach addressing standardisa-
tion, accurate detection, and quantification while focusing on prevention through
improved textile design and manufacturing processes. Collaborative efforts among
stakeholders are crucial for implementing systematic changes and developing effec-
tive strategies to mitigate the environmental impact of microfibre pollution. This
comprehensive approach should encompass research, policy development, industry
innovation, and public education to create a more sustainable textile industry and to
protect aquatic ecosystems from harmful MF pollution. Governments, industries,
communities, and research institutions must establish partnerships and collabo-
rate to identify solutions to MP pollution. By combining resources, expertise, and
knowledge to pursue a common objective, novel solutions can be generated, and
systemic changes can be affected. International cooperation is crucial for addressing
transboundary MF pollution, which transcends national boundaries and necessitates
coordinated action on a global scale.
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