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Abstract

Plastic waste presents itself as a menace that could require a multifaceted approach to eliminate. This article seeks to not only
analyze but also expound on the current state of plastic waste residing in Kazakhstan. The first part deals with the issues
posed by single-use plastics and evaluates their environmental effects while considering the patterns of overconsumption in
Kazakhstan. The paper examines the history of single-use plastics, focusing on the import, export, and production aspects of
Kazakhstan. The processes of sorting and recycling plastic waste are investigated, as well as the share of waste sent for
reprocessing and the quality of sorting at different levels. It also discusses the current methods and technologies of recycling
plastic, as well as the main problems for its effective application in Kazakhstan, among which are a lack of infrastructure,
economic challenges, and low awareness of the population about the issue. The uniqueness of Kazakhstan is juxtaposed with
that of other countries, and the necessity of creating long-term sustainable solutions to the issue is emphasized. The final
section of the article is dedicated to presenting potential recommendations for improvement in waste management alongside
conclusions based on the article's premise.
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1. Introduction

The issue of reducing plastic waste is at the forefront of the global environmental agenda [1-5]. Traditional polymeric
materials used in the production of packaging and short-term goods cause significant environmental damage due to their long
decomposition period and difficulty of disposal. Against this background, the introduction of ecodesign principles [9, 10], as
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well as the development of biodegradable and recyclable materials [11-13], represents important steps toward sustainable
development. From 24 to 28 August 2024, intersessional meetings of the UN Environment Programme were held in Bangkok,
Thailand, where the delegation of Kazakhstan and Ph.D. in Chemistry Gaini Seitenova from the Petrochemical Association
discussed the development of the first legally binding document to combat plastic pollution. The final stage of negotiations
took place at the fifth session of IGC-5 from 25 November to 1 December 2024 in Busan, Republic of Korea, where the
Kazakh side emphasized the need to develop an international agreement that would ensure the fight against plastic pollution,
considering national economic interests, the exclusion of virgin polymers from regulation, and the introduction of a balanced
approach to protect the environment and support sustainable development.

Today, waste is seen not only as a problem, but also as a source of economic opportunity. The transition from a linear to
a cyclical economic model allows waste to be turned into resources [14-19] which create additional value. Recycling plastics,
implementing recycling technologies and developing waste management infrastructure can become drivers of economic
growth. Moreover, recycled and sustainable materials open up new markets and attract investment, forming the basis for an
environmentally and economically beneficial economy of the future.

Efforts are being made in various countries around the world to implement integrated approaches aimed at minimizing
the impact of plastic on the environment [20-22]. The European Union has set high standards for eco-design, for example
mandating the use of plastic bottles with integrated lids and the introduction of recycled plastic content standards [23-27].
These measures are included in EU Directive 2019/904 and are accompanied by new initiatives such as digital product
passports and requirements for the durability and recyclability of products. China [28-35] in turn, strengthens the standards
for labelling and identifying biodegradable materials, introducing updated regulations governing the use of packaging and
the production of biodegradable plastics. However, despite the successes, the mass adoption of biodegradable polymers is
accompanied by significant challenges, such as high production costs, limited recycling infrastructure, insufficient consumer
awareness, environmental and energy costs [36-48]. Key requirements for such materials include maintaining performance
properties, safety of additives, absence of toxic decomposition products, and compatibility with existing recycling systems.
Environmental risks associated with microplastics are worth considering [9, 19, 49-53] formed during the decomposition of
certain types of biodegradable plastics.

Japan is actively developing waste management systems, including plastic recycling. In 2022, the Plastic Resources
Circulation Act was passed, requiring citizens to sort all plastic as a recyclable resource, which has stimulated a rethinking
of waste management habits [54]. Under Extended Producer Responsibility (EPR), the country places particular emphasis on
reducing carbon emissions and optimising recycling processes, including mechanical recycling and waste-to-energy [55-58].

South Korea is one of the leading countries in plastic waste recycling, using advanced technology and strict regulations,
such as requiring transparent PET bottles to make them easier to dispose of and recycle [59-63]. Current research on waste
management and pollution in Nepal covers a variety of aspects, from assessing micro-plastic pollution in rivers and recycling
municipal solid waste to integrating the informal sector and developing sustainable plastic recycling models to support a
circular economy [64-68]. Plastic waste management in Bangladesh faces significant challenges including low recycling
rates, inadequate infrastructure and high levels of illegal dumping, requiring comprehensive measures to raise consumer
awareness and promote sustainable recycling practices [69-73].

This study is devoted to a comprehensive analysis of the problem of plastic waste in Kazakhstan, with the aim of
identifying the unique features of the country that can serve as an example for other countries. The review is aimed at
assessing the impact of plastic waste, analysing the current situation with its consumption, production, export and import, as
well as studying existing recycling methods and technologies. This work seeks to emphasize the importance of creating a
sustainable plastic management system and forming a model that can be implemented and adapted in other countries.

Kazakhstan, as the economic leader of Central Asia, also faces the need to actively engage in global environmental
initiatives. The development of the processing industry and the transition to sustainable production methods can be an
important step towards increasing the country's environmental responsibility. The significant amount of waste generated as
a result of the use of plastic products is a challenge that requires systemic solutions. In the context of high urbanization and
growing consumption, Kazakhstan has a unique opportunity to introduce advanced technologies and adopt successful
international experience to create a sustainable economy.

2. Overview of Plastic Waste in Kazakhstan
2.1. Impact of Plastic Waste

In Kazakhstan, as in most other countries in the world, there is a problem of environmental pollution with single-use
plastic [74]. Kazakhstan has accumulated significant amounts of plastic waste that pollutes the soil, water bodies and the
atmosphere. Particularly alarming is the fact that only a small portion of the plastic is recycled, while most ends up in landfills
or in the environment, where it decomposes over hundreds of years, causing irreparable harm to ecosystems [53, 75, 76].

It is worth paying special attention to the fact that polymers affect the health of humans, animals and plants depending
on the type. Table 1 contains examples of the main types of polymers and their impact on human and animal health [6, 9].
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Table 1.

Main types of polymers and their areas of application for the manufacture of disposable products.

No. | Type of plastic Scope of application

1 Polyethylene Bottles with a raised dot on the bottom for water, soda, milk, and oil. Transparent
terephthalate PET or disposable food containers (e.g., cups).
PETF

2 High-density low- Canisters, bottle caps, cosmetic and household chemical bottles, plastic bags, food
pressure polyethylene containers, and packaging film (such as tape or bubble wrap).
(PEHD or HDPE)

3 Polyvinyl chloride Blister packs, tablets, cake and cottage cheese packaging, shrink film, cosmetic
(PVC). bottles, medical gloves, and masks.

4 Low-density high- Bags (including garbage bags), film, wrapping paper, and food containers.
pressure polyethylene
(PELD or LDPE)

5 Polypropylene (PP) Bottle caps, buckets and pails, yogurt cups, lens packaging, rustling plastic packaging,

medical syringes, drinking straws, blisters, and pill bottles.
6 Polystyrene (PS) Foamed: egg containers, meat trays, and packaging. Smooth: yogurt cups and almost
all types of disposable tableware.

7 Other types of polymers | A mixture of different plastics or polymers not listed above. For example, packaging

(Other) for cheese, coffee, pet food, and transparent disposable spoons, forks, and knives.

Main problems, associated with the negative impact of polymers [77, 78] and materials used in their production.

e Penetration of microplastics into the bodies of living beings. Researchers have documented the presence of micro- and
nanoplastics even in regions and ecosystems where plastic use is extremely low, such as the North and South Poles
[79-83].

e Increased consumption of fossil non-renewable hydrocarbons, used in the production of polymers. According to
experts, the production of petrochemical products is a key factor in the growth of oil production volumes [84].

e  Pollution of the World Ocean, caused by the release of toxic products of polymer decomposition, leads to their spread
throughout the Earth's ecosystem. The increase in the amount of plastic and its accumulation in the ocean contributes
to the general pollution of sea waters and coasts, as well as the formation of plastic islands, the largest of which is the
"Great Garbage Patch" in the Pacific Ocean [28].

e Long period of decomposition plastic with its short-term use and the widespread use of products made from polymers
leads to an increase in the area of landfills for storing human waste and environmental pollution. The service life of
plastic products ranges from less than one year to more than 50 years. The average period of actual use of disposable
plastic items is very short; for example, the average duration of use of disposable plastic bags is only 12 minutes. At
the same time, the decomposition time of polymers varies depending on the disposal method and the type of plastic.
On average, the following data can be highlighted: disposable plastic bag - 20 years, coffee cup - 30 years, drinking
straw - 200 years, plastic bottle - 450 years, plastic cup - 450 years, disposable diaper - 500 years, toothbrush - 500
years [85-91].

e Release of toxic substances during decomposition and combustion. During the decomposition and thermal processing
of polymers, harmful substances such as phthalates, formaldehyde, bisphenol A, dioxins, cadmium, luorene-9-
bisphenol, styrene and others can be released into the atmosphere [92, 93].

Plastic waste has a significant negative impact on the environment and health of living beings in Kazakhstan and globally.
Despite the widespread use of polymers in various fields and their economic importance, the problems of their recycling,
long-term decomposition and release of toxic substances remain a serious challenge. Key issues include limited reuse of
plastic, penetration of microplastics into ecosystems, consumption of non-renewable resources for polymer production,
pollution of the World Ocean and negative impact on human and animal health. These aspects require urgent measures to
reduce the use of single-use plastic, improve recycling methods and introduce innovative technologies aimed at minimizing
its impact on the environment.

2.2. Types of Disposable Plastic Products, Their Classification and Impact Assessment Single-Use Plastic on the
Environment
The definition of single-use polymer products does not include polymer products that are designed and placed on the
market to undergo multiple rotations during their useful life by refilling or reuse for the same purpose for which the products
were designed.
Examples of food containers that should be considered as single-use plastic products for the purposes of the EU Directive
are:
e Fast food containers
e Containers for food, sandwiches, salads with cold or hot food,
e Food containers containing fresh or processed foods that do not require additional preparation, such as fruits,
vegetables or desserts.
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The domestic market for polymer products covers various segments, including packaging materials, construction
products, automotive parts, household appliances, etc. Table 2 shows that in 2023, the volume of polymer production in

Kazakhstan amounted to 300 thousand tons, which is 15% higher than last year's figure [94].

The greatest growth is observed in the production of packaging materials, where polymer products account for 40% of

the total production volume.

Table 2.

Production of polymer products in Kazakhstan, 2023.

Type of product Production volume (Thousand tons) Share (%)
Packaging materials 120 40%
Building materials 80 27%
Household appliances and goods 50 17%
Automotive parts 30 10%
Other product 20 6%
Total 300 100%

Examples of food packaging that should not be treated as single-use plastic products under Directive EU 2019/904
include food containers containing dried ingredients or cold foods that require further cooking; containers containing food of
more than one serving size; or portion packs sold in multiple quantities.

Amid growing concerns about the negative impact of plastic waste on the environment, many countries are taking steps
to restrict the use of certain plastic products.

Regulations can range from complete bans on the production and sale of single-use plastic items to taxes or recycling
requirements. These measures aim to reduce plastic waste and encourage the use of more sustainable and environmentally
friendly alternatives.

Thus, the recycling of packaging and other products made of expanded polystyrene, including foam plastic, was banned
for use first in New York City on January 1, 2019, and then throughout New York State on January 1, 2022. This outcome
was supported by arguments about “environmental inefficiency” (the environmental pollution from transporting, sorting and
disposing of expanded polystyrene waste exceeds its environmental impact during recycling) and the potential danger to
employees involved in waste management and disposal [95].

1.3. Analysis of Changes and Consumption of Disposable Plastic Products in Kazakhstan

The volume of plastics presented on the Kazakhstan market fluctuated significantly between 2013 and 2022. The main
growth has been observed in recent years, which can be associated with increased consumption of plastic products and active
economic activity. The key factors in the growth of RPR volumes are growing consumer demand, an increase in the number
of production capacities and the expansion of plastic use in various sectors of the economy.
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Figure 1.

Plastic products entering the Kazakhstan market by economic sector.

Plastic products entering the Kazakhstan market by economic sectors, shown in Figure 1, visualizes the distribution of
plastic product volumes by various industries [96]. This helps to better understand which sectors are most active users of
plastic products and how consumption patterns are changing.

Thus, the data confirms the trend of increasing plastic volumes on the Kazakhstan market.

Figure 2 illustrates the volumes of different types of plastic entering the Kazakhstan market [96]. The data show that

over the past 10 years there has been a slight but steady upward trend in the consumption of polymer packaging.
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Figure 2.
Different types of plastic entering the Kazakhstan market

This diversity highlights the wide range of applications of plastic materials in different industries. Based on current
trends, it is assumed that the trend of growth in polymer packaging consumption will continue in the forecast period. This
may require the development of more effective plastic waste management strategies, as well as the active implementation of
recycling technologies.

Table 3 presents the forecast for polymer packaging consumption in tons for the period from 2021 to 2030 [97]. The data
shows a steady increase in consumption, indicating an increase in demand for polymer packaging materials in the country.

Table 3.
Forecast of polymer packaging consumption in the Republic of Kazakhstan, tons.

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
176750 | 178518 | 180303 | 182106 | 183927 | 185766 | 187624 | 189500 | 191395 | 193309

Polymer
packaging

The actual data in Table 3 forecast trend of polymer packaging consumption visualizes the dynamics of changes in
consumption volumes. The graph highlights the upward trend, which can be attributed to the increase in production and
consumption volumes of packaging in various industries, such as the food industry and retail. The steady growth in polymer
packaging consumption also points to the need to develop effective disposal and recycling strategies to minimize the negative
impact on the environment.

1. Economic growth. Increased production and consumption of goods leads to an increase in the use of plastic
materials.

2. Technological development. Improvements in plastic production technology make it more accessible and popular.

3. Political and regulatory changes. Introducing new standards and regulations to improve the quality and safety of

plastic materials and to support the recycling and use of biodegradable plastics.

RNR analysis shows that the packaging sector is the main user of plastic materials, driven by the increasing consumption
of consumer goods and increasing standards for packaging materials. The transportation and construction sectors also
contribute significantly to POM volumes, driven by the widespread use of plastics in the production of automotive
components and building materials. The consumer goods and textiles sector also shows significant increases in POM
volumes, reflecting changing consumer preferences and increasing demand for synthetic materials. The main polymers used
in these sectors include polyethylene, polypropylene, PET, PVC and polystyrene, with volumes steadily increasing in recent
years [96].

1.4. Assessment of the Impact of Single-Use Plastic on the Environment in Kazakhstan

The main negative impact of disposable polymer products on the environment is related to their long period of
decomposition. The average decomposition period of plastic products created using various technologies is from 400 to 700
years.

Thus, the entire volume of plastic produced by mankind still remains on the planet. In the process of destruction of such
products, they disintegrate into small particles, which can lead to the release of chemicals, including toxic ones, used in the
production of polymers. Chemical additives are included in plastics for many reasons. To give flexibility to the material,
plasticizers are used, for example, phthalates. To improve the heat resistance of products, flame retardants are added.

There are also other components that ensure durability, water repellence, or colour. There are more than 4,000 chemical
compounds used in plastic packaging. While not all of these substances are hazardous, at least 63 of them have been identified
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as harmful to human health. Many of the substances also reduce the recycling potential of plastic products, such as certain
dyes. At the same time, there is no information about the presence of specific chemicals in specific products [98].

Complete destruction of plastic waste is only possible through destructive thermal treatment, such as incineration or
pyrolysis. When some plastics are burned, toxic substances are released into the air, causing atmospheric pollution. These
substances may include chlorine or carcinogenic flame retardants. When released into the ground, these chemicals may leach
into groundwater or nearby water sources.

The greatest negative impact of plastic is due to the fact that a significant portion of disposable products is not properly
buried in modern landfills and is not recycled. Consequently, they end up in the environment, polluting storm drains and
other natural areas. When placed in modern landfills, the negative impact of plastic is limited, as the engineering systems of
landfills prevent pollution of soil and groundwater with plastic waste. A huge amount of plastic materials ends up in the
world's oceans.

Every year, 5 to 12 million tons of plastic end up in the ocean. The most environmentally friendly types of packaging
are paper and cardboard and aluminium packaging. Paper and cardboard packaging is 75% cellulose, which is obtained from
a renewable raw material - wood.

Table 4 divides plastic waste into three categories based on their recyclability. The first category, non-recyclable,
includes the most problematic types of plastic that are difficult or impossible to recycle. These include polyethylene (LDPE,
HDPE, PE), polypropylene, and polyethylene terephthalate. These materials often end up in landfills or in the environment,
which creates environmental problems. The second category includes materials that can be recycled, but with restrictions.
This includes polyvinyl chloride. Partial recycling may be due to technological difficulties or economic inexpediency, which
makes it difficult to effectively manage this waste. The third category is fully recyclable and consists of plastic materials such
as polystyrene, polyurethane, and others that are easily recycled and can be reused. This makes it possible to reduce waste
volumes and use resources efficiently [99].

Table 4.

Identification of problematic sectors of plastic waste generation
Not recyclable Partial recycling Subject to recycling
1. Polyethylene 1. Polyvinyl chloride 1. Polystyrene
2. Polypropylene 2. Polyurethane
3. Polyethylene terephthalate 3.0thers

Thus, single-use plastic products cause significant damage to the environment of Kazakhstan due to the long period of
decomposition, the release of toxic substances, and improper disposal. Many types of plastic are difficult to recycle, which
aggravates the problem of waste and pollution in natural ecosystems. The solution requires the introduction of effective
recycling and waste management technologies, especially for the most problematic materials.

1.5 Volume and Structure of Export and Import and Production of Plastic Products in Kazakhstan

Export and import of plastics are of great importance for the economy of Kazakhstan. The country actively participates
in the international market of plastics and plastic products.

Kazakhstan exports large volumes of polyethylene, polypropylene, polyvinyl chloride and other types of plastics and
products made from them. The main export destinations are Central Asian countries, Russia and other CIS countries, as well
as China.

Kazakhstan imports various types of plastics and plastic products, most often from Russia, China, Turkey, the European
Union and other countries. Important imported goods are specialized plastics, raw materials for production and high-quality
products.

In Kazakhstan, the production volume of rubber and plastic products for the period from January to October 2023
amounted to 367.7 billion tenge (about 1 billion dollars). This indicates significant development of the industry, which plays
an important role in the country's economy [99].

1.6. The Main Share in the Production of Rubber and Plastic Products

1. Plastic plates, sheets, pipes and profiles (43.1%). This category includes a variety of products used in construction
and other industries, highlighting the importance of plastic in modern construction technologies.

2. Construction plastic products (19.8%). Plastic components in construction are becoming increasingly popular due
to their lightness, strength and resistance to environmental influences.

3. Other plastic products (15.7%). This category includes various products used in everyday life, production and other
areas, which indicates the wide range of applications of plastic.

4. Plastic packaging for goods (15%). Packaging materials remain an important segment, particularly in the food and
retail industries, reflecting market needs for convenient and efficient solutions.

5. Other rubber products (6.3%). This category includes products used in various industries such as the automotive
and household goods industries.
Thus, the plastics industry in Kazakhstan demonstrates sustainable growth and diversity, which underlines its importance for
the economy and the needs of society. The development of this industry also requires attention to environmental issues and
waste management, which will be a key factor in the future.
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Figure 3.
Domestic production of plastic products (2013-2022).

Figure 3 illustrates the dynamics of domestic production of plastic products in Kazakhstan for the period from 2013 to
2022 [99].

Overall, the data shows a positive trend in production, indicating growth in the industry. Production increased from
105,571 tons in 2013 to 237,408 tons in 2022.

Particularly significant growth was observed from 2017 to 2021, where production increased by 14-23% each year.

Largest increase: The largest percentage increase occurred from 2020 to 2021 (23.8%).

Figure 4a illustrates the dynamics of plastic product exports from Kazakhstan for the period from 2013 to 2022. Data
analysis shows a general upward trend in export volumes, indicating the growth of the country's export capabilities in this
area [99].

During the analysed period, the volume of plastic product exports showed a steady positive trend, especially starting
from 2018. After stable export levels in 2019 and 2020, a significant jJump in export volumes has been observed since 2021.

The average export volume for the entire period was approximately 22,718 tons. In 2022, plastic product exports
accounted for about 20% of the total domestic production. This highlights that a significant portion of the manufactured
products finds its application in international markets, which in turn contributes to the country's economic growth.

Thus, the positive trend in the export of plastic products from Kazakhstan emphasizes the importance of developing
export potential for sustainable economic growth and diversification of sales markets.
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Figure 4.
a) Export and b) Import of plastic products (2013-2022).
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Figure 4b illustrates the dynamics of plastic product imports to Kazakhstan for the period from 2013 to 2022. The data
shows several key trends reflecting changes in the plastic product market. There is a general downward trend from 2013
(291,481 tons) to 2018 (211,565 tons).

A significant jump occurred in 2019, when import volume reached 598,562 tons, significantly higher than other years.
This sharp increase in 2019 was due to fleet modernization programs and increased demand for cars and spare parts.

After 2019, import volumes declined again and stabilized at around 300,000 tons since 2020. The average import volume
over these years was approximately 282,932 tons.

Export Import B Production
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200000 /

100000 = S
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Figure 5.
Summary chart of imports, exports and domestic production.

Figure 5 shows the dynamics of imports, exports and domestic production of a certain product (or group of products)
from 2013 to 2022 [99].

Production has shown growth throughout the period, with a particularly significant jump in 2018. Imports gradually
declined from 2013 to 2018, peaking in 2019 and then declining sharply. Exports also show some stability and have generally
remained relatively stable.

Thus, the plastic industry of Kazakhstan demonstrates sustainable growth, confirming its importance for the national
economy and meeting the needs of society. Despite positive trends in production and export, the industry faces a number of
environmental challenges related to waste disposal. The growth of plastic product exports highlights the strategic need to
develop export potential to strengthen the economy and diversify markets. However, for the sustainable development of the
industry, it is important to pay attention to the introduction of environmentally friendly technologies, increasing the
recyclability of plastics and reducing their negative impact on the environment.

Based on the data presented, some conclusions can be drawn.

1. Growth of domestic production. Kazakhstan has demonstrated the ability to increase domestic production of plastic
products, which is a positive trend for the industry. This helps create new jobs and reduce dependence on imports.

2. Dependence on imports. Despite the positive developments in production, the country remains heavily dependent
on imports of plastic products. The significant volume of imports indicates that local production does not fully satisfy
domestic demand, especially during periods of increased demand.

3. Export opportunities. Moderate growth in plastic exports indicates that Kazakhstan is gradually developing its
export capabilities. However, this process is slower than the increase in domestic production, which highlights the need for
further development of the manufacturing sector to enter foreign markets.

2. Sorting, Recycling of Plastic Waste and Modern Technologies in Kazakhstan
2.1. The Share of Plastic Waste Received for Sorting and Recycling.

The problem of plastic waste has become one of the most acute environmental problems of our time, affecting not only
the environment but also human health. In Kazakhstan, as in many countries, there is an increase in the volume of plastic
waste, which emphasizes the need for an effective sorting and recycling system.

Figure 6, which reflects the interim results of the inventory of plastic waste in Kazakhstan for the period from 2013 to
2030, demonstrates the dynamics of the receipt of this waste for sorting and recycling, and also emphasizes the importance
of increasing the level of recycling for sustainable waste management [99]. Data analysis will help to understand current
trends and identify areas for improving the environmental situation in the country.
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Figure 6.
Interim results of the inventory of plastic waste in Kazakhstan (2013 - 2030).

The amount of plastic waste in 2019 was 176,337 tons, and in 2020 it was 232,847 tons. This may be due to the COVID-
19 pandemic, which has increased the use of single-use plastic products such as medical masks, gloves, packaging and
delivery of food and other goods.

The average shelf life of packaging is very short - from a few minutes to a few days. In 2013 it was 132,679.37 tons, and
in 2022 it was 196,989.60 tons.

In the transport and other sectors, plastic is used in more durable products such as car parts, containers and other durable
products. In 2013, it was 0.90 tons and in 2022, it was 6,027.17 tons.

With the increase in consumption of plastic products in recent years, the problem of plastic waste is becoming
increasingly urgent. Figure 7, which shows the formation of plastic waste by type of plastic, shows a clear dynamic of the
accumulation of plastic waste in Kazakhstan for the period from 2013 to 2022. It is especially worth noting the sharp increase
in waste volumes, which highlights the need for more efficient sorting and recycling systems [99].
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Figure 7.
Formation of plastic waste by types of plastic.
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In 2013, the amount of polyethylene (PE) waste was 68,045.85 tons, but by 2022 this figure had doubled, reaching
136,985.77 tons. Such a significant increase indicates that PE remains one of the most common types of plastic, actively used
in packaging and other areas. The increase in the volume of PE plastic waste requires attention to the development of effective
strategies for its recycling and disposal.

A similar trend is observed for polypropylene (PP). In 2013, the amount of PP waste was 24,645.69 tons, and by 2022,
this figure has increased to 67,938.09 tons. The increase in PP waste generation also highlights the need to optimize recycling
processes, as polypropylene is widely used in the production of various goods, from packaging to textiles.

Thus, analysing the graph allows us not only to record changes in the volumes of plastic waste, but also to identify key
areas that require attention to improve the environment and develop sustainable waste management practices.

Recycled Waste generated
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250 000
200 000
150 000
100 000
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2020 2021 2022

Figure 8.
Share of plastic waste recycling (2020-2022).

In Kazakhstan, about 30-40% of generated plastic waste is recycled annually. This figure indicates the stability of
recycling processes, but also indicates the presence of a significant volume of waste that remains unrecycled. It is important
to note that the increase in recycling levels is directly related to the development of infrastructure, public awareness, and the
effectiveness of state recycling programs.

A comparison of three years of data shows that despite the positive dynamics, efforts to increase the share of recycling
must continue. The development of recycling technologies, incentives for the use of secondary materials and active public
involvement in environmental initiatives can be key factors in achieving higher rates of plastic waste recycling in the future.

2.2. Level and Quality of Sorting at Different Stages

Every year, Kazakhstan generates about 4.5 million tons of municipal waste. In 2023, 4.135 million tons were
accumulated, of which 23.8% were recycled and disposed of (in 2022 - 25.4%). For reference, according to official
information from the Astana city administration for the 1st quarter of 2023, the volume of waste generated in the city
amounted to 72.9 thousand tons, of which 75.2% were recycled and disposed of (this figure did not change from 2021 to the
1st quarter of 2023). However, in May of this year, the Astana city administration presented official data on the revision of
the waste recycling figures and reported a recycling rate of 17% of the total volume. This fact affected the decrease in the
strange waste recycling figure.

Since the beginning of the current year, as of May 1, 71.1 thousand tons of waste have been accumulated, of which 12.1
thousand tons were sorted (separated) and sent for recycling. This includes 17%, where the share of selection for recycling
of sorted waste is 75.2%.

Below is a Figure 9 of recycled and recycled municipal waste by region [100]. The regions of Kazakhstan are arranged
by decreasing population density from left to right in the graph.
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Figure 9.

Data on recycled and disposed municipal waste by region.

2.3. Separate Collection and Sorting of Solid Waste

In the republic, out of 207 cities and districts, separate collection at various stages has been introduced in 130, and sorting
in 103 populated areas.

Figure 10 summarizes the implementation of separate collection at different stages and the sorting of municipal waste
by region.
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Figure 10.

Data on the implementation of separate collection at different stages and sorting of municipal waste by region.

2.4. Solid Waste Landfills

In 2023, the number of solid waste landfills in the republic amounted to 3016 units, of which 624 (20.7%) were in
accordance with environmental and sanitary standards. It is noted that according to information from the Akimat of the North
Kazakhstan region, 3 landfills were closed (liquidated). In the Kostanay region, for the current quarter, the permits and
decisions on the allocation of land for storage and disposal of waste have expired for 10 solid waste landfills.

Currently, work is underway to prepare the necessary documents for the specified landfills. Also, in the West Kazakhstan
region, for 5 landfills, and in the Karaganda region, for 5 landfills, all permits were prepared. The smallest share of landfills
that meet environmental and sanitary-epidemiological standards was recorded in Pavlodar - 5 (1.56% of the total number of
landfills), North Kazakhstan regions - 11 landfills (2.4%) and Abay region - 5 (2.9%).

Figure 11 shows the number of solid waste landfills in Kazakhstan, indicating their compliance with standards.
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Figure 11.

The number of solid waste landfills in Kazakhstan, indicating their compliance with standards.

2.5. Liquidation Of Illegal Dumps

In addition, space monitoring of waste disposal sites is carried out annually jointly with JSC NC Kazakhstan Gharysh
Sapary; according to the results of 2023, 5,534 (2022 - 5,683) unauthorized landfills were identified as part of space
monitoring, the liquidation level was 86% (2022 - 77%) or 4,716 objects (2022 - 4,331). Figure 12 shows data on the number

of landfills in the country.
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Figure 12.
Data on the number of landfills in the country.
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The largest number of illegal dumps identified are in Akmola region — 789 (80% eliminated), Karaganda region — 739
(92% eliminated); weak work on elimination was carried out in Ulytau region [101].

In 2021-2022, three new waste sorting complexes (WSC) with a total capacity of up to 300 thousand tons of waste per
year will be gradually launched: in Semey, Ust-Kamenogorsk, and Aktobe [100].

At specialized sites and solid waste landfills, solid waste is sorted both mechanically and manually.

In the cities of Kostanay and Tobyl, there is one complex and three lines for waste sorting. Manual waste sorting is carried
out at solid waste landfills in cities such as Rudny, Lisakovsk, Zhitikara, Arkalyk, as well as in Auliekolsky, Amangeldy,
Karasu, Kostanay, Mendykarinsky, Sarykolsky and Fyodorovsky districts, as well as in the B. Mailin district.

Most large cities and regional centers have plastic waste recycling plants that produce products such as PET flakes and
PET granules, which are then used to create finished products, usually intended for home use.

In 2018, a plastic recycling plant with a capacity of 40 thousand tons per year was opened in the south of the country,
near Shymkent; similar enterprises exist in Almaty (Qazaq Recycling), Petropavlovsk and Pavlodar. In the Almaty region,
KazPetPolymer LLP is engaged in the processing of polymer waste [102].

Thus, municipal waste recycling in Kazakhstan remains low — only 23.8% of waste was recycled in 2023. The
implementation of separate collection and sorting is actively developing, but the results vary by region. Some regions, such
as Zhambyl and Turkestan, show good results, while others, such as Pavlodar, require improvement. It is important to
continue building waste sorting complexes and eliminating illegal dumps, which generally helps improve the waste situation.

2.6. Methods of Plastic Recycling

There are several reasons why plastic waste needs to be disposed of using specialized equipment.

Thus, the following reasons can be noted.

e Plastic does not decompose under atmospheric conditions;

e Decomposes, but over a very long period of time;

o Releases carcinogenic or toxic substances at high temperatures.

Plastic, as a synthetic material, either does not decompose due to its structural features, or decomposes, but very poorly.
The period of complete decomposition of, for example, a plastic bottle can reach 150 years. There are several ways to recycle
plastic waste. The choice of one or another method depends on the characteristics of the plastic, economic feasibility and
other factors. For example, some types of waste cannot be burned due to air pollution with toxic substances.

Below we will highlight the main modern methods of plastic recycling [60, 70, 78].

1. Burning. It is the cheapest method of recycling. It is suitable for burning polyethylene (PP) and other plastics, the
burning of which does not result in the release of toxic substances. Residential buildings are heated in this way,
since thermal energy is released during the recycling process. Emissions of substances into the atmosphere are
controlled [103-107].

2. Pyrolysis. It is a fairly new technology. During the polymer processing process, the material is decomposed into
molecules, which are then used as synthetic fuel [108-111].

3. Mechanical processing and granulation. The method is much more complex and expensive. In the process, the
plastic is processed into granules or crushed, and the particles are then reused. Thus, this method is only
economically feasible for the mass production of plastic items. The method can be used to process polymer
mixtures that cannot be burned [112-115].

4. Chemical method. This method of processing involves changing the structure of the material at high temperatures.
It is used to obtain valuable chemicals and thermal energy, while the structure of the plastic is completely
destroyed [116, 117].

5. Burial. Still used as a recycling method for some types of plastic, such as PVC [118-122].

There are also other technologies for recycling plastic, the main ones are presented above. Plastic waste is one of the
environmental problems of the modern world. The goal of all production should be the correct and timely disposal of waste
with minimal emissions [123].

1. The following technology is used to extract plastic from waste for subsequent recycling [115]:
e Plastic waste is mainly delivered to the recycling plant by companies specializing in waste collection from individuals
and legal entities, as well as solid waste landfills.
e The company stores waste, sorts it by type (PET, PP, PS, etc.) and colour of plastic, cleans it from labels, metal and
other “foreign” elements for each type of plastic.
e The waste is crushed, washed with hot water and a soda solution (disinfection), and finally dried and packaged,
followed by sending as an intermediate product for the manufacture of final products.

At the beginning of the development of the plastic waste inventory, there was a choice between two methodologies: The
Material Flow Analysis (MFA) approach and the Product Lifetime Methodology (PLM). In order to conduct an effective and
accurate inventory in Kazakhstan, the Product Lifetime Methodology was chosen for several reasons. PLM allows for an
accurate assessment of the volume of plastic waste, considering the duration of use of plastic products. It tracks the flow of
materials from production to disposal, predicting waste generation. MFA, unlike PLM, focuses on current flows and
recycling, but does not consider the service life of products, which limits its effectiveness in predicting waste volumes.
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The choice of the product life cycle methodology is explained by the need to forecast in detail the volumes of plastic
waste and create effective management strategies. This approach provides a deep understanding of the life cycle of plastic
products and their impact on the environment [96].

A significant portion of plastic labelled 7 (other types of plastic) and biodegradable plastic is almost not recycled in the
world. The only way to dispose of it is to burn it R on the Implementation of Research Work for Official use by the E E
Commission [102] Plastics marked 3 and 6 are rarely accepted for recycling due to the labour-intensive nature of the process
and their high toxicity.

In hazardous waste incineration plants, solid residues are partially melted and are slags. In waste incineration plants,
inorganic residues are often in the form of ash due to lower temperatures.

Waste pyrolysis and gasification, also referred to as "alternative™ thermal treatments, have been around since the 1970s.
Alternative processes are characterized by fairly complex system design.

Equipment manufacturers claim that, compared with waste incineration, alternative processes show the advantage of
higher electrical efficiency and/or produce higher quality products such as liquid energy to replace other fuels or vitrified
slag with very low leachability.

Despite a number of failures, alternative thermal processes are not very relevant in the EU, but are still being considered
in other countries, for example, due to the long-term experience of operating such plants in Asia, especially in Japan.

Both pyrolysis and gasification differ from incineration in that they can be used to recover the chemical value of waste
(instead of its energy value). The resulting chemical products can in some cases be used as feedstock for other processes. It
is possible to extract NoO from processes with sub stoichiometric oxygen supply, such as gasification and pyrolysis. It should
be noted that thermal processes require significantly more processing efforts compared to traditional waste incineration [124].

Thus, plastic waste requires specialized recycling methods such as incineration, pyrolysis, and mechanical recycling,
each of which depends on the type of plastic. Product life cycle methodology (PLM) helps to accurately estimate waste
volumes, considering the lifespan of products, and to develop effective waste management strategies.

3. Conclusion

The problem of plastic waste is one of the main environmental challenges in Kazakhstan and the world. The increased
use of plastic materials leads to a rise in waste volumes, which negatively affects the environment and health. Disposable
plastic products, which take a long time to decompose and are often not recyclable, are especially dangerous.

Despite the growth of plastic production in Kazakhstan and the development of export opportunities, waste recycling
remains an unsolved problem. The introduction of effective recycling technologies and an increase in the share of secondary
materials can help address this issue. For a successful resolution, measures to improve the recycling infrastructure, strengthen
control, and involve society in environmental initiatives are important. An integrated approach, including innovative
technologies, legislative changes, and increased environmental awareness, is key to reducing the plastic waste burden and
ensuring the sustainable development of the country.

3.1. To Achieve Your Goals, You Must Adhere to the Following Recommendations

1. Tightening of legislation. It is necessary develop and implement regulations that limit the use of single-use plastic.
It is also necessary to introduce a system of fines and incentives to stimulate environmentally responsible behaviour of
producers and consumers.

2. Development of processing infrastructure. It is necessary and invest in the creation of modern plastic recycling
plants, including thermal and chemical recycling technologies. The next step is to improve the logistics of collecting and
transporting plastic waste.

3. Increasing the level of sorting. Installation of additional waste collection and sorting points in cities and rural areas.
Organization of educational campaigns to increase environmental awareness of the population will significantly help the
current situation.

4. Promoting sustainable alternatives. Support the development and use of biodegradable and reusable materials as
replacements for single-use plastics. Provide subsidies for producers of environmentally friendly packaging.

5. International cooperation. Attract international investment and expertise to improve recycling technologies.
Participate in global initiatives to reduce plastic pollution and exchange best practices.

6. Support for scientific projects aimed at finding and scientifically substantiating the content of environmental risks.

The implementation of these measures will significantly reduce the negative impact of single-use plastic on the
environment, as well as increase the sustainability of ecosystems and improve the quality of life of the population of
Kazakhstan. This will not only strengthen the environmental safety of the country but also strengthen its position in the
regional and global context as a leader in environmental transformations.

References

[1] A. Torkelis, J. Dvarioniené, and G. Denafas, "The factors influencing the recycling of plastic and composite packaging waste,"
Sustainability, vol. 16, no. 21, p. 9515, 2024. https://doi.org/10.3390/su16219515

[2] Y. Cheng et al., "Recent progresses in pyrolysis of plastic packaging wastes and biomass materials for conversion of high-value
carbons: A review," Polymers, vol. 16, no. 8, p. 1066, 2024. https://doi.org/10.3390/polym16081066

[3] E. Mielinger and R. Weinrich, "A review on consumer sorting behaviour: Spotlight on food and fast moving consumer goods

plastic packaging,” Environmental Development, vol. 47, p. 100890, 2023. https://doi.org/10.1016/j.envdev.2023.100890

1174


https://doi.org/10.3390/su16219515
https://doi.org/10.3390/polym16081066
https://doi.org/10.1016/j.envdev.2023.100890

(4]
(5]
(6]

[7]

(8]
(9]
[10]

[11]
[12]

[13]

[14]

[15]

[16]
[17]
[18]
[19]

[20]

[21]

[22]

[23]

[24]
[25]
[26]
[27]
[28]
[29]
[30]

[31]

[32]

International Journal of Innovative Research and Scientific Studies, 8(1) 2025, pages: 1161-1179

K. Bernat, "Post-consumer plastic waste management: from collection and sortation to mechanical recycling," Energies, vol. 16,
no. 8, p. 3504, 2023. https://doi.org/10.3390/en16083504

F. Pogas and M. do Céu Selbourne, "Drivers, advances, and significance of measures for effective circular food packaging,"
Frontiers in Sustainable Food Systems, vol. 7, p. 1140295, 2023. https://doi.org/10.3389/fsufs.2023.1140295

S. Nandi, S. S. Mahish, S. K. Das, M. Datta, and D. Nath, "A review of various recycling methods of PET waste: an avenue to
circularity,”  Polymer-Plastics  Technology and Materials, vol. 62, no. 13, pp. 1663-1683, 2023.
https://doi.org/10.1080/25740881.2023.2222791

A. Kassab, D. Al Nabhani, P. Mohanty, C. Pannier, and G. Y. Ayoub, "Advancing plastic recycling: Challenges and opportunities
in the integration of 3d printing and distributed recycling for a circular economy,” Polymers, vol. 15, no. 19, p. 3881, 2023.
https://doi.org/10.3390/polym15193881.

L. Bartolucci, "Sustainable valorization of bioplastic waste: A review on effective recycling routes for the most widely used
biopolymers," International Journal of Molecular Sciences, 2023. https://doi.org/10.3390/ijms24097696

B. von Vacano et al., "Sustainable design of structural and functional polymers for a circular economy," Angewandte Chemie
International Edition, vol. 62, no. 12, p. e202210823, 2023. https://doi.org/10.1002/anie.202210823

T. C. H. Lima, E. L. Machado, and R. de Cassia de Souza Schneider, "Scientometric analysis of the development of plastic
packaging considering the circular economy and clean technologies: A review," Waste Management & Research, vol. 41, no. 7,
pp. 1188-1202, 2023. https://doi.org/10.1177/0734242X231160081

M. Burelo et al., "Recent developments in synthesis, properties, applications and recycling of bio-based elastomers," Molecules,
vol. 29, no. 2, p. 387, 2024. https://doi.org/10.3390/molecules29020387

C. Lefay and Y. Guillaneuf, "Recyclable/degradable materials via the insertion of labile/cleavable bonds using a comonomer
approach," Progress in Polymer Science, vol. 147, p. 101764, 2023. https://doi.org/10.1016/j.progpolymsci.2023.101764

K. P. Pandey, U. R. Jha, J. Kushwaha, M. Priyadarsini, S. U. Meshram, and A. S. Dhoble, "Practical ways to recycle plastic:
current status and future aspects,” Journal of Material Cycles and Waste Management, vol. 25, no. 3, pp. 1249-1266, 2023.
https://doi.org/10.1007/s10163-023-01611-0

E. Cook, N.S.d. S. L. Cano, and C. A. Velis, "Informal recycling sector contribution to plastic pollution mitigation: A systematic
scoping review and quantitative analysis of prevalence and productivity," Resources, Conservation and Recycling, vol. 206, p.
107588, 2024. https://doi.org/10.1016/j.resconrec.2024.107588

G. Kwon, K. Yoon, E. Kwon, J. Park, H. Lee, and H. Song, "Technical advancement in valorization of electronic waste and its
contribution to establishing economic value-chain,” Chemical Engineering Journal, vol. 494, p. 153154, 2024.
https://doi.org/10.1016/j.cej.2024.153154

X. L. Li, K. Ma, F. Xu, and T. Q. Xu, "Advances in the synthesis of chemically recyclable polymers," Chemistry—An Asian
Journal, vol. 18, no. 3, p. €202201167, 2023. https://doi.org/10.1002/asia.202201167

Y. Chen, L. Bai, D. Peng, X. Wang, M. Wu, and Z. Bian, "Advancements in catalysis for plastic resource utilization,"
Environmental Science: Advances, vol. 2, no. 9, pp. 1151-1166, 2023. https://doi.org/10.1039/d3va00158j

S. M. Satti et al., "Bio-upcycling of plastic waste: A sustainable innovative approach for circular economy,” Water, Air, & Soil
Pollution, vol. 235, no. 6, p. 382, 2024. https://doi.org/10.1007/s11270-024-07122-4

T. Elsamahy et al., "Strategies for efficient management of microplastics to achieve life cycle assessment and circular economy,”
Environmental Monitoring and Assessment, vol. 195, no. 11, p. 1361, 2023. https://doi.org/10.1007/s10661-023-11955-7

M. Moreroa, T. P. Malematja, and G. N. Ijoma, "Integrating the circular economy model into the management and treatment of
Fischer-Tropsch effluents—a conversion of waste to energy (biogas) opportunity,” IET Renewable Power Generation, 2024.
https://doi.org/10.1049/rpg2.12976

D. Choi and J. Lee, "Recent advances in chemical recycling of polyoxymethylene waste," Energy & Environment, p.
0958305X241289558, 2024. https://doi.org/10.1177/0958305X241289558

K. O. lwuozor, E. C. Emenike, J. O. Ighalo, and A. G. Adeniyi, "Expanded polyethylene circularity potentials: A comprehensive
overview of production process, applications, and recycling techniques,” Chemistry Africa, pp. 1-12, 2024.
https://doi.org/10.1007/s42250-024-01037-7

S. Eckert, O. Karassin, and Y. Steinebach, "A policy portfolio approach to plastics throughout their life cycle: Supranational and
national regulation in the European Union," Environmental Policy and Governance, vol. 34, no. 4, pp. 427441, 2024.
https://doi.org/https://doi.org/10.1002/eet.2092

A. O’Halloran, "The normative role of the circular plastics alliance in the EU’s transition towards a European circular economy
for plastics,” Circular Economy and Sustainability, pp. 1-29, 2024. https://doi.org/10.1007/s43615-024-00380-8

R. Malcolm and A. Mikheeva-Ashe, Plastics, products and life-cycle thinking in the European Union. In Research Handbook
on Plastics Regulation. Edward Elgar Publishing. https://doi.org/10.4337/9781802201529.00030, 2024.

E. A. Kirk, N. Popattanachai, R. A. Barnes, and E. R. van der Marel, Research handbook on plastics regulation: Law, policy and
the environment. Cheltenham, UK: Edward Elgar Publishing. https://doi.org/10.4337/9781802201529, 2024.

L. Kramer, "EU Ecodesign and product policy: From energy efficiency to circular economy," Journal for European
Environmental & Planning Law, vol. 21, no. 3-4, pp. 343-360, 2024. https://doi.org/10.1163/18760104-21030009

F. Lichtenstein, "CMS law tax future, Plastics and packaging laws in China," Retrieved: https://cms.law/en/int/expert-
guides/plastics-and-packaging-laws/china. [Accessed 2025.

S. Kanchan and S. Singh Sandhu, "Use of waste plastic oil as a fuel in reactivity-controlled compression ignition engines: a
bibliometric investigation from 2017-23," Clean Energy, vol. 8, no. 3, pp. 206-222, 2024. https://doi.org/10.1093/ce/zkae004
Y. Zhao, X. Mao, S. Li, X. Huang, J. Che, and C. Ma, "A review of plastic film mulching on water, heat, nitrogen balance, and
crop growth in farmland in China," Agronomy, vol. 13, no. 10, p. 2515, 2023. https://doi.org/10.3390/agronomy13102515.

H. Zhang, X. Zhang, Y. Ding, F. Huang, Z. Cai, and S. Lin, "Charting the research status for bamboo resources and bamboo as
a sustainable plastic alternative: A  bibliometric review," Forests, vol. 15, no. 10, p. 1812, 2024.
https://doi.org/10.3390/f15101812

S. J. Cusworth, W. J. Davies, M. R. Mcainsh, C. J. Stevens, and W. Wang, "Sustainable plasticulture in Chinese agriculture: A
review of challenges and routes to achieving long-term food and ecosecurity,” Frontiers of Agricultural Science & Engineering,
vol. 11, no. 1, pp. 155-168, 2024. https://doi.org/10.15302/J-FASE-2023508

1175


https://doi.org/10.3390/en16083504
https://doi.org/10.3389/fsufs.2023.1140295
https://doi.org/10.1080/25740881.2023.2222791
https://doi.org/10.3390/polym15193881
https://doi.org/10.3390/ijms24097696
https://doi.org/10.1002/anie.202210823
https://doi.org/10.1177/0734242X231160081
https://doi.org/10.3390/molecules29020387
https://doi.org/10.1016/j.progpolymsci.2023.101764
https://doi.org/10.1007/s10163-023-01611-0
https://doi.org/10.1016/j.resconrec.2024.107588
https://doi.org/10.1016/j.cej.2024.153154
https://doi.org/10.1002/asia.202201167
https://doi.org/10.1039/d3va00158j
https://doi.org/10.1007/s11270-024-07122-4
https://doi.org/10.1007/s10661-023-11955-7
https://doi.org/10.1049/rpg2.12976
https://doi.org/10.1177/0958305X241289558
https://doi.org/10.1007/s42250-024-01037-7
https://doi.org/https:/doi.org/10.1002/eet.2092
https://doi.org/10.1007/s43615-024-00380-8
https://doi.org/10.4337/9781802201529.00030
https://doi.org/10.4337/9781802201529
https://doi.org/10.1163/18760104-21030009
https://cms.law/en/int/expert-guides/plastics-and-packaging-laws/china
https://cms.law/en/int/expert-guides/plastics-and-packaging-laws/china
https://doi.org/10.1093/ce/zkae004
https://doi.org/10.3390/agronomy13102515
https://doi.org/10.3390/f15101812
https://doi.org/10.15302/J-FASE-2023508

[33]

[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]

[42]

[43]

[44]

[45]

[46]

[47]
(48]
[49]

[50]

[51]
[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

International Journal of Innovative Research and Scientific Studies, 8(1) 2025, pages: 1161-1179

S. Ren et al., "Potential sources and occurrence of macro-plastics and microplastics pollution in farmland soils: A typical case
of China," Critical Reviews in Environmental Science and Technology, vol. 54, no. 7, pp. 533-556, 2024.
https://doi.org/10.1080/10643389.2023.2259275.

C. Yu, D. Jin, X. Hu, W. He, and G. Li, "An overview of management status and recycling strategies for plastic packaging Waste
in China," Recycling, vol. 8, no. 6, p. 90, 2023. https://doi.org/10.3390/recycling8060090

H. Yang, Z. Hu, F. Wu, K. Guo, F. Gu, and M. Cao, "The use and recycling of agricultural plastic mulch in China: A review,"
Sustainability, vol. 15, no. 20, p. 15096, 2023. https://doi.org/10.3390/su152015096

R. R. A. Silva, C. S. Marques, T. R. Arruda, S. C. Teixeira, and T. V. de Oliveira, "Biodegradation of polymers: stages,
measurement, standards and prospects,” Macromol, vol. 3, no. 2, pp. 371-399, 2023. https://doi.org/10.3390/macromol3020023
B. A. Unni and T. Muringayil Joseph, "Enhancing polymer sustainability: eco-conscious strategies,” Polymers, vol. 16, no. 13,
p. 1769, 2024. https://doi.org/10.3390/polym16131769

V. Rajgond, A. Mohite, N. More, and A. More, "Biodegradable polyester-polybutylene succinate (PBS): A review," Polymer
Bulletin, vol. 81, no. 7, pp. 5703-5752, 2024. https://doi.org/10.1007/s00289-023-04998-w

V. Oliver-Cuenca et al., "Bio-based and biodegradable polymeric materials for a circular economy," Polymers, vol. 16, no. 21,
p. 3015, 2024. https://doi.org/10.3390/polym16213015

S. Jha, B. Akula, H. Enyioma, M. Novak, V. Amin, and H. Liang, "Biodegradable biobased polymers: A review of the state of
the art, challenges, and future directions,” Polymers, vol. 16, no. 16, p. 2262, 2024. https://doi.org/10.3390/polym16162262.

S. Razzaq, S. Shahid, and Y. Nawab, "Applications and environmental impact of biodegradable polymers in textile industry: A
review," International Journal of Biological Macromolecules, p. 136791, 2024. https://doi.org/10.1016/j.ijbiomac.2024.136791.
Z. H. Easton, M. A. Essink, L. Rodriguez Comas, F. R. Wurm, and H. Gojzewski, "Acceleration of biodegradation using polymer
blends and composites,” Macromolecular Chemistry and Physics, vol. 224, no. 6, p. 2200421, 2023.
https://doi.org/10.1002/macp.202200421.

P. Bhavsar, M. Bhave, and H. K. Webb, "Solving the plastic dilemma: The fungal and bacterial biodegradability of
polyurethanes," World Journal of Microbiology and Biotechnology, vol. 39, no. 5, p. 122, 2023. https://doi.org/10.1007/s11274-
023-03558-8.

K. Ghosal and S. Ghosh, "Biodegradable polymers from lignocellulosic biomass and synthetic plastic waste: An emerging
alternative for biomedical applications,” Materials Science and Engineering: R: Reports, vol. 156, p. 100761, 2023.
https://doi.org/10.1016/j.mser.2023.100761.

M. Keith, M. Koller, and M. Lackner, "Carbon recycling of high value bioplastics: A route to a zero-waste future," Polymers,
vol. 16, no. 12, p. 1621, 2024. https://doi.org/10.3390/polym16121621

N. Mhaddolkar, T. F. Astrup, A. Tischberger-Aldrian, R. Pomberger, and D. Vollprecht, "Challenges and opportunities in
managing biodegradable plastic waste: A review," Waste Management & Research, p. 0734242X241279902, 2024.
https://doi.org/10.1177/0734242X241279902

Y. Xue et al., "Structure—fire-retardant property correlations in biodegradable polymers," Applied Physics Reviews, vol. 11, no.
3, 2024. https://doi.org/10.1063/5.0210839.

P. Rizzarelli, M. Leanza, and M. Rapisarda, "Investigations into the characterization, degradation, and applications of
biodegradable polymers by mass spectrometry,” Mass Spectrometry Reviews, pp. 1-42, 2023. https://doi.org/10.1002/mas.21869.
D. Chettri, T. Pati, and A. K. Verma, "Microbe-mediated biodegradation of microplastics from wastes," Water and Environment
Journal, vol. 37, no. 4, pp. 671-685, 2023. https://doi.org/10.1111/wej.12882

A. Dehal, A. Prajapati, M. P. Patil, and A. R. Kumar, "A review on microplastics in landfill leachate: Formation, occurrence,
detection, and removal techniques,” Chemistry and Ecology, vol. 40, no. 1, pp. 65-101, 2024.
https://doi.org/10.1080/02757540.2023.2290183.

W. He et al., "Recent advances on microplastic aging: Identification, mechanism, influence factors, and additives release,”
Science of The Total Environment, vol. 889, p. 164035, 2023. https://doi.org/10.1016/j.scitotenv.2023.164035.

C. N. Reddy et al., "Review of microplastic degradation: Understanding metagenomic approaches for microplastic degrading
organisms,” Polymer Testing, vol. 128, p. 108223, 2023. https://doi.org/10.1016/j.polymertesting.2023.108223.

S. Manikandan et al., "Systematic assessment of mechanisms, developments, innovative solutions, and future perspectives of
microplastics and ecotoxicity - a review," Advanced Sustainable Systems, vol. 8, no. 11, p. 2400294, 2024.
https://doi.org/10.1002/adsu.202400294

J. Hu, L. Miao, J. Han, W. Zhou, and X. Qian, "Waste separation behavior with a new plastic category for the plastic resource
circulation: Survey in Kansai, Japan,” Journal of Environmental Management, vol. 349, p. 119370, 2024.
https://doi.org/10.1016/j.jenvman.2023.119370.

B. Ramasubramanian, V. S. Reddy, P. Paul, G. K. Dalapati, and S. Ramakrishna, "Extended producer responsibility practices
and prospects for waste management in Japan,” Sustainable Chemistry One World, p. 100009, 2024.
https://doi.org/10.1016/j.scowo.2024.100009

R. Cong, A. Fujiyama, and T. Matsumoto, "Optimal plastic recycling system and technology development could accelerate
decarbonization: A case study from Japan," Waste Management, vol. 175, pp. 110-120, 2024.
https://doi.org/10.1016/j.wasman.2023.12.045

A. N. Larionova, "Japan’s experience in organizing and promoting separate accumulation of municipal solid waste (MSW),"
Japanese Study Russ, vol. 3, pp. 98-112, 2024. https://doi.org/10.55105/2500-2872-2024-2-98-112

M. Tsunematsu, K. Oshita, T. Kawai, K. Shiota, and M. Takaoka, "Behaviors and emission inventories of microplastics from
various municipal solid waste incinerators in Japan," Journal of Material Cycles and Waste Management, vol. 26, no. 2, pp. 692-
707, 2024. https://doi.org/10.1007/s10163-023-01804-7.

L. Joyce, "Reuters,” South Korea’s mountain of plastic waste shows limits of recycling. Electronic resource," Retrieved:
https://www.reuters.com/business/environment/south-koreas-mountain-plastic-waste-shows-limits-recycling-2024-11-
22/#:~:text=SouthKoreasaysthatit,forawastemanagementapproach. [Accessed 2024.

C. Lee, Y.-C. Jang, K. Choi, B. Kim, H. Song, and Y. Kwon, "Recycling, material flow, and recycled content demands of
polyethylene terephthalate (PET) bottles towards a circular economy in Korea," Environments, vol. 11, no. 2, p. 25, 2024.
https://doi.org/10.3390/environments11020025

1176


https://doi.org/10.1080/10643389.2023.2259275
https://doi.org/10.3390/recycling8060090
https://doi.org/10.3390/su152015096
https://doi.org/10.3390/macromol3020023
https://doi.org/10.3390/polym16131769
https://doi.org/10.1007/s00289-023-04998-w
https://doi.org/10.3390/polym16213015
https://doi.org/10.3390/polym16162262
https://doi.org/10.1016/j.ijbiomac.2024.136791
https://doi.org/10.1002/macp.202200421
https://doi.org/10.1007/s11274-023-03558-8
https://doi.org/10.1007/s11274-023-03558-8
https://doi.org/10.1016/j.mser.2023.100761
https://doi.org/10.3390/polym16121621
https://doi.org/10.1177/0734242X241279902
https://doi.org/10.1063/5.0210839
https://doi.org/10.1002/mas.21869
https://doi.org/10.1111/wej.12882
https://doi.org/10.1080/02757540.2023.2290183
https://doi.org/10.1016/j.scitotenv.2023.164035
https://doi.org/10.1016/j.polymertesting.2023.108223
https://doi.org/10.1002/adsu.202400294
https://doi.org/10.1016/j.jenvman.2023.119370
https://doi.org/10.1016/j.scowo.2024.100009
https://doi.org/10.1016/j.wasman.2023.12.045
https://doi.org/10.55105/2500-2872-2024-2-98-112
https://doi.org/10.1007/s10163-023-01804-7
https://www.reuters.com/business/environment/south-koreas-mountain-plastic-waste-shows-limits-recycling-2024-11-22/#:~:text=SouthKoreasaysthatit,forawastemanagementapproach
https://www.reuters.com/business/environment/south-koreas-mountain-plastic-waste-shows-limits-recycling-2024-11-22/#:~:text=SouthKoreasaysthatit,forawastemanagementapproach
https://doi.org/10.3390/environments11020025

[61]
[62]

[63]

[64]
[65]
[66]
[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]
(7]
[78]

[79]

(80]
(81]

[82]

(83]
(84]

[85]

[86]

(871
(88]

[89]

International Journal of Innovative Research and Scientific Studies, 8(1) 2025, pages: 1161-1179

T. Kim and S.-D. Lee, "Designing for green and grey: Insights from single-use plastic water bottles,” International Journal of
Environmental Research and Public Health, vol. 19, no. 3, p. 1423, 2022. https://doi.org/10.3390/ijerph19031423

Y.-J. Go, D.-H. Kang, H.-J. Park, J.-H. Lee, and J.-K. Shim, "Meta-analysis of life cycle assessment studies for polyethylene
terephthalate water bottle system," Sustainability, vol. 16, no. 2, p. 535, 2024. https://doi.org/10.3390/su16020535

Y.-C. Jang, G. Lee, Y. Kwon, J.-h. Lim, and J.-h. Jeong, "Recycling and management practices of plastic packaging waste
towards a circular economy in South Korea,"” Resources, Conservation and Recycling, vol. 158, p. 104798, 2020.
https://doi.org/10.1016/j.resconrec.2020.104798

C. Park, A. Hira, P. Rana, H. Pacini, and S. Evans, "Dirty, difficult and dangerous: Establishing a plastics waste upcycling system
in Nepal," Cleaner Waste Systems, vol. 9, p. 100190, 2024. https://doi.org/10.1016/j.clwas.2024.100190

K. K. Maharjan, "Microplastics research in Nepal: Present scenario and current gaps in knowledge," Heliyon, vol. 10, no. 3,
2024. https://doi.org/10.1016/j.heliyon.2024.e24956

B. Kandel, "Distribution of microplastic contamination in Sapta-Gandaki river system, Nepal," International Journal of
Environmental Science and Technology, 2024. https://doi.org/10.1007/s13762-024-06079-5

M. Aryal and S. Adhikary, "Solid waste management practices and challenges in Besisahar municipality, Nepal," Plos One, vol.
19, no. 3, p. e0292758, 2024.

N. Labra Cataldo, M. Oyinlola, S. Sigdel, D. Nguyen, and A. Gallego-Schmid, "Waste management in Nepal: characterization
and challenges to promote a circular economy,” Circular Economy and Sustainability, vol. 4, no. 1, pp. 439-457, 2024.
https://doi.org/10.1007/s43615-023-00283-0

J. A. Saju, Q. H. Bari, I. M. Rafizul, M. Alamgir, E. Kraft, and P. Lorber, "Observation of non-recyclable plastic in recycling
shops: Present practice and potential usage," Journal of Material Cycles and Waste Management, vol. 26, no. 2, pp. 800-815,
2024. https://doi.org/10.1007/s10163-023-01880-9

I. M. Rafizul, E. Kraft, T. Haupt, and S. Rafew, "Forecasting municipal solid plastic waste generation and management policy
using system dynamics: a case study of Khulna City in Bangladesh," Environmental Monitoring and Assessment, vol. 196, no.
6, pp. 1-30, 2024. https://doi.org/10.1007/s10661-024-12684-1

M. R. Shaibur, S. Sarwar, M. S. Hossain, B. Ambade, T. K. Chakraborty, and F. F. Ahmed, "Plastic waste production and
management in Jashore municipality and its surrounding areas, Bangladesh: An overview," Physics and Chemistry of the Earth,
Parts A/B/C, vol. 134, p. 103580, 2024. https://doi.org/10.1016/j.pce.2024.103580

S. M. Shovon et al., "The potential for sustainable waste management and energy recovery in Bangladesh: A review," Sustainable
Energy Technologies and Assessments, vol. 64, p. 103705, 2024.

M. Abdullah and M. Z. Abedin, "Assessment of plastic waste management in Bangladesh: A comprehensive perspective on
sorting, production, separation, and recycling," Results in Surfaces and Interfaces, vol. 15, p. 100221, 2024.
https://doi.org/10.1016/j.rsurfi.2024.100221

The Astana Times, "Bringing Kazakhstan to the world. Kazakhstan to ban plastic, paper and glass burying by 2019, construction
and food waste by," Retrieved: https://astanatimes.com/2018/10/kazakhstan-to-ban-plastic-paper-and-glass-burying-by-2019-
construction-and-food-waste-by-2021/. [Accessed 2021.

T. Agarwal, N. Atray, and J. G. Sharma, "A critical examination of advanced approaches in green chemistry: microbial
bioremediation strategies for sustainable mitigation of plastic pollution,” Future Journal of Pharmaceutical Sciences, vol. 10,
no. 1, p. 78, 2024. https://doi.org/10.1186/s43094-024-00645-x

V. Boceci et al., "Freshwater plastisphere: A review on biodiversity, risks, and biodegradation potential with implications for the
aquatic ecosystem health," Frontiers in Microbiology, vol. 15, p. 1395401, 2024. https://doi.org/10.3389/fmich.2024.1395401
G. Rossignolo, G. Malucelli, and A. Lorenzetti, "Recycling of polyurethanes: Where we are and where we are going," Green
Chemistry, vol. 26, no. 3, pp. 1132-1152, 2024. https://doi.org/10.1039/d3gc02091f

S. Chenand Y. H. Hu, "Advancements and future directions in waste plastics recycling: From mechanical methods to innovative
chemical processes,” Chemical Engineering Journal, p. 152727, 2024. https://doi.org/10.1016/j.cej.2024.152727

C. M. Jones, G. L. Hughes, S. Coleman, R. Fellows, and R. S. Quilliam, "A perspective on the impacts of microplastics on
mosquito biology and their vectorial capacity,” Medical and Veterinary Entomology, vol. 38, no. 2, pp. 138-147, 2024.
https://doi.org/10.1111/mve.12710

N. Porcino, T. Bottari, and M. Mancuso, "Is wild marine biota affected by microplastics?," Animals, vol. 13, no. 1, p. 147, 2022.
https://doi.org/10.3390/ani13010147

E. Ozgeng, E. Keles, and G. Y. Tére, "Assessment of biomarker-based ecotoxic effects in combating microplastic pollution-a
review," Global NEST Journal, vol. 26, no. 1, p. 05398, 2023. https://doi.org/10.30955/gnj.005398

Y. Chen, X. Cheng, and Y. Zeng, "The occurrence of microplastic in aquatic environment and toxic effects for organisms,"”
International Journal of Environmental Science and Technology, vol. 20, no. 9, pp. 10477-10490, 2023.
https://doi.org/10.1007/s13762-023-04789-w

M. Han et al., "Toxic effects of micro (nano)-plastics on terrestrial ecosystems and human health," TrAC Trends in Analytical
Chemistry, vol. 172, p. 117517, 2024. https://doi.org/10.1016/j.trac.2023.117517

M. Wu et al., "Global trends in the research and development of petrochemical waste gasfrom 1981 to 2022," Sustainability,
2023. https://doi.org/10.3390/su16145972

H. Hemmami, S. Zeghoud, I. Ben Amor, A. Ben Amor, A. Alnazza Alhamad, and M. Messaoudi, "Biodegradation of bioplastics
based on natural polymers: A review," International Journal of Environmental Analytical Chemistry, pp. 1-28, 2024.
https://doi.org/10.1080/03067319.2024.2423017

K. Rambabu, G. Bharath, M. Govarthanan, P. S. Kumar, P. L. Show, and F. Banat, "Bioprocessing of plastics for sustainable
environment: Progress, challenges, and prospects,” TrAC Trends in Analytical Chemistry, p. 117189, 2023.
https://doi.org/10.1016/j.trac.2023.117189

L. Klose et al., "Towards sustainable recycling of epoxy-based polymers: approaches and challenges of epoxy biodegradation,"
Polymers, vol. 15, no. 12, p. 2653, 2023. https://doi.org/10.3390/polym15122653

Q. Lu, D. Tang, Q. Liang, and S. Wang, "Biotechnology for the degradation and upcycling of traditional plastics," Environmental
Research, p. 120140, 2024. https://doi.org/10.1016/j.envres.2024.120140

Y. He et al., "Current advances, challenges and strategies for enhancing the biodegradation of plastic waste," Science of The
Total Environment, vol. 906, p. 167850, 2024. https://doi.org/10.1016/j.scitotenv.2023.167850

1177


https://doi.org/10.3390/ijerph19031423
https://doi.org/10.3390/su16020535
https://doi.org/10.1016/j.resconrec.2020.104798
https://doi.org/10.1016/j.clwas.2024.100190
https://doi.org/10.1016/j.heliyon.2024.e24956
https://doi.org/10.1007/s13762-024-06079-5
https://doi.org/10.1007/s43615-023-00283-0
https://doi.org/10.1007/s10163-023-01880-9
https://doi.org/10.1007/s10661-024-12684-1
https://doi.org/10.1016/j.pce.2024.103580
https://doi.org/10.1016/j.rsurfi.2024.100221
https://astanatimes.com/2018/10/kazakhstan-to-ban-plastic-paper-and-glass-burying-by-2019-construction-and-food-waste-by-2021/
https://astanatimes.com/2018/10/kazakhstan-to-ban-plastic-paper-and-glass-burying-by-2019-construction-and-food-waste-by-2021/
https://doi.org/10.1186/s43094-024-00645-x
https://doi.org/10.3389/fmicb.2024.1395401
https://doi.org/10.1039/d3gc02091f
https://doi.org/10.1016/j.cej.2024.152727
https://doi.org/10.1111/mve.12710
https://doi.org/10.3390/ani13010147
https://doi.org/10.30955/gnj.005398
https://doi.org/10.1007/s13762-023-04789-w
https://doi.org/10.1016/j.trac.2023.117517
https://doi.org/10.3390/su16145972
https://doi.org/10.1080/03067319.2024.2423017
https://doi.org/10.1016/j.trac.2023.117189
https://doi.org/10.3390/polym15122653
https://doi.org/10.1016/j.envres.2024.120140
https://doi.org/10.1016/j.scitotenv.2023.167850

[90]

[91]

[92]
[93]

[94]
[95]

[96]
[97]
[98]
[99]
[100]
[101]
[102]
[103]
[104]
[105]
[106]

[107]

[108]
[109]

[110]

[111]
[112]

[113]

[114]
[115]

[116]

[117]

[118]

[119]

[120]

International Journal of Innovative Research and Scientific Studies, 8(1) 2025, pages: 1161-1179

X. E. Crystal Thew, S. C. Lo, R. N. Ramanan, B. T. Tey, N. D. Huy, and O. Chien Wei, "Enhancing plastic biodegradation
process: Strategies and opportunities,” Critical Reviews in Biotechnology, vol. 44, no. 3, pp. 477-494, 2024.
https://doi.org/10.1080/07388551.2023.2170861

C. X.E. Thew, Z. S. Lee, P. Srinophakun, and C. W. Ooi, "Recent advances and challenges in sustainable management of plastic
waste  using  biodegradation  approach,”  Bioresource  Technology, vol. 374, p. 128772, 2023.
https://doi.org/10.1016/j.biortech.2023.128772

G. Chen et al., "Distribution, migration, and removal of N-containing products during polyurethane pyrolysis: A review," Journal
of Hazardous Materials, vol. 453, p. 131406, 2023. https://doi.org/10.1016/j.jhazmat.2023.131406

H. Sun, J. Hu, Y. Wu, H. Gong, N. Zhu, and H. Yuan, "Leachate from municipal solid waste landfills: A neglected source of
microplastics in  the environment” Journal of Hazardous Materials, vol. 465, p. 133144, 2024.
https://doi.org/10.1016/j.jhazmat.2023.133144

Ministry of Ecology of Kazakhstan, "Analytical report of the ministry of ecology of Kazakhstan," 2024.

The Official Website of the City of New York, "NYC foam ban," Retrieved:
https://www1.nyc.gov/assets/dsny/site/resources/recycling-and-garbage-laws/collectionsetout- laws-for-business/foam-ban
[Accessed 20109.

Descriptive, "Descriptive report on the inventory of plastic waste in Kazakhstan for 2013-2022.," 2022.

B. K. A. L. Consortium, "B. K. A. L. Consortium consisting of the international academy of informatization NGO, BT
Kazakhstan Consulting LLP," Report on Tires, Qils, Batteries and Packaging, Almaty, 2022.

Plastic Health Coalition, "Plastic health coalition, chemical additives,” Retrieved: https://www.plastichealthcoalition.org/.
[Accessed 2024.

S. D. Z. Mukhanov, Plastic products and plastic fractions entering the market of Kazakhstan. . Almaty: Center for Analytical
Studies, n.d.

Solid, "Solid waste sorting complexes, separate collection," Retrieved: https://recycle.kz/ru/razdelnyj-sbor-tbo. [Accessed 2018.
Report, "Report on data of the ministry of ecology and natural resources of the Republic of Kazakhstan for 2023," 2023.

R on the Implementation of Research Work for Official use by the E E Commission, "Preparation of a socio-economic analysis
of the feasibility of introducing a phased ban on the import and production of certain types of disposable polymer products.
Moscow," 2022.

A. Starzyk et al., "Environmental and architectural solutions in the problem of waste incineration plants in Poland: A comparative
analysis," Sustainability, vol. 15, no. 3, p. 2599, 2023. https://doi.org/10.3390/su15032599

S. Bolan et al., "Review on distribution, fate, and management of potentially toxic elements in incinerated medical wastes,"
Environmental Pollution, vol. 321, p. 121080, 2023. https://doi.org/10.1016/j.envpol.2023.121080

A. Kijo-Kleczkowska et al., "Experimental research and prediction of heat generation during plastics, coal and biomass waste
combustion using thermal analysis methods," Energy, vol. 290, p. 130168, 2024. https://doi.org/10.1016/j.energy.2023.130168
Y. V. Paramitadevi et al., "Management of Marine plastic debris: Ecotoxicity and ecological implications," Plastic Waste
Management: Methods and Applications, vol. 14, pp. 363-389, 2024. https://doi.org/10.1002/9783527842209.ch14

S. Dey, G. Veerendra, P. A. Babu, A. P. Manoj, and K. Nagarjuna, "Degradation of plastics waste and its effects on biological
ecosystems: A scientific analysis and comprehensive review," Biomedical Materials & Devices, vol. 2, no. 1, pp. 70-112, 2024.
https://doi.org/10.1007/s44174-023-00085-w

H. H. Shah et al., "A review on gasification and pyrolysis of waste plastics,” Front. Chem., vol. 10, 2023.
https://doi.org/10.3389/fchem.2022.960894

S. H. Chang, "Plastic waste as pyrolysis feedstock for plastic oil production: A review," Science of The Total Environment, vol.
877, p. 162719, 2023. https://doi.org/10.1016/j.scitotenv.2023.162719

I. Hussain et al., "Chemical upcycling of waste plastics to high value-added products via pyrolysis: Current trends, future
perspectives, and techno-feasibility analysis," The Chemical Record, vol. 23, no. 4, p. e202200294, 2023
https://doi.org/10.1002/tcr.202200294

J. Guangxiong et al., "Research progress on gas generation from waste plastics through pyrolysis,” Korean Journal of Chemical
Engineering, vol. 41, no. 9, pp. 2477-2493, 2024. https://doi.org/10.1007/s11814-024-00216-z

R. Kumar, K. Sadeghi, J. Jang, and J. Seo, "Mechanical, chemical, and bio-recycling of biodegradable plastics: A review,"
Science of the Total Environment, vol. 882, p. 163446, 2023. https://doi.org/10.1016/j.scitotenv.2023.163446

K. Babaremu, A. Adediji, N. Olumba, S. Okoya, E. Akinlabi, and M. Oyinlola, "Technological advances in mechanical recycling
innovations and corresponding impacts on the circular economy of plastics,” Environments, vol. 11, no. 3, p. 38, 2024.
https://doi.org/10.3390/environments11030038

P. Sambyal et al., "Plastic recycling: Challenges and opportunities,” The Canadian Journal of Chemical Engineering, 2024.
https://doi.org/10.1002/cjce.25531

R. Tiwari, N. Azad, D. Dutta, B. R. Yadav, and S. Kumar, "A critical review and future perspective of plastic waste recycling,"
Science of The Total Environment, vol. 881, p. 163433, 2023.

A. Schade, M. Melzer, S. Zimmermann, T. Schwarz, K. Stoewe, and H. Kuhn, "Plastic waste recycling— A chemical recycling
perspective,” ACS Sustainable Chemistry & Engineering, vol. 12, no. 33, pp. 12270-12288, 2024.
https://doi.org/10.1021/acssuschemeng.4c02551

P. Biessey, J. Vogel, M. Seitz, and P. Quicker, "Plastic waste utilization via chemical recycling: Approaches, limitations, and the
challenges ahead," Chemie Ingenieur Technik, vol. 95, no. 8, pp. 1199-1214, 2023. https://doi.org/10.1002/cite.202300042

J. Zalasiewicz, S. Gabbott, and C. N. Waters, "Chapter 23 - plastic waste: How plastics have become part of the earth’s geological
cycle, in Waste, T. M. Letcher and D. A. Vallero, Eds," 2nd ed.: Academic Press, 2019. https://doi.org/10.1016/B978-0-12-
815060-3.00023-2, 2019, pp. 443-452.

M. H. Kim and G. Kim, "Analysis of environmental impacts of burial sites," Journal of Material Cycles and Waste Management,
vol. 19, pp. 432-442, 2017. https://doi.org/10.1007/s10163-015-0439-y

A. Wahl et al., "Condition of composted microplastics after they have been buried for 30 years: Vertical distribution in the soil
and degree of degradation,” Journal of Hazardous Materials, vol. 462, p. 132686, 2024.
https://doi.org/10.1016/j.jhazmat.2023.132686

1178


https://doi.org/10.1080/07388551.2023.2170861
https://doi.org/10.1016/j.biortech.2023.128772
https://doi.org/10.1016/j.jhazmat.2023.131406
https://doi.org/10.1016/j.jhazmat.2023.133144
https://www1.nyc.gov/assets/dsny/site/resources/recycling-and-garbage-laws/collectionsetout-
https://www.plastichealthcoalition.org/
https://recycle.kz/ru/razdelnyj-sbor-tbo
https://doi.org/10.3390/su15032599
https://doi.org/10.1016/j.envpol.2023.121080
https://doi.org/10.1016/j.energy.2023.130168
https://doi.org/10.1002/9783527842209.ch14
https://doi.org/10.1007/s44174-023-00085-w
https://doi.org/10.3389/fchem.2022.960894
https://doi.org/10.1016/j.scitotenv.2023.162719
https://doi.org/10.1002/tcr.202200294
https://doi.org/10.1007/s11814-024-00216-z
https://doi.org/10.1016/j.scitotenv.2023.163446
https://doi.org/10.3390/environments11030038
https://doi.org/10.1002/cjce.25531
https://doi.org/10.1021/acssuschemeng.4c02551
https://doi.org/10.1002/cite.202300042
https://doi.org/10.1016/B978-0-12-815060-3.00023-2
https://doi.org/10.1016/B978-0-12-815060-3.00023-2
https://doi.org/10.1007/s10163-015-0439-y
https://doi.org/10.1016/j.jhazmat.2023.132686

[121]

[122]
[123]

[124]

International Journal of Innovative Research and Scientific Studies, 8(1) 2025, pages: 1161-1179

C. Rong-or, W. Pongputthipat, Y. Ruksakulpiwat, and P. Chumsamrong, "Soil burial degradation of bio-composite films from
poly (lactic acid), natural rubber, and rice straw,” Polymer Bulletin, vol. 81, no. 12, pp. 10729-10746, 2024.
https://doi.org/10.1007/s00289-024-05229-6

S. S. Rumi, S. Liyanage, and N. Abidi, "Soil burial-induced degradation of cellulose films in a moisture-controlled environment,"”
Scientific Reports, vol. 14, no. 1, p. 6921, 2024. https://doi.org/10.1038/s41598-024-57436-w

National Design Institute, "Ecology of the future,” Retrieved: https://npieco.kz/company/articles/metody-pererabotki-plastika-i-
vidy-plastikovyh-othodov/ [Accessed 2024.

Nur-Sultan, "Possibility of using waste-to-energy technologies for the energy utilization of solid waste in the cities of Nur-Sultan,
Almaty, Aktobe, Atyrau, Taraz and Shymkent," 2020.

1179


https://doi.org/10.1007/s00289-024-05229-6
https://doi.org/10.1038/s41598-024-57436-w
https://npieco.kz/company/articles/metody-pererabotki-plastika-i-vidy-plastikovyh-othodov/
https://npieco.kz/company/articles/metody-pererabotki-plastika-i-vidy-plastikovyh-othodov/

