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Abstract: The rapid growth of urbanization and industrialization has brought the issue of waste
management to the forefront. Industrial, household, and medical waste management and disposal
are major issues affecting the whole world. The adoption of digital technologies across society is
largely a result of the increasing processing power of waste and decreasing costs. Waste management
and recycling is also benefiting from emerging digital technologies. The Internet of Things, cloud
computing, artificial intelligence, robotics, and data analytics are a few examples of specific digital
technologies that are currently in use and are predicted to have a significant impact on the efficiency
of the waste recycling industry in the future. The objective of this review, which was conducted
using the bibliometric method and visualized with scientific mapping, is to demonstrate how the
digital transformation of waste recycling has evolved over the last decade and to identify which
issues have been overlooked or have become more prominent. The scope of the research is based
on studies carried out all over the world and on digital applications and works in the field of waste
recycling. In this review, bibliometric analysis was used to scan the entire field and the results were
classified and interpreted according to the PRISMA (preferred reporting of systematic reviews and
meta-analyses) methodology.
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1. Introduction

In recent years, there has been an increase in waste management practices as part of
sustainability activities. The main reason for this is the emergence of legal obligations to
recycle and dispose of the waste produced by manufacturers and the spread of businesses
that generate income from using waste. While developing countries still use the landfill
method, developed countries recycle almost all their waste to produce raw materials and
energy. Although the number of studies on waste management has increased all over
the world, the use of technology and digitalization in waste management and recycling
has not reached a sufficient level. A total of 2.1 billion tons of municipal solid waste will
be generated globally each year [1]. Traditional waste collection systems are becoming
increasingly inefficient and expensive as population growth and rapid urbanization lead to
massive increases in waste generation. The widespread practice of open dumping in many
parts of the world makes solid and liquid waste from households, businesses, consumption,
and construction a source of danger and potential environmental damage. The concept
of zero waste, which is a current approach to waste management, is being adopted more
and more every day, and many countries around the world have defined their zero waste
strategies and visions [2].
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The advent of an increasingly digitalized 21st century is affecting every aspect of daily
life, including the environmental technology sector. The utilization of digital technologies
offers more effective waste management practices. The term “digitalization” refers to the
method of employing digital technologies to enhance organizational processes. Examples
of digital technology include facial recognition, blockchain, Internet of Things applications,
and the use of artificial intelligence [3,4]. The implementation of these measures will facili-
tate the recovery of valuable materials from waste streams in each country, thereby reducing
the reliance on raw materials extracted or imported and mitigating the associated environ-
mental and climate impacts. The optimal solution for this considerable volume of waste
is the implementation of an intelligent waste management system. The objective of smart
waste management is to address the previously mentioned solid-waste management issues
using sensors, intelligent monitoring systems, and mobile applications. The increased uti-
lization of digital technologies is vital to the transition of waste management toward a more
sustainable approach to material management. Such technologies enhance the recycling
process, facilitate the utilization of recycled waste by producers, enable consumers to make
more informed purchasing and sorting decisions, and improve the options available to
recyclers for the sourcing of waste materials [5]. The current phase of development in the
field of digitalization in waste management and recycling is characterized by a focus on
innovation. New business models have emerged, including waste e-commerce platforms,
waste-specific software, and business analytics. The application of digital technologies is
becoming increasingly prevalent across the entirety of the waste collection sector, with the
potential to transform the way in which waste is managed.

The digitalization of logistics, in particular, has brought about significant changes in
the field of waste collection. The process of organizing, planning, and dispatching tasks,
personnel, and vehicles has been transformed by the advent of digital technologies. The
utilization of digital tools has the potential to enhance the process by facilitating the storage,
processing, analysis, and optimization of the specific information that is required [6]. The
information generated during the collection process can be monitored in real time, thus
facilitating the identification of any anomalies or irregularities. Another aspect of waste
collection is the documentation, communication, and billing process. As evidenced in
other sectors, the transition from paper-based management systems to digital systems
will serve to enhance the efficiency of processes and the flow of information. Related
technologies include the utilization of digital ID tags for the purpose of identifying smart
bins and containers, the implementation of digital order processing, the introduction of
digital billing and payment, the development of digital user interfaces for the facilitation
of communication with consumers, and the establishment of a network connecting public
waste collection providers to other relevant government databases. The utilization of
digital technologies in documentation processes enables the collection of data pertaining
to waste generated by the public. The conversion of this information into valuable data
through the process of data analytics can facilitate the advancement of the circular economy
through the enhancement of our comprehension of the spatial and temporal patterns of
waste production.

The quantity of waste, encompassing both industrial waste (construction and de-
molition materials, hazardous waste, sludge) and local solid waste (food waste, paper,
cardboard, plastic, textiles), is becoming an increasingly significant challenge for scien-
tists, organizations, and companies across the globe. In response, a range of innovative
solutions and technologies have emerged with the aim of mitigating this issue [7]. Digital
technologies are employed at each stage of the waste management process, with some
already being utilized extensively. It is imperative that the digital transformation of the
waste management sector should be aligned with the plans for the increased utilization of
digital technologies in the development of a circular economy. The initial significant studies
on the advantages of waste within the context of the circular economy, in both practical
and academic terms, emerged during the early 2000s. Consequently, there is a divergence
of opinion as to the most appropriate methodology for addressing this new commitment to
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the economic and productive system. It is evident that there is a necessity for the implemen-
tation of novel construction and production methodologies that can eliminate products that
have a detrimental impact on the environment, and furthermore, that there is a requirement
for the reduction in the harmful effects of production through the enhancement of efficiency
in the design of products and systems. The fundamental concept of the circular economy
has undergone a process of conceptual evolution in response to the emergence of new stud-
ies that have sought to define its scope and parameters. A considerable quantity of waste
has yet to be recycled. In addition to the environmental benefits, the recycling of waste
materials provides a new source of income for producers and contributes to the country’s
economy. The recycling of waste products through the utilization of digital applications
will enhance their value, capitalizing on the advancements in technology. Technology plays
a pivotal role in facilitating waste management. The fulfilment of crucial functions through
the exploitation of technological opportunities represents the most pivotal instrument of
the circular economy in the context of the present era. Despite the multitude of reviews
on waste recycling and waste management in the existing literature, studies and research
tend to focus on a single type of waste. It has been observed that the existing literature
reviews examine waste management and recycling from a narrow perspective. This study,
however, presents a comprehensive evaluation of digitalization and digital applications in
the field of waste management and recycling and highlights the development and trends
in this field to provide a more comprehensive understanding.

This study looks at the topic from different perspectives, including business manage-
ment, environmental science, and industrial production. This method fills a gap in the
existing knowledge. The study examines the future of the circular economy within the con-
text of business management, with a particular focus on recycling and waste management.
This study has four research topics and the following research questions.

RQ1: What are the concepts most associated with digitalization in waste recycling in
the literature?

RQ2: What are the most-used digital technologies in waste recycling?

RQ3: What types of waste have been subjected to digital recycling in the most signifi-
cant volume over the past decade?

RQ4: What are the digital applications and business models used in digital-based
waste recycling?

The objective of this review is to analyze the existing literature about digitalization in
waste recycling on a global scale. Furthermore, it seeks to identify and examine the various
digital works or applications that have been developed in the field of waste recycling and
to highlight any issues that have been overlooked in previous studies. The objective of this
study is to employ scientific methodology to map the thematic structure of digital waste
management and recycling research as well as related research outputs. Additionally, the
study examines digital applications in waste recycling within the context of the literature
accumulation. The second objective of the study is to identify technology-based themes
within the context of waste management and recycling. It is expected that determining
the seminal works and digital applications in this domain will function as a fundamental
study area for scholars, society, and companies working in the same industry. Gaining
knowledge about waste management advancements and current technology-driven solu-
tions is positive since it opens the door to future research on unresolved challenges and
underappreciated problems. For the economy and development, the effectiveness and high
performance of digital business models or applications that prioritize trash recycling are
crucial. The research questions of this review also aim to demonstrate the levels of aware-
ness and sensitivity regarding waste processing from the past to the present. These research
questions should be explained in published studies in a manner that is both scientifically
rigorous and reliable, to facilitate further research in this field.
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2. Materials and Methods

The primary aim of this review is to analyze the existing literature about digitalization
in waste recycling on a global scale. To achieve this objective, an attempt was made to
identify the answers to the research questions and to map the thematic structures of the
concepts that are the subject of digital applications, and the research outputs related to this.
Based on the integrated literature review methodology, this study uses bibliometric analy-
sis. An integrative review enables a deeper comprehension of a particular phenomenon
and the integration of quantitative and qualitative data [8]. The researcher can receive
a synthesis of relevant data from an integrated literature study, which can also clarify
theoretical frameworks and arrange conceptual structures [9]. In addition to providing the
researcher with a synthesis of relevant data, an integrated literature search can also help
to organize conceptual structures and make theoretical frameworks more transparent [10].
The bibliometric method is selected for its ability to integrate performance analysis tools
and science mapping tools for the comprehensive examination of a research field. This
approach facilitates the identification and visualization of conceptual subdomains, en-
compassing specific topics, themes, and thematic areas, as well as the visualization of the
thematic evolution.

The number of scientific publications has increased markedly in recent years, partic-
ularly over the past decade. These publications encompass a diverse range of formats,
including research articles, reviews, and reports. The condition in question presents a
significant challenge for field researchers. It has highlighted the need for bibliometric
methodologies that employ a range of filtering strategies to provide insights into scien-
tific advancements, the characteristics and structure of the field, and its core research
areas. In comparison with more conventional methodologies such as meta-analysis and
structured literature reviews, the bibliometric approach offers a more substantial and
comprehensive contribution to the subject matter. However, given the time-consuming
nature of meta-analyses and systematic literature reviews, the number of studies that can
be included is restricted [8-12].

In conducting an integrative review, the preferred reporting items for systematic
reviews and meta-analysis (PRISMA) guidelines facilitated the illustration of the choices
made in the inclusion and exclusion of articles to be searched and selected for review [13].
Bibliometric studies provide researchers with a practical tool for identifying the most
compelling studies and mapping the relevant research area without the potential for
subjective bias [14]. The analytical techniques to be employed to address the research
questions have been selected. To answer the research questions, it is necessary to employ
common word analysis and bibliographic matching.

The bibliometric research process comprises the following steps: (1) defining the
research problem; (2) reviewing the literature in line with the stated purpose; (3) selecting
the appropriate database, determining the relevant terms, and establishing inclusion and
exclusion criteria; (4) choosing the most suitable bibliometric method and software for
analyzing the data; (5) gathering and organizing the data in a manner that aligns with
the research question and the chosen bibliometric method; (6) importing the data into the
software and conducting the analysis; (7) visualizing the data, reporting the findings, and
writing the impact and recommendations. To analyze the data, it was first necessary to
load the bibliometric data into the R program Biblioshiny. The analyses were performed
using both the R program version 4.3.1 and the Vosviewer version 1.6.20 [15].

The search strings were formulated to encompass a comprehensive range of the
literature. They were not combined into a single search string, allowing the number of
results for each term to be determined separately. The initial literature searches yielded
989 articles, as illustrated in Figure 1. The papers were filtered to retain only those in the
English language that were journal articles and related to the research field. This process
resulted in a total of 678 publications (see Figure 1).
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Web-based waste recycling
Waste recycling software
Computer-based waste recycling

Smart waste recycling

Search Themes Total
Digitalization in waste recycling
Waste recycling digital tools
Waste recycling mobile applications
Mobile waste recycling
989

Database Search Criteria

[Database Web of Science
Language English
Articles, reviews, proceedings,
Type
book chapters, books
Index SSCI-ESCI-SCI-E

The number of

search terms

Inclusion criteria

Abstract, title, keywords

Year

January 1, 2013-June 30, 2024

Category

All categories

Records screened on the
basis of areas as (n: 678)

Reading the titles and abstracts and

139

non-related articles removed

| ]

Reading all articles and duplicated

172

and non-related articles removed

Full-text publications
assessed for eligibility
(n: 678)

|

Articles and reviews screened on the

basis of titles, abstracts, keywords

(n: 678)

Publications included for
bibliometric analysis
(co—words, co-occurrence and

word cloud analyses)

(n: 678)

!

Total Publications: 989
Final Sample: 678
Total Items: 3769

Total Clusters:8

Findings and Results

Figure 1. PRISMA flowchart.
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2.1. Data Collection for Bibliometric Analysis

The Web of Science is regarded as the most significant data sources globally for
bibliometric analysis, exhibiting greater consistency and standardization in their records
than other databases [16]. The specified time frame encompasses the period between
January 2013 and June 2024. The document type was identified as “articles, proceedings
papers, reviews, book chapters, and books” and the search was conducted across all subject
categories. To ensure the integrity of the data, the analysis focused on articles written in
English and covering all subject categories. A comprehensive review of the literature was
conducted to identify themes and research foci related to waste recycling and digitalization.
After conducting the integrative literature review, the researchers identified the keywords
to be used in the analysis. The sources of literature consulted for each research query or
key theme were identified, as illustrated in Figure 1.

2.2. Data Analysis

This review, which falls under the category of explorer-defining research, employed
the bibliometric approach to examine the academic and scientific output of the field. The
bibliometric approach involves an analysis of the number of scientific publications with
specific parameters for statistical purposes. This study is an analysis of publications on
the topic of digitalization in waste recycling, with a particular focus on the use of datasets
in the research process. Because of the research, the authors determined which keywords
would be employed. The study began with the definition of research terms and how they
are used in the literature. These terms are related to digitalization and waste recycling. All
data from the database using these terms are in Table 1.

Table 1. Main description of the dataset.

Description Results
MAIN INFORMATION ABOUT DATA

Timespan 2013:2024
Sources (journals, books, etc.) 376
Documents 678
Annual growth rate % 25.02
Document average age 3.17
Average citations per doc 21.23
References 29,407
DOCUMENT CONTENTS

Keywords plus (ID) 3769
Author’s keywords (DE) 3769
AUTHORS

Authors 2248
Authors of single-authored docs 28
AUTHORS COLLABORATION

Single-authored docs 38
Co-authors per doc 4.38
International co-authorships % 33.67
DOCUMENT TYPES

Article 501
Book chapter 5

Proceedings paper 172
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According to Table 1, the main information in the research data consists of the annual
growth rate in the area over the past decade and in details from the publications. The annual
production rate of documents has increased by 25.02%. In our analysis of the authors of the
papers, most of the research has been carried out by more than one author. The average
number of authors per document is 2.7, and the international co-authorship rate is 33.67%.
The most prevalent document types in the literature are articles and proceedings.

Annual scientific production is a graph showing the change in the literature from
year to year, as shown in Figure 2. The graph presents a linear increase in the number
of publications over the duration of 2023. A total of 147 publications were produced
in 2023, and this number is expected to decline again in 2024. This is due to the inclusion
of publications in the first eight months of the study. There are 104 publications in 2021,
117 in 2022, and 70 in the first 8 months of 2024.

Articles

20134
o1

20174

2019

4 ~ ~

Year
Figure 2. Annual scientific production.

Figure 3 shows the top ten most-published journals on digitalization in waste manage-
ment and recycling. The most widely published journal is the Journal of Cleaner Production.
Sustainability is ranked second and third is Waste Management. These journals are prominent
in the fields of waste management, recycling, environment, and sustainability.

JOURNAL OF CLEANER PRODUCTION °
SUSTAINABILITY °

WASTE MAMAGEMENT e

JOURNAL OF ENVIRONMENTAL MANAGEMENT @

RESOURCES CONSERVATION AND RECYCLING - - @
WASTE MANAGEMENT |6 RESEARCH — O
ENERGIES e ]
ENERGY . ]

Sources

ENVIRONMENTAL SCIENCE AND POLLUTION RESEARCH a

RECYCLING R |

10 20 30 40
M. of Documents

Figure 3. Most relevant sources.
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Figure 4 lists the top ten most relevant authors according to their publication numbers.
These authors have made significant contributions to the literature in the field of waste
management and recycling.

KURMIAWAN TA
OTHMAN MHD e
GOH HH e
LI 0
g SARC R o
E RAHIMIFARD 5 8]
REUTER MA =
CURTIS A 7}
HOSSAIN R 1 7]
Lz 0
0 5 10 15
M. of Documents
Figure 4. Most relevant authors.
Figure 5 lists the top ten most locally cited authors. Local citations measure how many
times an author (or a document) included in the literature has been cited by the documents.
In terms of the number of citations, Sarc, R. (140) is in the lead, followed by Curtis, A. (132)
and Khoider, K. (122).
SARCR o
CURTIS A e
KHODIER K @
KURNIAWAN TA @
g KANDLEAUER L @
EE LORBER. KE @
POMBERGER R @
OTHMAN MHD @
GOH HH @
BYKOVSKAIA E 165

30 100
Local Citations

Figure 5. Most locally cited authors.

3. Bibliometric Findings
3.1. Word Cloud Analysis

According to R’s word cloud analysis of the Bibliometrix package, Figure 2 shows
the word cloud visually. Word clouds are useful tools for illustrating audience sentiment
on a certain subject, where tags represent single words, and font size or color indicates
their importance.
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According to Figure 6, a word cloud is a visual representation of the most frequently
occurring terms in each corpus of text. These graphical representations, also known as
tag clouds, are designed to highlight the most prevalent words in each text, thus offering
a visual representation of word frequency. The relative size of each word in the visual
representation indicates its frequency of occurrence in the document(s) [17]. The most
concentrated areas of our work are management, sustainability, waste, optimization, tech-
nology, challenges, and municipal solid waste. Words displayed in smaller font sizes
indicate potential future research directions [18]. Smaller terms include electronic waste,
printed circuit boards, business models, cost-benefit analysis, big data, cobalt, China, and
adoption. Word clouds do not just represent word frequency; they can also help explain
relationships between terms.

cosl-benelil-analysis
life-cycle assessment

municipal solid-waste

P T
snlill-wasletech“nm“yenerw policy
frameworkChalleNYes system- ..

nagement

construction = = o < CUBDED
etz o SUStAINADTITY bl o
uumm.mr gsligﬁﬂmwaSIB Sectors-chiorophenol

=193 hehavior

etectronic waste OPUIIMIZANON = ==+
printed-circuit boards Implementation
mechanical-properties

Figure 6. Word cloud of the literature.

3.2. Co-Word Analyses of Digitalization in the Waste Recycling Literature in the Period 2013-2024

The technique of co-word analysis has been employed by numerous researchers to
gain insight into conceptual work across a range of domains [19]. It is a valuable approach
for mapping the degree of association between information items in textual data and
gaining insight into the relationships between concepts within a corpus [20]. It is an
effective method for identifying and analyzing the relationships between various fields
of scientific inquiry [21]. Co-word analysis is also a valuable method for reducing the
number of descriptors (or keywords) in each space and synthesizing them into a network
of graphs that illustrate the most significant correlations between descriptors [22]. Its utility
is particularly evident in a longitudinal framework, which allows us to analyze and track
the evolution of a research field along consecutive time periods [23].

Figure 7 shows that over the past decade, the literature on digitalization in recycling
consists of 3769 keywords, 162 nodes, and 8 clusters. It turns out that the themes of
recycling, waste management, and circular economy have the largest nodes and are
centered on the most important and intense connections on the network. Among the
largest clusters, central recycling is the clustering, which is closely related to recovery.
The themes in the literature include solid waste, food waste, wastewater, valuable metals,
plastic, electronic waste, biomass, fiber, heavy metals, and composites. The themes that
stand out according to the common occurrences because of co-word analysis can be
categorized under three groups.
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Figure 7. Keywords co-occurrence clustering map.

Firstly, smart cities, smart bin, zero waste, circular economy, Industry 4.0, sustain-
ability, supply chain, waste collection, life cycle assessment, climate change, renewable,
optimization, sustainable development, innovation, carbon footprint, and nanoparticles
are the most associated themes in the literature. Secondly, in the literature on digitaliza-
tion in recycling, the main concepts related to digitalization are as follows: digitalization,
internet, IoT, cloud computing, deep learning, blockchain, sensors, 3D printing, ma-
chine learning, genetic algorithm, and artificial intelligence. The last grouping, of waste
types that are most affected by digitalization, consists of: solid waste, municipal solid
wastes, water waste, heavy metals, valuable metals, cellulose, fibers, food waste, con-
struction and demolition waste, plastic waste, e-waste, biomass, printed circuit boards,
and lithium-ion batteries.

4. Discussion and Implications

The bibliometric analysis has revealed that the literature can be classified as com-
prising three distinct dimensions. This classification emerged in accordance with the
scope of the research and studies conducted within the literature. The concepts most
frequently associated with digitalization literature in waste recycling are those that
have the most common formations because of the co-word analysis. These are clas-
sified according to the characteristics and clustering of these concepts. Furthermore,
678 scientific publications comprising the metadata were examined, and web- and
mobile-based applications published in the scientific literature were collated. The
groupings identified as responses to the research questions posed by this study, along
with the comparative analysis of the applications most frequently utilized in waste
recycling within the literature, are presented in Table 2.
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4.1. The Following Themes Are Most Associated with the Waste Recycling and
Digitalization Literature

The field of waste recycling is a rapidly evolving area of study that is closely related
to the concept of the circular economy. The circular economy represents a novel circular
model that has been developed as an alternative to the conventional economic order,
which is based on the traditional “produce, use, dispose” methodology. The objective
of the circular economy model is to reduce the consumption of natural resources and to
obtain economic gain from them. This is achieved by designing products in a reusable
way and by giving importance to recycling and zero-waste practices. Waste management
has become a significant concern within the context of CE, particularly for municipalities,
public institutions, managers, and researchers. The proliferation of the literature on this
topic can be attributed to the integration of eco-design principles in product design within
the scope of zero waste, waste reduction and recycling, and the reduction in greenhouse
gas emissions into the atmosphere. This is done with the dual objective of accelerating
economic growth and preventing environmental disasters. One of the key objectives
of research that links waste recycling with the circular economy is to achieve effective
zero-waste management. Zero waste is a crucial aspect of CE, offering economic benefits
through material savings, waste resale, repurposing of waste in other materials, and
avoidance of environmental damage [24].

Waste recycling is frequently regarded as a means of attaining sustainability
through CE. CE is a comprehensive concept that is promoted as a strategy for sus-
tainable development [25]. Waste represents a significant strategic challenge within
the context of supply chain management. Organizations are seeking to reduce costs
by minimizing all forms of waste within their internal and external supply chains.
The impact of products and services on the environment is becoming an increasingly
important consideration for businesses. This is reflected in the growing number of
national and international laws and regulations governing waste management. The
life cycle assessment (LCA) technique is a valuable tool for identifying the root causes
of environmental issues and enabling decision-makers to enhance the environmental
performance of waste management practices. It is a widely used technique in the waste
management and recycling literature.

The considerable number of innovative initiatives in the field of waste recycling is
notable. It can be asserted that the management and processing of waste is currently
undergoing a complex process of innovation and transformation with the objective of
enhancing the efficiency, profitability and environmental compatibility of the collection,
classification, and recycling of waste. The final stage of this long-distance race, which
is waste management, is treatment. Efficient management is a crucial factor in reducing
the number of landfills, minimizing CO, emissions, saving water and energy, reducing
raw material extraction, and creating sustainable employment, among other benefits. It is
crucial to consider the environmental impacts of alternative waste management strategies
in addition to the socio-economic aspects. A comprehensive policy for sustainable waste
management must take all these factors into account, recognizing that climate change
represents only one element.

To achieve the recycling targets set out in the European Circular Economy Package, it
is necessary for member states to implement a series of measures with the aim of optimiz-
ing national waste management practices in a way that is consistent with the principles
of a circular economy [26]. A comparison of waste management with other industrial
sectors reveals that digitalization and the utilization of robots in the context of the circular
economy and waste management are still in their relatively early stages of development.
However, as digitalization and Industry 4.0 approaches rapidly develop across all sectors,
an increasing number of applications for these technologies is emerging, particularly in
the field of waste management. The incorporation of innovative solutions provides a
means of alleviating waste disposal issues and offers opportunities for the recovery of
resources and the production of renewable energy. To fully realize the potential of recycling
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technologies, it is essential that cooperation between recycling professionals, politicians,
and stakeholders is established to meet the challenges and drive sustainable practices
in the field of waste management. The term “digitalization” describes the use of digital
technology in waste management. This is called “Industry 4.0” because it is the fourth
industrial revolution [26]. This means that more and more modern technology is being
used in local waste management systems [27]. 14.0 technologies help create smart cities,
smart businesses, and smart factories that manage waste smartly [28].

Concurrently with the emergence of new waste management challenges, innova-
tive waste management strategies are being devised through the utilization of advanced
technological tools [29,30]. The significance of these factors in the context of the imple-
mentation of the smart city concept is acknowledged by numerous scientists [31,32].
The implementation of the previously discussed solutions will facilitate more efficient
waste management practices. This will facilitate the preparation of superior-quality raw
materials for recycling.

Waste management has improved a lot recently. This is because we need to reduce
the impact of waste on the environment and make waste management more efficient. The
spectrum of approaches encompasses a diverse range, spanning traditional techniques
such as composting or landfilling to cutting-edge, advanced solutions leveraging the
potential of Internet of Things (IoT) technologies. The concept of “smart cities” represents
a novel approach to urban planning, whereby the use of cutting-edge electronics is
employed to enhance the quality of life for residents while simultaneously safeguarding
the environment from detrimental overgrowth [33]. The significance of these factors
in the context of the implementation of the smart city concept is acknowledged by
numerous scientists [31]. The potential for digital technology to enhance the current
waste management system has been identified by lawmakers, experts, and academics.
This includes the use of smart bins, artificial intelligence for material identification,
and robotic automation. The introduction of these innovations will facilitate a more
computerized future for waste collection, separation, and recycling [3]. The objective of
developing a smart bin is to provide an efficient solution for the management of waste
bins in urban environments. The smart bin is equipped with a range of sensors and
technologies that facilitate more efficient waste management [34].

The implementation of an optimized, technology-enabled waste management solution
has been proven to reduce the potential for global warming and the negative impacts
of climate change. The reduction in carbon emissions can be significantly facilitated by
the streamlining of waste management procedures and the pursuit of a net-zero future.
Over the past few decades, a considerable number of nanoparticles have been created
using a range of techniques and employed in the development of technologies for en-
vironmental applications, including soil and water remediation, water purification, and
the detection of persistent contaminants. There is an increasing focus within the fields of
materials science and engineering on enhancing the sustainability of the procedures used
to produce nanoparticles.

4.2. Prominent Themes Related to Digital Tools in the Waste Recycling and
Digitalization Literature

The second category of instruments utilized in the digitalization process is that of
digital instruments. Recycling studies focus on the digital tools and platforms that have
emerged and gained prominence in the literature because of Industry 4.0 and evolving
technology. The ease and efficiency with which digital platforms match users with offers,
and users who want these offers, means that they play a crucial role in fostering user
interaction [35]. Digital platforms and tools that are designed to reduce food waste are
conceptualized as two-sided marketplaces with the principal objective of facilitating connec-
tions between retailers and consumers [36]. In the future, the process of digitalization will
facilitate the fulfilment of electronic invoices, the elimination of paperless orders, and the
utilization of service portals [37]. To realize the full potential of the industry 4.0 movement,
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a plethora of technologies must work in concert, including cloud computing, mobile tech-
nologies, blockchain, artificial intelligence (Al), big data and analytics, and cyber-physical
systems [38,39]. Additionally, the designation “4.0” was derived from the recognition that
the impact of drivers and technologies within the 14.0 context has been evaluated across
numerous industrial sectors. Moreover, the potential of deep-learning applications in waste
collection, transportation, and final cleaning was investigated [30].

The digitalization of waste management provides access to safe and affordable drink-
ing water and sanitation, which are essential for sustainable development [3]. Digitalization
helps the transition to a low-carbon economy. It encompasses a range of factors, including
energy and resource efficiency, digital infrastructure, and the utilization of renewable en-
ergy sources [40]. Al robotics, IoT, and blockchain make it easier to recycle and track waste
from collection to treatment. This means waste management can be fully digitalized and
linked to Industry 4.0, offering solutions that increase control, efficiency, and profit and
optimize all stages in the process.

Artificial intelligence is important for creating new ways of managing waste. This is
especially true when we think about the social, economic, and environmental factors [41].
Artificial intelligence is important for waste management, especially for recycling. Waste
management should be considered when examining problems in different areas and sectors,
including smart cities.

The Internet of Things (IoT) lets us monitor, collect, and analyze data in real time.
This helps us to improve waste collection and reduce inefficiency. Machine vision and Al
can identify the materials. Further research could investigate the potential for utilizing
robots and blockchain technology in the context of waste management, particularly in
conjunction with digitalization [3]. The application of robot technology for the classification
of specific waste materials could help to increase current recycling rates and reach the
requested rates [26]. Sensing helps collect and produce data in Industry 4.0 such as up-to-
date information on where waste is produced and what it is made of. Artificial intelligence,
especially chatbots, could help solve waste problems in the context of the circular economy.
A chatbot is a computer program that can talk to people like a human, usually through
text or voice [42].

4.3. The Types of Waste Most Relevant to the Waste Recycling and Digitalization Literature

The third group, formed because of bibliometric analysis, comprises the types of waste
that are subject to recycling. The most prominent of these are the types of waste that are
perceived as problematic on a global scale. “Solid waste” is the unwanted solid material
created by humans in homes, workplaces, and shops. The issue of solid waste has been
the subject of considerable attention in recent years, particularly in developing countries,
in the context of efforts to promote sustainable development. The term “municipal solid
waste” (MSW) encompasses a range of waste materials, including household waste, non-
hazardous industrial waste, and biodegradable materials such as food waste, leaves, and
wood. The generation of municipal solid waste is increasing because of rapid population
growth, rising levels of economic development and industrialization, urbanization, and
an escalating consumption trend within society [42]. It is for this reason that it is widely
included in the literature. Municipal waste is just one of the waste types and requires
significant investment in technology research (material, energy, chemical recycling), access,
and information to significantly reduce its production share. However, there is much that
can be done by an individual; therefore, it is possible to gain new knowledge through
information and to reach assistive technology in reducing waste production. The recovery
of materials (recycling) represents a single avenue through which municipal waste can be
repurposed to produce new products, compost, or biofuels [43]. It is possible to recycle or
recover municipal waste [27]. An additional option for the management of these materials
is thermal conversion in incinerators [44], which can be combined with energy recovery.
The best way to get rid of waste is to put it in a landfill. All these methods affect the
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environment. But the best ways to manage waste are recycling and recovery. These can
make useful products from waste.

The contamination of soil with heavy metals has emerged as a significant concern
for agricultural scientists, particularly considering the advancements made in the field of
agricultural product safety. Heavy metals, including lead, mercury, cadmium, and copper,
are recognized as mass poisons, environmental hazards, and highly toxic substances.
Heavy metals represent one of the most pervasive and detrimental types of pollutants in
the environment. The recovery of precious metals from solid waste is an environmentally
beneficial process that allows for the utilization of waste with high added value. E-waste
presents a duality, serving as both a potential source of valuable materials, including gold,
silver, copper, and rare earth metals, and a challenge to the environment.

Agro-industrial waste is a byproduct of agro-based industries, which are typically
rich in lignocellulosic materials and bioactive compounds. Cellulose is one of the most
prevalent natural resources in the natural world. Cellulose is the primary component of
plant cell walls, and its widespread occurrence makes it a potentially valuable product.
Cellulose can be extracted from a variety of agricultural byproducts, including pea pods,
rice straw, cucumber peels, eggplant stalks, and coconut shells. Significant research has
been conducted with the objective of recovering usable compounds from these wastes.
The economic and cultural importance of agricultural waste fibers is evidenced by their
utilization as building materials, decorative products, and versatile raw materials on a
global scale. Agricultural waste fibers are a highly promising material for use in composites.
They offer several key advantages, including high strength, an environmentally friendly
structure, low cost, availability, and sustainability. The issue of agricultural waste represents
a significant challenge for the protection of the global environment. The recycling of
waste fibers not only renders cement composites more cost-effective and durable, but also
facilitates the reduction in pollution. Agricultural and plantation wastes are regarded as
prospective and suitable materials for meeting the rising demand for renewable resources.
Biomass material represents a significant alternative material source for the manufacture of
bio-composite products.

Food waste is a growing problem. It harms the environment, economy, and society.
This makes it harder to sustain our planet [45,46]. The food sector is responsible for
about a third of all greenhouse gas emissions in the EU. More food-sharing models are
being developed to solve food waste [47]. Digital platforms match users with offers.
Digital platforms let grocery stores share last-minute discounts with consumers. This
helps stores attract more customers and connect with local shoppers. It also helps solve
the problem of information asymmetry. Digital platforms for reducing food waste are
two-sided marketplaces connecting stores and consumers.

Construction and demolition waste is a big problem around the world. There is a lot
more of it than there used to be. Construction and demolition waste is one of the world’s
largest sources of solid waste. About 90% of C&DW comes from demolished concrete,
bricks, and masonry. The rest comes from construction waste [48].

The term “e-waste” is used to describe electronic devices that have reached the
end of their effective use, including computers, mobile phones, and other electronic
equipment [49,50]. When these devices are discarded, their components can become a
significant source of environmental contamination, gradually seeping into the soil and
harming the atmosphere [51]. The growing quantity of electronic waste (e-waste) has
resulted in considerable burdens on society and the environment, particularly regarding
waste printed circuit boards, which play a pivotal role in electronics manufacturing. Printed
circuit boards represent a significant technological waste stream within the electronics in-
dustry. The complexity of their composition, comprising a multitude of materials and
components, poses a significant challenge to recycling, making it both costly and difficult to
process. Printed circuit boards constitute the foundation of the electronics industry and are
regarded as the most valuable and intricate components of waste electrical and electronic
equipment streams.
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Lithium-ion batteries represent a rapidly growing industry, as they are a source of
numerous valuable materials and are integral to meeting the rising demand for metals
and achieving a sustainable circular economy:. It is inadvisable to dispose of lithium-ion
batteries and devices containing them in household waste or recycling bins. Given that
manufacturers require access to strategic items and critical materials to produce electric ve-
hicles, used batteries may also present an opportunity. The recycling of lithium-ion batteries
from electric vehicles could provide a valuable source of secondary materials. Plastics are
used in many fields, including agriculture, medicine, electronics, packaging, transportation,
aviation, and more [52]. The global community faces a big challenge in managing plastic
waste. There is a global consensus that we need to control plastic waste [53-56].

Finally, wastewater contains a variety of potentially harmful materials originating from
diverse sources, including sewage, industrial and commercial waste, agricultural waste,
and more. These materials can be characterized by their physical appearance, chemical
composition, and load of microorganisms.

4.4. Digital Applications Used in Digital-Based Waste Recycling

This research emphasizes the growing importance of digital technology in promoting
environmentally friendly business practices. The study presents a compilation of digital ap-
plications, developed to address the issue of waste recycling, which have been incorporated
into databases (Table 2). Digital apps are the solution for accelerating the registration, track-
ing, and reporting process during waste collection. The barcode reader feature integrated
into these apps makes them the ideal choice for streamlining this process. The process of
digitalization has the potential to enhance the efficiency of waste collection by enabling
the prompt identification of waste types, quantities, and owners. This can be achieved
through the utilization of mobile phone barcode scanning, which obviates the necessity for
face-to-face interactions during the prevailing period of physical and social distancing [57].
While enhanced sorting procedures enhance the quality of recyclable fractions and reduce
residual waste, the advent of the digital age has necessitated the digitalization of the waste
sector. This has enabled market participants to interact online via digital platforms, thus
facilitating the transfer of data and information. Furthermore, the digitalization of the
waste recycling sector has the potential to completely transform the waste management
industry, resulting in significant social upheaval and offering the prospect of environmental
and economic benefits [58]. Web-based and mobile applications designed to reduce food
waste can be classified into two principal categories: those concerned with food redis-
tribution and those concerned with the management of food within the household [59].
A variety of food redistribution applications have been developed with the objective of
preventing food waste by redirecting it toward those who require it. These applications
encompass sale-to-purchase, peer-to-peer sharing, and donation models [47]. A new way
of managing waste is being introduced. It is called “Internet + Recycling”, and this allows
people to arrange online to have their waste collected. It is thought that this could help
to make it easier for people to dispose of their waste [60]. “Internet + Recycling” is an
online platform for individuals and recycling experts to make appointments for local waste
collection or trade.
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Table 2. Digital applications for waste recycling.

No App. Name Type Publication Type Cites User Type of Waste Country Usage Status and Descriptives
Al-based /web- Municipal solid One of the most widely used social
1 Aibolv based /mobile Article [60] Individual users waste /household China networking applications globally, with over
app/mini program food waste 963 million active users per month [61].
The design and preliminary
Supporting better recyclin Municipal solid implementation of a mobile application for
2 Wasteapp Android application Proceeding [62] b pporting YIS waste/household Italy the support of waste recycling, based on
ehavior for users i .
food waste the principles of user-centered design, for
use on mobile phones and tablets [62].
The system enables the implementation of
a circular economy through the utilization
. Municipal solid of waste recycling and the development of
3 Ecowaste IOT;’? sed pll.atft(? rm and Proceeding [63] Fogvcxlr'aste pickers waste/household Brazil enhanced logistics systems. The Internet of
mobrie apphication and dispensers food waste Things (IoT) platform facilitates the
interconnection of waste pickers
and dispensers.
The chatbot has the potential to enhance and
Municipal solid optimize waste Cf)lle.ction procedures
4 Imillionbot IoT-based chatbot Article [41]  For all citizens waste/household Spain ﬂgoggh the app }1cat101.1 of Al tgchnology,
food waste offering users tailored mforma'hon and
pragmatic guidance to streamline
the process.
.. . The system helps users identify items for
. . For users’ local needs Muniicipal solid recyc]}j]ng. It edgcates users abiyut recycling’s
5 Litterbot IoT-based chatbot Article [41] . waste/household USA . .
and regulations food waste environmental impact and encourages
sustainable waste management.
The application employs the geographical
positioning system (GPS) to determine the
location of the waste, and users can transmit
photographic documentation of the waste in
question. The chatbot guides users through
GOA Plastic a series of predetermined questions to elicit
6 Waste Chatbot ToT-based chatbot Article [41] For users Plastic waste India the necessary information. The source

further stated that, although alternative
applications exist for addressing similar
issues, users are not required to download
additional software, thereby conserving
valuable storage space on their mobile
devices, due to the chatbot’s functionality.
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Table 2. Cont.

No

App. Name

Type

Publication Type

Cites

User

Type of Waste

Country

Usage Status and Descriptives

No Waste Ukraine

Web-based chatbot

Article

[41]

For municipal
recycling system

Municipal solid waste

Ukraine

The chatbot has been developed with the
objective of being user-friendly and
intuitive, with the aim of assisting users in
comprehending the fundamentals of waste
management. It provides prompt advice
on waste sorting, the location of the
nearest waste disposal station, and
information regarding its operating hours.

SCC Chatbot

IoT-based chatbot

Article

[41]

For users

Garbage waste

United Kingdom

SCC has introduced an intelligent chatbot
service that employs natural language
processing to convert spoken queries into
text, thereby facilitating the efficient and
effective handling of customer inquiries.

Bota

Mobile application

Proceeding

[64]

Individual users

Improper disposal waste

Canada

The design of the application was
informed by an iterative design process,
which commenced with a review of
existing applications in the field of waste
management. The objective of this process
was to develop an application that would
promote environmental awareness.

10

Beeco

Mobile application

Proceeding

[65]

Children

Garbage disposal

Malaysia

The design of the application was
informed by an iterative design process,
which commenced with a review of
existing applications in the field of waste
management. The objective of this process
was to develop an application that would
serve to promote

environmental awareness.

11

RecycHongs

Mobile application

Proceeding

[66]

Hong Kong residents

Food, paper, and textile.

The second one covers

metal, glass, and plastic.

The third category

contains poisons, oil, and

biohazardous waste.

Hong Kong

The case of RecycHongs illustrates how a
smart city can facilitate collective action
among its citizens through the
implementation of recycling initiatives.
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Table 2. Cont.

App. Name

Type

Publication Type

Cites

User

Type of Waste

Country

Usage Status and Descriptives

12

Seva

Mobile application

Proceeding

[67]

Suppliers and consumers

Food waste

USA

The platform enables users to visualize the
food resources available in their local area,
thereby facilitating access to food and
addressing two significant issues: hunger
and food waste.

13

Flashfood

Mobile application

Proceeding

[67]

Suppliers and consumers

Food waste

USA and Canada

The sale of foods approaching their
expiration dates at a discounted price allows
retailers to guarantee the sale of these items
in a relatively short period of time.

14

Food for All

Mobile application

Proceeding

[67]

Suppliers and consumers

Food waste

Boston and
NYC areas

This application facilitates connections
between restaurants and users, enabling the
purchase of discounted meals for personal
consumption or donation to those in need.

15

Perazuhan

Mobile application

Proceeding

[68]

Household members

Solid wastes

Philippines

This technologically driven approach
provides a viable and accessible method
for the sale of recyclable materials,
including bottles, newspapers, paper, and
plastics, to junk shops.

16

OLIO

Mobile application

Article

[69]

Organizations
and consumers

Food waste

UK.

The app is a free resource that facilitates
connections between neighbors and local
businesses, enabling the sharing of surplus
food rather than its disposal.

17

Foodsaveshare

Mobile application

Article

[70]

Chain markets
and consumers

Household food waste

Greece

It has the potential to significantly reduce
household food waste.

18

Mysuscof

Mobile application

Article

[71]

Organizations
and consumers

Household food waste

Europe

The objective of the app is to assist
consumers in reducing the amount of food
waste they generate.

19

Eatchafood

Mobile application

Proceeding

[72]

For all members
of a household

Household food waste

Australia

The eatchafood mobile application has
been developed with the objective of
encouraging users to consume their food
items prior to their expiration dates.
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Table 2. Cont.

No App. Name

Type

Publication Type

Cites

User

Type of Waste

Country

Usage Status and Descriptives

21  Relix

Mobile application

Article

[74]

Waste pickers

Recyclable waste

Northeast Brazil

The initiative fosters the practice of
recycling and facilitates communication
between the local population and waste
pickers through the utilization of a
mobile application.

20  Compostnet

Mobile application

Proceeding

[73]

For all members
of a household

Meal waste

USA

The system categorizes the types of waste
produced after eating a meal, which can be
used in apps to encourage users to sort
waste correctly.

22  Emetsi

Mobile and
website applications

Article

[75]

The samplers, laboratory
technicians, and client

Solid waste

South Africa

It is conceivable that emetsi and ML-GUI
could be employed in other sectors,
including municipal wastewater treatment
plants, water resource management,

and agriculture.

23 Foodreduction app

Android
mobile application

Proceeding

[76]

Restaurants and
unfortunate people

Food waste

United Arab
Emirates

This application is designed to facilitate a
mutually beneficial relationship between the
restaurant and the less fortunate members of
society. Rather than discarding food, these
individuals will be able to collect it from the
restaurant at the end of the day.

24  WM-HAS

Mobile and
website applications

Proceeding

[77]

All stakeholders (waste
generators, pickers,
collectors, and recyclers)

All kinds of waste

Nigeria

The Waste Management and Hazard Alert
System (WM-HAS) web application
represents a novel business model that
facilitates seamless participation in the
waste management ecosystem

for all stakeholders.

25  Foodscover

Mobile application

Proceeding

[78]

Retail sector

Food waste

Singapore

The Foodscover application provides a
digital marketplace for consumers to
source from retailers’ food items that are at
risk of being discarded and to purchase
these items at discounted prices.

26 Spoonful

Mobile application

Proceeding

[79]

For all members
of a household

Household food waste

Indonesia

This mobile application is designed to
influence human consumption behavior.
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Table 2. Cont.

App. Name Type

Publication Type

Cites

User

Type of Waste

Country

Usage Status and Descriptives

27

Mobile and

Foodernity website applications

Proceeding

[80]

Donors and people
in need.

Food waste

Philippines

The objective is to reduce food waste by
redistributing surplus food in a socially
responsible manner and to facilitate
connections between food donors and
beneficiaries through donations.

28

Mobile and

oodwise website applications

Proceeding

[81]

University campus

Food waste

China

The system consists of a mobile web
application that encourages users to
document their actions with the objective
of reducing food waste. It also provides
incentives to those who actively participate
in this process. In addition, it comprises a
data storytelling dashboard that presents
information on food waste from university
canteens in a graphical format.

29

Mobile and

Dumpster website applications

Proceeding

[82]

The farmers and
all stakeholders

Agricultural waste

India

The principal objective of this smartphone
application is to facilitate the
transportation of waste materials and to
act as an intermediary between farmers
and other relevant parties who require
agricultural waste for productive purposes.
This is done to prevent farmers from
incinerating their agricultural waste.

30

Mobile and

Recycling website applications

Proceeding

[83]

Generators and recyclers

All kinds of waste

Peru

The application is designed to meet the
needs of its users, facilitating more
effective waste segregation using a barcode
scanner integrated into the

Android interface.
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As illustrated in Table 2, a review of the literature reveals that digital applications for
waste recycling have proliferated in the last decade. These applications, which systematize
and organize waste recycling, are experiencing a rapid increase in usage across the globe.
A total of 678 publications related to digital waste recycling were identified through a
manual search and review process conducted in chronological order between 2013 and
2024. These publications were selected based on specific research criteria and are listed in
Table 1. The list includes only those publications that were designed or developed using
scientific and reliable methods for waste recycling. Most of these applications have been
developed within the last five years and are web- and mobile-based. It is evident that the
literature on these applications primarily comprises highly current articles and conference
proceedings. Most of these conference proceedings focus on food and household food
waste. In addition to these waste materials, most applications developed to facilitate the
classification and recycling of garbage wastes are designed to do so. The applications
developed are typically confined to a specific locality or country. The applications that
have the greatest potential for global reach are those developed for the USA and Europe.
Furthermore, it is evident that applications are being developed in China and India, the
countries with the largest populations globally, and that new digital applications are
still being created. It can be posited that the collective objective of these applications,
derived from the extant literature, is to facilitate access to these wastes, irrespective of
their classification, and to guarantee both economic advancement and that those in need
derive benefit from the wastes. A multitude of applications have been developed with the
objective of preventing food waste and donating food to those in need. The recycling of
municipal solid waste represents a significant global challenge. The utilization of digital
applications, developed with the aid of digital tools and the convenience afforded by the
advent of technology and internet access, has become a prevalent means of addressing
this issue. The applications under consideration in this study are those that have been the
subject of scientific activities and publications and have been developed in accordance with
scientific and systematic methods.

The development and implementation of these applications based on scientific foun-
dations provides benefits to waste owners, recyclers, and those who need waste and
generate commercial income from waste. The development of these applications with a
well-designed system infrastructure is important for the continuity and sustainability of
the applications. There is a growing need for applications that have been studied and
developed according to the needs of the target audience across the globe. The level of
importance that each country ascribes to waste can be gauged by the degree of emphasis
they place on digitalization in recycling. The successful application of recycling techniques
will inform the development of applications to meet future needs. It is for this reason that
applications that have reached a significant level of success in the field of waste recycling
serve as a useful point of reference and exemplar. Limiting the applications to a single
region can reduce transportation and accessibility costs, as the waste is confined to that
region. Plastic and electronic waste, which present a global challenge, require support from
political and administrative bodies rather than individual applications. It can be observed
that the parties responsible for developing applications vary according to the quantity and
type of waste. While the objective of each application may differ, the scope of access is
expanding in applications designed for the disposal of all wastes.

5. Conclusions and Future Directions

The management and recycling of waste materials represents a significant challenge in
both developed and developing countries. The conventional methods of waste collection
have proven to be inadequate and financially burdensome [6]. The most efficacious method
for resolving this considerable quantity of waste is to employ technology and digital tools
that have been developed in conjunction with technology. The existing literature on the
digitalization of waste recycling over the past decade has elucidated the pivotal role of
digital tools, particularly those utilizing artificial intelligence. This literature review reveals
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which types of waste present the greatest challenges and which digital technologies are used
for waste recycling. In line with this, the most frequently occurring themes in the literature
are smart cities, smart bins, zero waste, circular economy, Industry 4.0, sustainability,
supply chain, waste collection, life climate change, renewable, optimization, and sustainable
development. Secondly, the literature on digitalization in records covers the following areas:
digitalization, the internet, IoT, cloud computing, deep learning, blockchain, sensors, 3D
printing, and Al The waste materials most affected by digitalization are biomass, printed
circuit boards, and lithium-ion batteries.

It is crucial to develop and expand artificial intelligence-based mobile and web applica-
tions to prevent the further contamination of waste and to facilitate access to those who can
benefit from its reuse. Additionally, such applications can be utilized to ensure that waste
materials gain economic value [77-83]. In this paper, web-based and mobile applications
developed for this purpose were compiled. These applications are of critical importance
for each country. Countries that have recognized the gravity of the issue are striving for
success and efficiency in waste recycling with a multitude of analogous applications. In
addition to the practices outlined in this study, there are numerous non-governmental
organizations, nonprofit individuals, and smaller local units. This review is in alignment
with the findings of previous studies that have demonstrated the efficacy of the circular
economy (CE) approach, which emphasizes the utilization and preservation of resources
for an extended period through the utilization of information technology (IT) applications
within the context of smart city infrastructure [41]. The CE has emerged as a pivotal con-
cept in recent years, with the objective of ensuring sustainable urban development. As
urban centers experience an increase in waste volumes, the necessity for sustainable waste
management practices has become a pivotal aspect of the ecological resilience of smart
cities (see [41,63,67,83]).

In the future, following the completion of this review, it will be possible to devise a
long-term plan for the creation of an eco-design of plastics. This will facilitate the develop-
ment of waste management and energy production as well as the utilization and recycling
of developing technologies, which are collectively referred to as recycling technologies. The
development of a more resilient and sustainable waste management system is contingent
upon the implementation of a range of strategies, including the advancement of recycling
technology, the establishment of zero-waste policies, the development of intelligent waste
management systems, the promotion of a circular economy, and the expansion of vol-
unteerism. The construction of a cleaner, healthier, and more sustainable environment
necessitates the utilization of innovative approaches and collaborative efforts to facilitate
the advancement toward a sustainable future. Furthermore, it is imperative to address the
issue of waste management.

Given the objective of this review, which is to analyze the orientation of scientific
production and accumulation, the data were collected from the scientific database WOS
due to its reliability and standardization. Also, since WOS is a very large database, other
databases were not examined. Other databases are planned to be examined in the future.
Since this article is a large and comprehensive study, further reviews are concluded.
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