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Abstract: The desire to balance environmental sustainability and food security is causing a significant
upheaval in the agricultural sector. This study investigated how prepared stakeholders are to embrace
agriculture in Industry 4.0, which integrates green, intelligent, and sustainable technologies like
blockchain, IoT, and AI. Although these advances promise increased resilience and efficiency, they
present significant obstacles to implementation, such as inadequate infrastructure, socioeconomic
inequality, and a lack of technology awareness. This study highlights these technologies' theoretical
and managerial implications and finds critical gaps using bibliometric and thematic analysis. To
overcome adoption obstacles, it emphasizes the significance of inclusive policies, strategic alliances,
and capacity-building programs. The study concludes that these impediments must be addressed to
secure food systems for future generations and align agriculture with global sustainability goals.
Longitudinal studies, stakeholder-centric methodologies, and investigating emergent technology
synergies are among the suggestions for future research.

Keywords: artificial intelligence; machine learning; industry 4.0; smart manufacturing; green
intelligence; sustainable manufacturing; agriculture; bibliometric analysis

1. Introduction

With the help of Artificial Intelligence (Al), Machine Learning (ML), and Internet of Things (IoT)
technologies, the agriculture sector is developing, increasing productivity while maintaining
environmental sustainability. These innovations enhance food security and resource efficiency and
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make accurate decision-making possible [1]. Agriculture 4.0 plays a crucial role in transforming
conventional farming into more sustainable and environmentally friendly systems. By leveraging
advanced technologies such as Al IoT, and big data analytics, Agriculture 4.0 enhances precision in
resource management, reducing water usage, minimizing chemical inputs, and lowering greenhouse
gas emissions. These improvements contribute directly to global sustainability goals and help mitigate
the environmental impact of agriculture, which is one of the largest contributors to land degradation
and climate change [2,3]. As they tackle important issues like resource optimization and climate
change mitigation, green, intelligent, and sustainable manufacturing systems have grown in
popularity [4]. By incorporating digital tools and promoting a circular economy, implementing these
technologies in agriculture, often referred to as Agriculture 4.0, is anticipated to completely transform
the sector [5]. Machine learning has been effectively utilized for pesticide residue detection through
advanced spectral and chemometric methods, enabling accurate and rapid food safety
assessments [6,7]. Additionally, Al-driven models have shown strong performance in the classification
and quality evaluation of agricultural products, contributing to improved efficiency in agricultural
processing and monitoring [8]. The willingness of stakeholders to embrace such systems is still a major
worry despite these developments. The rate of adoption can be affected by variables like infrastructure
constraints, economic viability, and technology literacy [9]. For example, policy gaps and resource
limitations frequently make it difficult for low- and middle-income nations to acquire these
advances [10]. Furthermore, maintaining the broad adoption of sustainable agriculture practices
requires tackling socioeconomic gaps and promoting inclusivity [11].

Assessing farmers, policymakers, and industry leaders’ readiness to adopt and integrate green
technologies into current agricultural frameworks is crucial in meeting the demands of a growing
population and achieving global sustainability goals [12]. To identify best practices and remove
obstacles, stakeholders must collaborate and conduct thorough research, which will pave the way for
a resilient and technology-driven agricultural sector [13].

This study is driven by the pressing need to address the economic, social, and environmental
issues that the agriculture industry is currently confronting. The growing global population has
increased food needs, putting agricultural systems under previously unheard-of strain. Sustainable
practices must be implemented simultaneously with environmental issues like resource depletion and
climate change. To create solutions that support these two imperatives, it is essential to comprehend
stakeholder preparedness to adapt agriculture to Industry 4.0. Additionally, a significant challenge lies
in the misalignment between existing environmental regulations and current technological capabilities.
For instance, while electric agricultural vehicles are seen as a clean energy solution, they remain
constrained by limited range and inadequate charging infrastructure, particularly in rural areas [14].
These gaps highlight the urgent need for closer collaboration among policymakers, researchers, and
industry to align technology development with regulatory frameworks.

The following are the study's main goals:

e To determine whether farmers, legislators, and business executives are prepared to embrace
intelligent, sustainable, and green manufacturing technology.

e To determine the main obstacles to the adoption of agriculture 4.0 technology, with an
emphasis on policy gaps and infrastructural and socioeconomic concerns.

e To offer practical suggestions for improving the uptake of sustainable practices, with a focus
on strategic partnerships, inclusivity, and capacity building.
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2. Methodology
2.1. Bibliometric approach

In contrast to meta-analysis, which synthesizes findings from various studies, and systematic
literature reviews, which offer thorough summaries of existing knowledge, bibliometric analysis
emphasizes quantitative assessments of thematic and relational aspects within the literature [15].
Bibliometric analysis is a well-known and rigorous method for methodically investigating large
collections of scientific literature. This approach enables researchers to explore the development of
specific research domains, identify emerging trends, and assess the relationships between studies [16].
For bibliometric mapping and visualization, VOSviewer was utilized due to its proven effectiveness
in illustrating author collaborations, keyword co-occurrences, and citation relationships, as supported
by recent research [17]. This study will apply two analyses, as shown below.

2.1.1.  Bibliographic coupling

Bibliographic coupling illuminates the conceptual similarities between investigations by
revealing shared references among research papers. By enabling the examination of recent papers,
including those with fewer citations, this method offers a more comprehensive perspective of emerging
research trends [18]. Bibliographic coupling captures more distinctive information than co-citation or
direct citation [19].

2.1.2.  Co-word analysis

Co-word network analysis is a bibliometric method that uses article keywords to objectively find
research themes [20]. Co-word analysis has shown that academic interest in Al was gradually moving
from problem domain—specific Al to organization-specific Al. Citation data determines the most
significant (cited) authors, (cited) publications, journals, organizations, and nations [21]. The
visualizations formed by VOSviewer in this study are mainly those from co-word analysis and
bibliographic coupling performance as suggestion graphs by representative nodes such as keywords or
publications, and edges representing the strength of their associations. While some studies use machine
learning algorithms like clustering or neural networks to calculate the weight of such links, these
approaches often involve complex training data and may decrease interpretability. Instead, this study
uses association graphs for their clarity, transparency, and compatibility with expert-guided analysis,
aligning with former bibliometric research [22,23]. Nonetheless, future work would benefit from
incorporating machine learning techniques to improve automation and uncover latent patterns in
bibliographic networks [24].

2.2. Research design and data collection procedure

We used the search string below to find papers containing pertinent keywords (Table 1). The
literature, synonyms, and thesaurus are used to determine the search query related to green intelligence
and sustainable manufacturing in agriculture. The topic search option was used to search the Scopus
database. This option searches publications for keywords in the abstract, title, and authors' names.
Furthermore, this analysis only includes journal articles; it excludes conference proceedings, books,
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book chapters, and editorials. Limiting the study to journal articles exclusively ensures the caliber of
peer-reviewed studies that are part of the science mapping analysis [25].

Litcraturc Scarch

Data Screening

Bibliographic

Coupling
VOSviewer » Interpretation
Co-Word
Analysis
Clustering ol Théiies
h 4
Findings

Figure 1. Flowchart of the research.

The flowchart in Figure 1 describes the systematic methodology applied for research analysis. It
starts with an inclusive literature search, where relevant existing studies are identified and aggregated.
Following this, data screening is executed to determine the quality and importance of the literature.
The analysis employs VOSviewer, a specialized software tool designed for visualizing bibliometric
networks, enabling the formation of visual representations that explain the relationships among
research papers. Two critical techniques are utilized: bibliographic coupling, which classifies
interconnectedness between papers based on shared references, and co-word analysis, which
investigates the occurrence of keywords to disclose current trends within the research domain. The
outcomes of these analyses conclude in clustering, where related papers or themes are grouped
according to identified similarities. This methodological process eventually leads to the extraction of
themes, representing the principal ideas that develop from the clustered data. Finally, these themes are
subjected to interpretation, leading to resilient, meaningful conclusions based on the entire findings of
the research.
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Table 1. Search string used throughout the study.

No Keywords Justification

1 (“Artificial intelligence” OR “AI” OR “Machine To identify literature related to green,
learning” OR “ML” OR “Robotics” OR intelligent, and sustainable
“Industry 4.0” OR “smart industry” OR manufacturing

“innovative renewable energy technologies” OR
“green intelligence” OR “sustainable
manufacturing” OR “machine learning” OR
“advanced robotics” OR “automation smart
manufacturing”)

2 (“smart agriculture”) To identify literature related to smart
agriculture
3 (“readiness” OR “preparedness’) To identify literature related to the

readiness of organizations for green
intelligence and sustainable
manufacturing

Source: Authors’ own creation/own work
3. Findings and discussion

The search focused on adaptive human-centered production systems using green intelligence and
agriculture alongside Al and [oT. ML algorithms analyze vast [oT data in real time, enabling predictive
maintenance and efficient resource allocation. This supports sustainable manufacturing in the
agriculture sector.

3.1. Bibliographic coupling

48 documents out of 504 achieved the 42-citation criterion in the bibliographic coupling. These
48 papers resulted in five clusters. Through a series of studies, the threshold was determined until the
network visualization generated the most dependable and appropriate number of clusters for further
reading. Several tests were applied before the most stable map was produced on the threshold. Because
bibliographic coupling considers the link of the citing publication, the publication's total liking strength
(TLS) is the value of interest. According to total link strength (TLS), the top three documents were
Allioui & Mourdi (72 TLS) [26], Samizadeh Nikoui et al. (2021) (67 TLS) [27], and Rejeb et al.
(2022) (64 TLS) [5]. The top 10 bibliographic coupling documents emphasize the connections between
documents, as shown in Table 2. The importance of these papers in the network is indicated by their
TLS, where higher TLS values denote more central or significant articles.

AIMS Environmental Science Volume 12, Issue 4, 682—702.
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Table 2. Top 10 documents in bibliographic coupling analysis.

Rank Publication

Scope Citation Total link strength

1. [26]
2. [27]
3. [5]

4. [28]
5. [29]
6. [30]
7. [31]
8. [32]
9. [33]
10.  [34]

A thorough analysis of the Internet of Things
full potential for improved financial stability and 167
growth.

A comprehensive analysis of the issues

associated with Internet of Things architecture.

A bibliometric analysis and research plan on the
relationship between agriculture and the Internet 59
of Things.

Defining the Emerging Trends, Difficulties, and

Opportunities of the Agriculture 4.0 Landscape. 154
Arable farming and the Internet of Things:
Implementation, uses, difficulties, and 50
possibilities.

An In-Depth Review of [oT Architecture: Core
Technologies, Middleware Frameworks, and 60

Fog/Edge Computing Integration

A comprehensive survey of the literature on
agriculture 4.0 and the digitization of the 154
agricultural sector.

Smart farming technological revolutions: current

developments, obstacles, and prospects. 254
An outline of agricultural 4.0 development: a
methodical examination of the technologies, 216
descriptions, obstacles, benefits, and drawbacks

A Review of Agriculture 4.0: Digital

Transformation for a Sustainable Future 123

72

67

64

63

67

18

63

45

36

35

Source: Authors’ own creation/own work.
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Figure 2. Bibliographic coupling. Source: Authors’ own creation/own work.

Figure 2 illustrates the bibliographic coupling metrics, specifically showing the number of
citations and total link strength for the top ten items analyzed. The network visualization of
bibliographic coupling is shown in Figure 3, showing that the five groups are unrelated to one another.
Reexamining representative articles within the clusters and synthesizing them based on shared themes
and research streams is how the clusters are identified using inductive interpretation.
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Figure 3. Bibliographic coupling. Source: Authors’ own creation/own work.
Cluster 1 (Red): Technological innovations and challenges in agriculture and Industry 4.0

The growth of IoT technology has significantly impacted agriculture, but a complete grasp of its
benefits is still emerging, pointing out how it affects important resources like water, soil, and
technology infrastructures while laying the groundwork for further studies [5]. Agriculture 4.0
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technologies, advantages, disadvantages, and barriers across technological, economic, political, social,
and environmental dimensions have been systematically reviewed [33]. Al IoT, blockchain, and
robotics are disruptive technologies transforming industries as part of Industry 4.0. Important
industries are undergoing major changes, including logistics, healthcare, agriculture, and
education [35]. Blockchain technology enhances agricultural supply chains by enabling efficient
information exchange and product tracking through tools like smart contracts and IoT [36].
Nanotechnology can potentially revolutionize the food and agriculture sectors by providing exact
molecular control. It can be used to improve biosensors, improve nutrition, preserve food, and replace
conventional fertilizers and pesticides [37]. Production systems are changing because Industry 4.0
forces businesses to innovate their procedures and business plans. However, neglecting change
management elements is the reason many digital transformation projects fail. According to an analysis
of current models, successful transitions require a greater emphasis on implementation and
consolidation while integrating change management concepts [38].

Cluster 2 (Green): Smart systems integration and IoT challenges

All technologies and standards related to the Internet of Things have their own set of problems.
The development of IoT applications heavily relies on middleware platforms, and the incorporation of
fog/edge networks is essential. The 10T stack must be optimized to create future-proof apps [30].
Public health, energy efficiency, and sustainable development are all aided by IoT integration in social
health systems. A mixed approach assesses how well it works in practical settings. The examination
focuses on how IoT affects sustainable development goals, the environment, and health [39]. IoT
architecture, which consists of sensors, protocols, actuators, and cloud services, is essential to deliver
required services across several domains. Scalability, security, and interoperability issues remain,
despite the abundance of IoT systems [26,27]. The shift to smart cities is crucial for effective resource
management as urban populations increase. Sensors are essential for tracking trash, water, security,
mobility, health, and energy. Cybersecurity and privacy issues must be resolved to guarantee a better
quality of life through inclusive community engagement [13].

Cluster 3 (Blue): Digitalization and climate-responsive agriculture

Al can greatly aid in adapting to climate change, particularly in fields like agriculture and water
management. It improves global climate efforts by fortifying governance and policy consistency. Al
applications are becoming more widely acknowledged for their capacity to tackle various climate-
related issues [40]. Al and IoT are two examples of agriculture 4.0 technologies that are becoming
increasingly popular worldwide but have not received enough attention in sub-Saharan Africa (SSA).
Adoption is hampered by knowledge, talent, and financial and infrastructure barriers, notwithstanding
its potential. A robust plan is required to close these gaps and assist smallholder farmers [10]. Arable
farming is changing because of IoT's increased productivity and decreased environmental effects.
Interoperability, affordability, and data security are major obstacles. To overcome these obstacles,
solutions like intelligent data management and machine learning are crucial [29]. Digital technologies
present both opportunities and challenges in rural and agricultural settings. The advantages and hazards
are examined by stakeholders, including practitioners and political institutions [41]. The food system
must be digitalized using technologies like blockchain, IoT, and Al to improve sustainability and
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resilience. The main advantages are better crisis response, decreased food waste, and enhanced
traceability. For broader adoption, issues like infrastructure, expenses, and laws must be resolved [42].

Cluster 4 (Yellow): Innovations driving the smart agriculture revolution

A low-cost platform for real-time agricultural environmental monitoring, provided by the
combination of [oT and UAVs, has been tested on a Tunisian farm. The system gathers and sends data
from airborne and ground sensors for processing. Precision agriculture’s crop productivity and
resource management are improved by this creative method [43]. With the help of IoT, Al, and big
data, agriculture 4.0 promises to develop sustainably. An analysis of new trends reveals both obstacles
and chances for creativity. To facilitate the digital transformation of agriculture, an IoT architecture
based on the cloud is suggested [28].

Technologies are enhancing fruit management by improving yield estimation. Key methods
include machine vision, aerial imagery, and historical data models. These technologies, particularly
machine vision, offer scalability and accuracy in estimating fruit load and harvest timing [44]. Al
technologies can greatly aid in reducing food waste and advancing a circular economy. Artificial
intelligence improves sustainability and resource efficiency by streamlining food production, supply
chains, and surplus food distribution. These initiatives help to build a food system that is more
ecologically friendly and egalitarian [11]. The goal of future IoT devices is autonomy through accurate
sensing and wireless power. Energy harvesting and data transfer via electromagnetic waves are made
possible by metamaterial perfect absorbers (MPAs). Their uses include optical switching, frequency
absorption, and sensing, and their industrial significance is only increasing [45].

Cluster 5 (Purple): Sustainable AgriTech and emerging technologies

By utilizing digital technologies like IoT, robotics, and machine learning, agriculture 4.0 seeks to
improve food security. According to research, open-air farms are being explored more often, and many
technologies are still in the prototype stage. The main obstacles to full adoption are socioeconomic and
technical [31]. Digital transformation frameworks integrating Al, IoT, cloud computing, blockchain,
and renewable energy for sustainable Agriculture 4.0 have been reviewed [34]. With the rising global
population, the demand for agricultural productivity has led to the integration of modern technologies
in farming. Smart farming utilizes technologies like big data, machine learning, IoT, robotics, and
blockchain, enhancing efficiency and sustainability [32]. By using smartphone photos to identify pests
early, a YOLOv5-based system for agricultural insect pest detection helps cut down on the use of
pesticides. The YOLOv5x model promotes sustainable farming practices by detecting 23 pest species
with excellent accuracy (98.3% precision) [46].

The bibliographic coupling analysis is summarized in Table 3, which includes important metrics
and conclusions regarding the degree of relationships between works. This contains metrics that show
how important or central certain papers are inside a specific research network, such as the number of
linked documents or the TLS.
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Table 3. Summary of bibliographic coupling analysis.

Cluster number Number of Representative
Cluster label . o

and color publications publications

I (red) Technological innovations and challenges in 9 [5]1, [33], [35],
agriculture and Industry 4.0 [36], [37], [38]

2 (green) Smart systems integration and IoT challenges 9 B%’ Eg}’ [26],
Digitalization and climate-responsive [40], [10], [29],

3 (blue) agriculture ? [41], [42]
Innovations driving the smart agriculture [43], [28], [44],

4 (yellow) revolution 6 [11], [45]
Sustainable AgriTech and emerging [31], [34], [32],

> (purple) technologies 3 [46]

Source: Authors’ own creation/own work
3.2. Co-word analysis

By applying the same database, 59 out of 3256 keywords presented through co-occurrence
analysis met 9 thresholds, resulting in 5 clusters. The highest co-occurrence keywords are “Internet of
things” (82 occurrences), “agriculture” (63), and “artificial intelligence” (60 occurrences). The top 15
keywords from the keyword co-occurrence analysis are shown in Table 4.

Table 4. Top 15 keywords ranked by occurrence and TLS in the co-occurrence analysis.

Rank Keyword Occurrences Total link strength
1 Internet of Things 82 114
2 Agriculture 63 108
3 Artificial intelligence 60 82
4 Climate change 49 87
5 Sustainable development 49 100
6 Machine learning 37 59
7 Sustainability 37 61

8 Industry 4.0 35 41
9 Agricultural technology 30 62
10 Decision making 30 51
11 Precision agriculture 26 49
12 Smart agriculture 26 52
13 Farms 25 67
14 Food supply 23 69
15 Food security 22 36

Source: Authors’ own creation/own work

AIMS Environmental Science Volume 12, Issue 4, 682—702.
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Figure 4. Bibliographic coupling. Source: Authors’ own creation/own work.

Figure 4 shows the results of a keyword co-occurrence analysis, which describes the occurrences
in blue and total link strength in orange of various key terms related to agriculture and technology,
with “Internet of Things” and “Agriculture” exhibiting the highest frequencies and link strengths.
Figure 5 presents the keyword analysis’s network structure, which exhibits 5 clusters that represent 5
different themes. Following the author’s inductive interpretation, the 5 clusters are assigned the proper
labels.
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Figure 5. Co-word analysis map. Source: Authors’ own creation/own work.
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Cluster 1 (Red): Advancing smart solutions: integrating technology in agriculture and urban
development

The idea of a smart city is an urban region that enhances infrastructure, governance, and quality
of life by utilizing data, technology, and sustainable techniques. While it is frequently thought of as
being solely associated with technology, smart cities require an integrated, multidisciplinary, and
comprehensive approach to create a more efficient and livable urban space [31]. Digital technologies
such as robotics, 10T, and machine learning are being adopted in agricultural 4.0. It primarily focuses
on open-air farms. However, most applications are in the prototype stage [31]. To solve food security
issues for a growing global population, loT-enabled precision farming can improve smallholder
farming. The state of IoT applications on farms today emphasizes successful examples in low- and
middle-income nations [47]. With an emphasis on risks and assessment criteria unique to agricultural
technologies, intrusion detection systems (IDS) are relevant to cybersecurity in Industry 4.0. It uses
machine-learning approaches to evaluate IDS performance across cutting-edge agricultural
technology, including smart grids, autonomous tractors, and the Internet of Things [48]. Meeting the
dual objectives of providing environmental services and producing food technology might lead
agriculture toward sustainability. It asks for policies to assist research, adoption, and effective
allocation of environmental assets and identifies market failures, such as the lack of sustainable
technologies [49].

Cluster 2 (Green): Emerging innovations in smart agriculture

The development of agricultural robots for field operations emphasizes combining subsystems to
carry out activities in unstructured situations, achieving safe, cost-effective, and intelligent systems,
and resulting in adaptable sensors and algorithms to changing agricultural conditions. To improve
robot performance in agriculture, further research is needed in the areas of sensor fusion, path planning,
and human operator integration [50]. Creating new technologies to speed up plant breeding and
improve genetic diversity, genotyping, and phenotyping to boost crop yields is crucial. It strongly
emphasizes providing these technologies in an accessible and cost-effective manner to developing
nations to increase food security [4]. To modernize conventional farming methods and meet the
challenges of growing global food demands, agriculture 4.0 incorporates digital technologies. The
status of smart agriculture and its possible prospects are highlighted by examining the developments
of the last ten years. These observations highlight how crucial new technologies are to overcome
challenges [51].

Agricultural industry is embracing IoT and cutting-edge technologies to update old methods.
Processes are optimized by innovations like sensors and UA Vs, increasing yields and efficiency. While
tackling integration issues, these developments have the potential for sustainable farming [52]. Remote
sensing (RS) technologies allow for early agricultural intervention, maximizing sustainability and
productivity. Although there are still knowledge and practicality gaps, their use has increased,
especially with UASs. Although there is potential for wider applications, RS applications primarily
concentrate on crop health and soil moisture [53].

Cluster 3 (Blue): Sustainable agricultural innovations and adaptation strategies

AIMS Environmental Science Volume 12, Issue 4, 682—702.
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Nano-fertilizers (NFs) are a sustainable substitute for synthetic fertilizers that improve plant
growth, soil quality, and stress tolerance. They enhance plant defense systems and control the
availability of nutrients. NFs are becoming vital for global food security and sustainable
agriculture [54]. Although agricultural innovation systems (AIS) are essential to transforming food
systems, their relationship to transformational ideas is frequently disregarded. Understanding the
forces behind and obstacles to this change can be aided by a mission-oriented agricultural innovation
system (MAIS) approach [12]. Climate change is anticipated to aggravate food insecurity in Southern
Africa by lowering rainfall and agricultural production. To sustain agricultural productivity, water and
energy resources must be managed effectively. Sustainable adaptation solutions are required to achieve
sustainable growth and guarantee long-term development [55].

Economic, technological, and sociocultural constraints impede the adoption of advanced
agricultural technologies in emerging nations. Enhancing irrigation, financial availability, and
research-extension-farmer ties should be the main priorities of policymakers. Adoption rates can be
raised by including farmers in the development of new technologies [56]. Crop production must be
sustainable to counteract environmental harm and climate change. The phyto-microbiome, particularly
PGPR, can enhance crop efficiency and growth. However, obstacles, including regulatory barriers and
microbiological competition, prevent it from being widely used [57].

Cluster 4 (Yellow): Digital agriculture revolution: machine learning and loT integration

The primary advantage of using digital technology in agriculture, as reported by 84% of Brazilian
farmers, is higher productivity. However, high machinery, equipment, and communication prices
continue to be major obstacles. Despite this, 95% of farmers are still keen to learn more about new
technologies for agricultural development [58]. Agriculture is undergoing a revolution thanks to
machine learning, especially in the areas of crop, water, soil, and livestock management. The most
effective algorithms are artificial neural networks, which are used to improve agricultural practices
focusing on maize, wheat, cattle, and sheep. Satellite and unmanned aerial vehicle sensors provide
accurate data [59]. Agricultural data processing, including crop categorization and pest identification,
has been enhanced by deep learning, especially using convolutional neural networks. Coulibaly et al.
[60] stated that dealing with user perception, doing statistical tests, and validating models are among
the difficulties in improving deep learning’s use in agriculture. Machine learning (ML) and the Internet
of Things (IoT) are revolutionizing agriculture by enhancing forecasts for crop yields, soil quality, and
pest control. These devices also help with livestock monitoring and effective watering by lowering
labor and resource consumption. Improving sustainable agricultural productivity requires their
combination [61].

Cluster 5 (Purple): Sustainable AgriTech advancements: policies, automation, and nanotechnology

Sustainable agriculture techniques are more likely to be adopted via incentive-based initiatives
that are connected to immediate financial gains. Perceived environmental and agricultural benefits are
what propel long-term acceptance. Technical support and alignment with the target population's
characteristics are necessary for effective policies to provide improved results [9]. Powered by IoT,
Al, and machine learning, automation in agriculture tackles issues including disease control, irrigation,
and excessive pesticide use. These developments contribute to increased crop yields and better soil
fertility. These technologies must be used to sustainably fulfil the rising demand for food [62]. In
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agriculture, nanotechnology has the potential to increase output, rebuild ecosystems, and lessen
dependency on dangerous chemicals. It answers problems like soil management, pest control, and
nutrient efficiency. Notwithstanding obstacles, its potential uses in the future could greatly improve
sustainable agricultural methods [1]. Although pesticides are essential for raising agricultural yields,
they can also pollute the environment and damage organisms that are not their intended target. They
contribute significantly to the world's food output. However, the use of pesticides is rising due to
climate change, which emphasizes the need for improved management techniques [63].

The co-word analysis summary in Table 5 sheds light on the connections between keywords or
terms commonly occurring in a collection of texts. Finding patterns in the terminology used throughout
a corpus of writing using co-word analysis reveals the connections between ideas or subjects.

Table 5. Summary of co-word analysis.

Cluster number  Cluster label Number of  Representative keywords
and color keywords
1 (red) Advancing smart solutions: 20 Smart City, Agriculture 4.0,
integrating technology in agriculture Internet of Things,
and urban development Cybersecurity
2 (green) Emerging innovations in smart 12 Agricultural technology,
agriculture smart agriculture, remote
sensing, cultivation
3 (blue) Sustainable agricultural innovations 10 Sustainability, technology
and adaptation strategies adoption, sustainable
development goal, climate
change
4 (yellow) Digital agriculture revolution: 9 Smart farming, machine
machine learning and IoT learning, deep learning,
integration precision agriculture
5 (purple) Sustainable AgriTech 8 Adoption, artificial
advancements: policies, automation, intelligence,
and nanotechnology nanotechnology,

environmental impact

Source: Authors’ own creation/own work
4. Future research avenues

Future studies ought to concentrate on administrative measures that promote the uptake of green
technologies, especially in underserved areas. It will be crucial to investigate how public-private
partnerships, regulatory frameworks, and financial incentives might promote sustainability. Moreover,
there are chances for increased readiness in agriculture through the combination of Al, IoT, and
nanotechnology; however, further research is required to examine their viability, affordability, and
implementation difficulties. Given that farmers’ leaning to switch to sustainable methods is greatly
influenced by behavioral and economic variables, it is also critical to understand how they see and use
these technologies.
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The socioeconomic effects of smart farming are a vital topic for study because new technologies
may potentially and unintentionally increase inequality. Future research should look at ways to
guarantee that these improvements benefit all farmers, regardless of their financial situation. To create
robust solutions, regional differences in sustainable agriculture readiness must also be investigated.
Future policy will benefit greatly from longitudinal studies on the effects of sustainable practices on
the environment and food security. Eventually, issues with data security and privacy need to be
addressed as digital technologies are increasingly incorporated into agriculture. Research is required
to determine whether current regulatory frameworks are sufficient to protect farmers' information.

5. Implications

The study's conclusions offer insightful information about theoretical developments and real-
world applications in sustainable agriculture. By looking at how new technologies are influencing
coexisting farming methods, the study identifies important areas that require more research. These
implications provide a comprehensive knowledge of the study's influence and are divided into
theoretical and managerial dimensions.

5.1. Theoretical implications

By considering how cutting-edge technologies impact sustainable agriculture, this study adds to
the theoretical framework. The study establishes the groundwork for further research on blockchain's
wider applicability in agriculture by emphasizing how it might improve supply chain efficiency and
transparency. Furthermore, it is emphasized that genetic advancements in crop production are crucial
for enhancing climate change resilience, creating new opportunities for study on climate-smart farming
methods [64]. The incorporation of renewable energy sources into smart agricultural systems is an
important topic for additional theoretical research since it has the potential to greatly lessen reliance
on fossil fuels and enhance sustainability.

Additionally, the study identifies the value of agroecological methods and how they advocate
sustainable farming methods. Future studies could examine novel frameworks that combine cutting-
edge technical solutions with customary ecological understanding. The identification of
socioeconomic elements in the adoption of technology is another important theoretical
contribution [65]. Even while technology is essential, there is still a lack of research in the literature
on the behavioral, economic, and policy-driven factors that influence farmers' decisions. Closing these
gaps may result in agricultural transformation models that are more successful and inclusive.

5.2. Managerial implications

The study focuses on the necessity of strategic planning and teamwork in the implementation of
sustainable agriculture technologies from a managerial standpoint. One important discovery is that
using accessible IoT solutions designed for small-scale farmers can upgrade resource
management [66]. To make sure that green technologies are integrated into agricultural value chains,
policymakers should focus on creating financial support systems that make them easier to acquire.
Furthermore, motivating cross-sector partnerships between corporations, governments, and academic
institutions can promote invention and the practical application of sustainable practices [67].

For smart farming technology to be embraced responsibly, regulatory frameworks are crucial.
Scaling these solutions while maintaining user rights would require ensuring data privacy,
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cybersecurity, and interoperability inside loT-driven agricultural systems [68]. Furthermore, the long-
term sustainability of these technologies can be enhanced by engaging nearby farming communities
through participatory methods. Offering financial incentives, knowledge-sharing platforms, and
training courses can expand adoption rates and make agriculture more comprehensive [69]. In the end,
creating resilient and sustainable food production systems will need to integrate technology with
carefully thought-out regulations and stakeholder participation.

6. Limitations and future research

Some constraints may impact the overall comprehensiveness of this study. First, new trends that
are not included in the reviewed literature may be overlooked due to the dependence on secondary data
sources, such as bibliometric analyses [60]. Furthermore, the study's findings may not be as broadly
applicable due to its regional focus, particularly when it comes to comprehending technology uptake
in underrepresented areas [28]. Third, the potential for in-depth analysis is limited by the absence of
primary data on stakeholder perceptions and ground-level adoption patterns [47]. Furthermore,
sociocultural elements are frequently ignored by technical readiness indicators, though they are crucial
to the success of sustainable practices [50]. Lastly, it can be difficult to keep findings relevant over
time due to the dynamic nature of agricultural technologies [41].

Future studies should take a more inclusive and multidisciplinary approach to overcome these
constraints. The dynamic character of technology adoption and its long-term effects on agricultural
sustainability can be better understood by conducting longitudinal research [45]. A more
comprehensive picture of global readiness may be obtained by broadening the geographic scope to
encompass various socioeconomic circumstances [37]. Additionally, combining field research and
stakeholder surveys can provide detailed insights into the factors that facilitate and hinder the adoption
of new technologies. Another crucial topic for research is highlighting how policy interventions might
promote the adoption of green technologies at various scales. Finally, investigating how cutting-edge
technologies like Al and nanotechnology may work together in agriculture could lead to creative
answers for sustainable food systems.

7. Conclusion

This study emphasizes how green, intelligent, and sustainable technology has the power to change
the agriculture industry completely. Innovations like blockchain, 10T, and Al can be integrated to
improve farming techniques' sustainability, resilience, and efficiency. Widespread adoption is
nevertheless hampered by important obstacles, such as inadequate infrastructure, socioeconomic
inequality, and low knowledge. Policymakers, business executives, and researchers must work
together to create equitable policies, promote technical literacy, and set up strong financial structures
to overcome these obstacles. These issues must be addressed to secure food systems for future
generations, align the industry with global sustainability goals, and ensure a smooth transition to
sustainable agriculture techniques. Through strategic alliances and ongoing research, the agricultural
sector can use these technologies to create a more resilient and sustainable future.

Use of Al tools declaration

We have not used artificial intelligence (Al) tools to create this article.

AIMS Environmental Science Volume 12, Issue 4, 682—702.



698

Acknowledgements

The Universiti Malaysia Pahang Internal Grant funds this study by Grant no RDU230307

Conflict of interest

The authors hereby declare that there are no conflicts of interest in this research.

References

1.

10.

11.

12.

13.

Mukhopadhyay SS (2014) Nanotechnology in agriculture: prospects and constraints. Nanotechnol
Sci Appl 63. https://doi.org/10.2147/NSA.S39409

Liakos K, Busato P, Moshou D, et al. (2018) Machine Learning in Agriculture: A Review. Sensors
18: 2674. https://doi.org/10.3390/s18082674

Kamilaris A, Kartakoullis A, Prenafeta-Boldii FX (2017) A review on the practice of big data
analysis in agriculture. Comput Electron Agric 143: 23-37.
https://doi.org/10.1016/j.compag.2017.09.037

Tester M, Langridge P (2010) Breeding Technologies to Increase Crop Production in a Changing
World. Science 327: 818—822. https://doi.org/10.1126/science.1183700

Rejeb A, Rejeb K, Abdollahi A, et al. (2022) The Interplay between the Internet of Things and
agriculture: A bibliometric analysis and research agenda. Internet Things (Netherlands) 19:
100580. https://doi.org/10.1016/j.10t.2022.100580

Sun H, Xiong S, Shi B, et al. (2024) Flexible Surface-Enhanced Raman Scattering (SERS) sensor
for residue-free pesticide detection based on agriculture 4.0 concepts. Colloids Surf A
Physicochem Eng Asp 700: 134647. https://doi.org/10.1016/j.colsurfa.2024.134647

Wan Y, Wei Q, Sun H, et al. (2025) Machine learning assisted biomimetic flexible SERS sensor
from seashells for pesticide classification and concentration prediction. Chem Eng J 507: 160813.
https://doi.org/10.1016/j.cej.2025.160813

Chen B, Shi B, Gong J, et al. (2024) Quality detection and variety classification of pecan seeds
using hyperspectral imaging technology combined with machine learning. J Food Compos Anal
131: 106248. https://doi.org/10.1016/].jfca.2024.106248

Pifieiro V, Arias J, Diirr J, et al. (2020) A scoping review on incentives for adoption of sustainable
agricultural ~ practices and  their  outcomes. Nat  Sustain 3: 809-820.
https://doi.org/10.1038/s41893-020-00617-y

Jellason NP, Robinson EJZ, Ogbaga CC (2021) Agriculture 4.0: Is Sub-Saharan Africa Ready?
Appl Sci 11: 5750. https://doi.org/10.3390/app11125750

Onyeaka H, Tamasiga P, Nwauzoma UM, et al. (2023) Using Artificial Intelligence to Tackle
Food Waste and Enhance the Circular Economy: Maximising Resource Efficiency and
Minimising  Environmental  Impact: A  Review.  Sustainability  15: 10482.
https://doi.org/10.3390/su151310482

Klerkx L, Begemann S (2020) Supporting food systems transformation: The what, why, who,
where and how of mission-oriented agricultural innovation systems. Agric Syst 184: 102901.
https://doi.org/10.1016/j.agsy.2020.102901

Ramirez-Moreno MA, Keshtkar S, Padilla-Reyes DA, et al. (2021) Sensors for Sustainable Smart
Cities: A Review. App! Sci 11: 8198. https://doi.org/10.3390/app11178198

AIMS Environmental Science Volume 12, Issue 4, 682—702.



699

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Fargnoli M, Parrella E, Costantino F, et al. (2024) Hybrid solutions for agricultural vehicles: A
comparative life cycle analysis from the users’ standpoint. J Clean Prod 485: 144406.
https://doi.org/10.1016/j.jclepro.2024.144406

Javeed B, Ridwan Q, Huang D, et al. (2024) Ecological niche modelling: a global assessment
based on bibliometric analysis. Front Environ Sci 12. https://doi.org/10.3389/fenvs.2024.1376213
NgJY, Liu H, Masood M, et al. (2024) Guidance for the Reporting of Bibliometric Analyses: A
Scoping Review. Quant Sci Stud https://doi.org/10.1101/2024.08.26.24312538

Vigoroso L, Caffaro F, Tronci M, et al. (2025) Ergonomics and design for safety: A scoping
review and bibliometric analysis in the industrial engineering literature. Saf Sci 185: 106799.
https://doi.org/10.1016/j.ss¢i1.2025.106799

Nwagwu WE (2024) Bibliographic coupling networks of global research on data literacy by
documents, sources and authors. J Libr Inf Sci https://doi.org/10.1177/09610006241252655
Kleminski R, Kazienko P, Kajdanowicz T (2022) Analysis of direct citation, co-citation and
bibliographic coupling in scientific topic identification. J Inf Sci 48: 349-373.
https://doi.org/10.1177/0165551520962775

Kumar V, Srivastava A (2023) Mapping the evolution of research themes in business ethics: a co-
word network analysis. VINE J Inf Knowl Manag Syst 53: 491-522.
https://doi.org/10.1108/VIIKMS-10-2020-0199

Dwivedi R, Nerur S, Balijepally V (2023) Exploring artificial intelligence and big data scholarship
in information systems: A citation, bibliographic coupling, and co-word analysis. Int J Inform
Manage Data Insights 3: 100185. https://doi.org/10.1016/}.jjimei.2023.100185

Cobo MJ, Lopez-Herrera AG, Herrera-Viedma E, et al. (2011) Science mapping software tools:
Review, analysis, and cooperative study among tools. J Am Soc Inf Sci Technol 62: 1382-1402.
https://doi.org/10.1002/as1.21525

van Eck NJ, Waltman L (2010) Software survey: VOSviewer, a computer program for
bibliometric mapping. Scientometrics 84: 523-538. https://doi.org/10.1007/s11192-009-0146-3
Alzubaidi L, Zhang J, Humaidi AJ, et al. (2021) Review of deep learning: concepts, CNN
architectures, challenges, applications, future directions. J Big Data 8: 53.
https://doi.org/10.1186/s40537-021-00444-8

Fauzi MA, Mohd Ali NS, Mat Russ N, et al. (2024) Halal certification in food products: science
mapping of present and future trends. J Islamic Mark 15: 3564-3580.
https://doi.org/10.1108/JIMA-12-2023-0407

Allioui H, Mourdi Y (2023) Exploring the Full Potentials of IoT for Better Financial Growth and
Stability: A Comprehensive Survey. Sensors 23: 8015. https://doi.org/10.3390/s23198015
Samizadeh Nikoui T, Rahmani AM, Balador A, et al. (2021) Internet of Things architecture
challenges: A systematic review. Int J Commun Syst 34. https://doi.org/10.1002/dac.4678
Araujo SO, Peres RS, Barata J, et al. (2021) Characterising the Agriculture 4.0 Landscape—
Emerging Trends, Challenges and Opportunities. Agronomy 11: 667.
https://doi.org/10.3390/agronomy11040667

Villa-Henriksen A, Edwards GTC, Pesonen LA, et al. (2020) Internet of Things in arable farming:
Implementation, applications, challenges and potential. Biosyst Eng 191: 60-84.
https://doi.org/10.1016/j.biosystemseng.2019.12.013

AIMS Environmental Science Volume 12, Issue 4, 682—702.



700

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Ali O, Ishak MK, Bhatti MKL, et al. (2022) A Comprehensive Review of Internet of Things:
Technology Stack, Middlewares, and Fog/Edge Computing Interface. Semsors 22: 995.
https://doi.org/10.3390/522030995

Abbasi R, Martinez P, Ahmad R (2022) The digitization of agricultural industry — a systematic
literature  review on  agriculture 4.0.  Smart  Agric  Technol 2:  100042.
https://doi.org/10.1016/j.atech.2022.100042

Sharma V, Tripathi AK, Mittal H (2022) Technological revolutions in smart farming: Current
trends, challenges &amp; future directions. Comput Electron Agric 201: 107217.
https://doi.org/10.1016/j.compag.2022.107217

Da Silveira F, Lermen FH, Amaral FG (2021) An overview of agriculture 4.0 development:
Systematic review of descriptions, technologies, barriers, advantages, and disadvantages. Comput
Electron Agric 189: 106405. https://doi.org/10.1016/j.compag.2021.106405

Dayioglu MA, Tiirker U (2021) Digital Transformation for Sustainable Future - Agriculture 4.0:
A review. J Agri Sci 27: 373-399. https://doi.org/10.15832/ankutbd. 986431

Bongomin O, Yemane A, Kembabazi B, et al. (2020) Industry 4.0 Disruption and Its Neologisms
in  Major Industrial  Sectors: A  State of the Art. J Eng  2020.
https://doi.org/10.20944/preprints202006.0007.v1

Ronaghi MH (2021) A blockchain maturity model in agricultural supply chain. Inf Process Agric
8: 398—408. https://doi.org/10.1016/j.inpa.2020.10.004

Vijayakumar MD, Surendhar GJ, Natrayan L, et al. (2022) Evolution and Recent Scenario of
Nanotechnology in  Agriculture and Food Industries. J  Nanomater  2022.
https://doi.org/10.1155/2022/1280411

Bellantuono N, Nuzzi A, Pontrandolfo P, et al. (2021) Digital transformation models for the 14.0
transition: Lessons from the change management literature. Sustainability (Switzerland) 13.
https://doi.org/10.3390/su132312941

Verdejo Espinosa A, Lopez Ruiz JL, Mata Mata F, et al. (2021) Application of IoT in Healthcare:
Keys to Implementation of the Sustainable Development Goals. Sensors 21: 2330.
https://doi.org/10.3390/s21072330

Leal Filho W, Wall T, Rui Mucova SA, et al. (2022) Deploying artificial intelligence for climate
change adaptation. Technol Forecast Soc Change 180: 121662.
https://doi.org/10.1016/j.techfore.2022.121662

Rolandi S, Brunori G, Bacco M, et al. (2021) The Digitalization of Agriculture and Rural Areas:
Towards a Taxonomy of the Impacts. Sustainability 13: 5172.
https://doi.org/10.3390/su13095172

Amentae TK, Gebresenbet G (2021) Digitalization and Future Agro-Food Supply Chain
Management: A Literature-Based  Implications. Sustainability 13: 12181.
https://doi.org/10.3390/su132112181

Almalki FA, Soufiene BO, Alsamhi SH, et al. (2021) A Low-Cost Platform for Environmental
Smart Farming Monitoring System Based on IoT and UAVs. Sustainability 13: 5908.
https://doi.org/10.3390/su13115908

Anderson NT, Walsh KB, Wulfsohn D (2021) Technologies for Forecasting Tree Fruit Load and
Harvest  Timing—From  Ground, Sky and Time. Agronomy  11:  1409.
https://doi.org/10.3390/agronomy11071409

AIMS Environmental Science Volume 12, Issue 4, 682—702.



701

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Amiri M, Tofigh F, Shariati N, et al. (2021) Review on Metamaterial Perfect Absorbers and Their
Applications to IoT. IEEE Internet Things J 8: 4105-4131.
https://doi.org/10.1109/J10T.2020.3025585

Ahmad [, Yang Y, Yue Y, et al. (2022) Deep Learning Based Detector YOLOVS for Identifying
Insect Pests. Appl Sci 12: 10167. https://doi.org/10.3390/app121910167

Antony AP, Leith K, Jolley C, et al. (2020) A Review of Practice and Implementation of the
Internet of Things (IoT) for Smallholder Agriculture. Sustainability 12: 3750.
https://doi.org/10.3390/su12093750

Ferrag MA, Shu L, Friha O, et al. (2022) Cyber Security Intrusion Detection for Agriculture 4.0:
Machine Learning-Based Solutions, Datasets, and Future Directions. IEEE/CAA J Automatica Sin
9: 407-436. https://doi.org/10.1109/JAS.2021.1004344

Aldy JE, Hrubovcak J, Vasavada U (1998) The role of technology in sustaining agriculture and
the environment. Ecol Econ 26: 81-96. https://doi.org/10.1016/S0921-8009(97)00068-2

Bechar A, Vigneault C (2016) Agricultural robots for field operations: Concepts and components.
Biosyst Eng 149: 94-111. https://doi.org/10.1016/j.biosystemseng.2016.06.014

Singh G, Kalra N, Yadav N, et al. (2022) Smart Agriculture: a Review. Siberian Journal of Life
Sciences and Agriculture 14: 423—-454. https://doi.org/10.12731/2658-6649-2022-14-6-423-454
Khan N, Ray RL, Sargani GR, et al. (2021) Current progress and future prospects of agriculture
technology: Gateway to sustainable agriculture. Sustainability (Switzerland) 13: 1-31.
https://doi.org/10.3390/su13094883

Khanal S, Kushal KC, Fulton JP, et al. (2020) Remote sensing in agriculture—accomplishments,
limitations, and opportunities. Remote Sens (Basel) 12: 1-29. https://doi.org/10.3390/rs12223783
Verma KK, Song XP, Joshi A, et al. (2022) Recent Trends in Nano-Fertilizers for Sustainable
Agriculture under Climate Change for Global Food Security. Nanomaterials 12: 1-25.
https://doi.org/10.3390/nano 12010173

Nhemachena C, Nhamo L, Matchaya G, et al. (2020) Climate change impacts on water and
agriculture sectors in southern africa: Threats and opportunities for sustainable development.
Water (Switzerland) 12: 1-17. https://doi.org/10.3390/w12102673

Yokamo S (2020) Adoption of Improved Agricultural Technologies in Developing Countries:
Literature Review. Int J Food Sci Agri 4: 183—190. https://doi.org/10.26855/1jfsa.2020.06.010
Shah A, Nazari M, Antar M, et al. (2021) PGPR in Agriculture: A Sustainable Approach to
Increasing Climate Change Resilience. Front Sustain Food Syst 5. 1-22.
https://doi.org/10.3389/fsufs.2021.667546

Bolfe EL, Jorge LA de C, Sanches ID, et al. (2020) Precision and digital agriculture: Adoption of
technologies and perception of Brazilian farmers. Agriculture (Switzerland) 10: 1-16.
https://doi.org/10.3390/agriculture10120653

Benos L, Tagarakis AC, Dolias G, et al. (2021) Machine learning in agriculture: A comprehensive
updated review. Sensors 21: 1-55. https://doi.org/10.3390/s21113758

Coulibaly S, Kamsu-Foguem B, Kamissoko D, et al. (2022) Deep learning for precision
agriculture: A bibliometric analysis. Intell Syst  Appl 16: 200102.
https://doi.org/10.1016/j.iswa.2022.200102

Sharma A, Jain A, Gupta P, et al. (2021) Machine Learning Applications for Precision
Agriculture: A Comprehensive Review. IEEE  Access 9: 4843-4873.
https://doi.org/10.1109/ACCESS.2020.3048415

AIMS Environmental Science Volume 12, Issue 4, 682—702.



702

62.

63.

64.

P

&

Jha K, Doshi A, Patel P, et al. (2019) A comprehensive review on automation in agriculture using
artificial intelligence. Artif Intell Agric 2: 1-12. https://doi.org/10.1016/j.aiia.2019.05.004

Tudi M, Ruan HD, Wang L, et al. (2021) Tudi2021.Pdf. Environ Res Pub Health 18: 1-23.
https://doi.org/10.3390/ijerph18031112

Benitez-Alfonso Y, Soanes BK, Zimba S, et al. (2023) Enhancing climate change resilience in
agricultural crops. Curr Biol 33: R1246—R1261. https://doi.org/10.1016/j.cub.2023.10.028

. Hooks D, Davis Z, Agrawal V, et al. (2022) Exploring factors influencing technology adoption

rate at the macro level: A predictive model. Technol Soc 68: 101826.
https://doi.org/10.1016/j.techsoc.2021.101826

. Morchid A, El Alami R, Raezah AA, et al. (2024) Applications of internet of things (IoT) and

sensors technology to increase food security and agricultural Sustainability: Benefits and
challenges. Ain Shams Engineering J 15: 102509. https://doi.org/10.1016/j.asej.2023.102509

. Borim-de-Souza R, Travis EF, Jan-Chiba JHF, et al. (2023) CROSS-SECTOR PARTNERSHIPS

&amp; SUSTAINABLE DEVELOPMENT: COUNTER-ARGUING OPTIMISM. Revista de
Administragdo de Empresas 63. https://doi.org/10.1590/s0034-759020230307x

. Adebunmi Okechukwu Adewusi, Njideka Rita Chiekezie, Nsisong Louis Eyo-Udo (2022) The

role of Al in enhancing cybersecurity for smart farms. World J Adv Res Rev 15: 501-512.
https://doi.org/10.30574/wjarr.2022.15.3.0889

. Alam MJ, Sarma PK, Begum IA, et al. (2024) Agricultural extension service, technology

adoption, and production risk nexus: Evidence from Bangladesh. Heliyon 10: 34226.
https://doi.org/10.1016/j.heliyon.2024.e34226

© 2025 the Author(s), licensee AIMS Press. This is an open access
Ms ATMS Press article distributed under the terms of the Creative Commons
z Attribution License (http://creativecommons.org/licenses/by/4.0)

AIMS Environmental Science Volume 12, Issue 4, 682—702.



