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Introduction: Microplastic (MP) pollution research has experienced significant global growth, with an exponential increase in publications since 2015. Despite this surge, research focused on the Gulf region remains limited. This gap is particularly concerning given the Gulf's dense industrial activities and substantial waste production. This study provides the first bibliometric analysis of MP research globally and within the Gulf region, examining the current state and emerging trends while identifying specific topics for future studies.Methods: A bibliometric analysis of peer-reviewed articles published between 2000 and 2024 was conducted for global and Gulf region research. Bibliometric analysis employed several tools to identify trends, keyword networks, and research gaps, with manual refinement of keywords to enhance accuracy. The study also analyzed leading countries and institutions contributing to MP research.Results and Discussion: The analysis highlights significant global contributions, with China emerging as a leader in MP research globally and Iran playing a prominent role within the Gulf region. While global publications have increased exponentially since 2015, the Gulf region's research output remains underrepresented, accounting for only about 1.1% of global publications. This underscores the need for enhanced regional research to better integrate the Gulf into the global discourse on MPs. Keyword analysis reveals that certain areas of MP research remain unexplored in the Gulf region. The trend analysis shows an evolving focus globally, shifting from basic interactions of MPs with marine environments to more complex issues such as environmental health and ecosystem impacts. This progression indicates a maturing field that increasingly addresses the broader implications of MP pollution.[image: Graphical Abstract]Keywords: microplastic, Gulf region, bibliometric analysis, cluster analysis, marine pollution
1 INTRODUCTION
Pervasive occurrence and detection of microplastics (MPs) in a vast array of environmental matrices has ignited a novel, serious environmental concern around which a tremendously growing body of research has been formed in recent years (Thompson et al., 2009; Cole et al., 2011; Li et al., 2018). Studies have mentioned earlier the potential of MPs being transported to even the most distant marine environments to pose a threat to the aquatic and human lives (Horton and Barnes, 2020), making MPs a hazard of large scale impact (Prata et al., 2019). The current state and prospects of plastic production and consumption further highlight the importance of addressing this issue with urgency. Due to the wide scale of non-point sources of MPs (He et al., 2022; Tan et al., 2022; Jiang et al., 2024), there is a need for a multidisciplinary, comprehensive understanding of the current state of MP pollution to carve out promising solutions to the problem at hand.
Although there have been numerous studies focusing on MP pollution in different types of matrices, the number of studies exclusively focused on gulf areas—particularly the region in Western Asia (commonly recognized as the Gulf region)—has not seen relatively equal attention. Due to their commonly dense areas of commercial and industrial activities such as shipping traffic, aquaculture, and petroleum activities, coastal tourism, urban runoff, and wastewater discharge, gulf areas are prone to intense loads of MP pollution, which makes them the ultimate downstream location that offers a great chance to understand the dynamics of MP pollution. Despite these motivations for further research, gulf areas remain underrepresented in MP research, which may root in the complex nature of pathways and interactions inherent in MP pollution in marine environments (Ivar do Sul and Costa, 2014). This underrepresentation may stem from factors such as the high unpredictability of environmental conditions (Alfaro-Núñez et al., 2021) and the inadequacy of sampling methods used in marine samplings (Razeghi et al., 2021). One of the main reasons for this is the relatively small size of the samples that are used and reported for representing the state of pollution in these comparatively large areas (Harris, 2020; Thushari and Senevirathna, 2020; Alfaro-Núñez et al., 2021).
This is particularly critical, specifically in the Gulf region due to rapid urbanization and population growth in coastal areas, as well as high plastic consumption. As reported by Stöfen-O′Brien et al. (2022), mismanaged plastic waste streams are a major source of MP pollution, especially in Gulf region surrounded by centers of population producing 1.33 million metric tons of plastic waste annually. All of the above-mentioned factors point out the need for comprehensive and coordinated research in the Gulf region in order to gain a better understanding of the present state of MP pollution.
Prior to taking any further steps to approach the question at hand empirically, it is essential to obtain a dependable understanding about the present literature and establish a picture of the current state of knowledge regarding MP pollution in the Gulf region. Conventional methods of achieving this task usually rely on widespread investigation of manually selected resources, which has a good chance of missing valuable information, hence yielding a partially skewed understanding. One of the most robust and accurate approaches to overcoming this is bibliometric analysis, which is a powerful tool to identify trends, patterns, the current state, and future directions of research on a particular subject (Ellegaard and Wallin, 2015). Using comprehensive scholarly literature databases, and through a complete investigation of connections between authors, researchers, countries, and keywords of publications, bibliometric analysis can reveal new information that cannot be unlocked through conventional exploration of publications.
This study aims to systematically explore the current state of research on MPs both globally and in the Gulf region, revealing the current research status and identifying gaps to be addressed by future studies. The primary aim of incorporating global data was to provide a comparative framework that highlights the relative scarcity and scope of research specifically within the Gulf region. Based on the outputs, different aspects are analyzed for both research topics, including publication outputs, citation patterns, network analyses of authors and institutions, as well as trend analyses of topics. This research is crucial for addressing the environmental risks posed by MPs to marine biodiversity and the safety of the seafood supply, as evidenced by MP ingestion in commercial fish species and potential bioaccumulation through marine food webs that directly impact both ecosystem health and seafood security. The main objectives of this study include identifying the significant research gap present in the Gulf region regarding MPs, as well as the difference in tracks between global focus and the Gulf region’s focus on MP research.
2 MATERIALS AND METHODS
2.1 Gulf region study area
The study area for the bibliometric analysis of MP research in the Gulf region encompasses a significant portion of Western Asia, specifically highlighted by the marine and coastal environments critical to understanding the regional impact of MPs pollution. This region, as shown in Figure 1, includes four main areas of Persian Gulf, Gulf of Oman, Gulf of Aden, and the Red Sea, along with the countries with maritime boundaries in this region: the Kingdom of Saudi Arabia (KSA), Kuwait, Bahrain, Qatar, the United Arab Emirates (UAE), Oman, Iraq, Yemen, and Iran. These countries and water bodies constitute the broadest definition of the Gulf region, including countries of the Gulf Cooperation Council (GCC) and countries along the coastline of the Persian Gulf. This geographical scope is particularly relevant given the ecological, economic, and sociopolitical importance of these areas. It should be noted that countries on the western bank of the Red Sea, such as Egypt, Sudan, Eritrea, and Djibouti, were excluded from the analysis to maintain a more definitive scope of the Gulf region.
[image: Figure 1]FIGURE 1 | Boarders of the Gulf region studied by the present bibliometric analysis.
The Gulf region is a vital corridor for global oil shipping and possesses rich marine biodiversity that is highly susceptible to pollution exports from inland areas, including MPs (Samimi-Namin and Hoeksema, 2023). The region’s marine environment supports crucial economic activities that are particularly vulnerable to MP pollution. The fishing industry in the region faces direct threats from MPs through potential contamination of commercial species (Kibria, 2023). Moreover, the industrial sector in the Gulf region is heavily dependent on seawater for various processes, making it vulnerable to MP pollution. Desalination plants, which are pivotal in supplying freshwater needs in the region, include membrane water treatment technologies that concentrate MPs on the membrane and in the concentrate and their disposal channels MPs back to the environment (Tang and Hadibarata, 2021). Other marine-dependent industries, such as power generation facilities using seawater for cooling, petrochemical plants requiring process water, and coastal manufacturing units, are similarly affected by MP pollution through impacts on water intake systems and equipment deterioration. Therefore, focusing on the Gulf region for MP research addresses not only an environmental issue but also a critical economic concern affecting regional food security, industrial operations, and public health. The transboundary nature of MP pollution in these interconnected water bodies underscores the need for comprehensive regional studies and coordinated mitigation strategies.
2.2 Bibliometric analysis
Figure 2 depicts the flowchart summarizing the bibliometric analysis of MP research at both global and Gulf region scales. The bibliometric analysis framework summarizes the utilized databases, keywords, targeted publication period, exclusion criteria, filtering stages, total studies covered, and analysis tools. Two separate databases were obtained in the present study, one corresponding to the global scale analysis, while the other corresponding to the Gulf region. In the first step, for both frameworks, the articles of interest were searched for through SCOPUS and Google Scholar databases, to obtain the largest number of published papers that could relate to the present topic without applying any exclusion criterion. After obtaining the initial number of studies, conferences, book chapters, dissertations, notes, short surveys, editorials, articles in press, and non-English papers were excluded from the search results. The obtained articles were then analyzed using different software, such as VOSviewer, R-Studio (Bibliometrix), and Microsoft Excel, for trends, keywords analysis, research gaps, and different contributions.
[image: Figure 2]FIGURE 2 | Bibliometric analysis framework of published articles on MPs globally (A) and in the Gulf region (B).
For the first step of bibliometric analysis related to global MP research (Figure 2A), the keywords used for searching the articles, mainly through the titles, keywords, and abstract, included the terms “Microplastic” OR “Microplastics”, to obtain an overview of globally conducted research regarding MPs, which returned 21,607 articles. Following, the filtering step was initiated, retaining only publications in the period of 2000–2024. Finally, after applying the exclusion criteria mentioned previously, the total number of studies was limited to 17,830 English, peer-reviewed journal studies. On the other hand, the keywords used for the second bibliometric analysis focusing on the Gulf region (Figure 2B) were included in the following search query: (“Microplastic” OR “Microplastics”) AND (“Arabian Gulf” OR “Persian Gulf” OR “Gulf of Oman” OR “Gulf of Aden” OR “Red Sea” OR Saudi OR KSA OR Kuwait OR Bahrain OR Qatar OR UAE OR “United Arab Emirates” OR Oman OR Iraq OR Yemen OR Iran). Initially, 247 studies were obtained, all published during the period of 2016–2024; hence, filtering of the publication period was not necessary, and the final number of studies obtained after applying other exclusion criteria was 178 studies.
The analysis of keywords network reveals smaller subjects within a certain topic, allowing for a detailed examination of research patterns and the topical structure of the larger subject at hand. VOSviewer is a powerful tool for this purpose, establishing the keyword network based on the co-occurrence of keywords in different studies. By analyzing the frequency of co-occurrence of two keywords in the literature, smaller topical zones that indicate the general focus of their representative articles can be identified. Identifying these smaller topical zones in MP research on both global and regional scales (e.g., the Gulf region) reveals relatively or completely untouched topics that have not been addressed by regional studies, thus providing invaluable suggestions for future research.
Before inputting the database into VOSviewer, several additional steps were conducted manually to ensure a more accurate depiction and analysis of the keyword network. As mentioned in previous sections, some fundamental keywords shared by almost all the extracted studies were used to obtain the data file for this analysis. Therefore, in the first manual step, these keywords were identified and omitted from the network analysis (Supplementary Table S1). Additionally, instances of differently phrased but synonymous keywords (e.g., “human” vs “humans” or “ocean pollution” vs “marine pollution”) were identified (Supplementary Table S2). Since VOSviewer uses the co-occurrence of keywords as the criterion for establishing connections and depicting the keyword network, it is essential to merge these similar keywords before conducting a meaningful analysis.
3 RESULTS AND DISCUSSION
3.1 Annual publications
The first output of the bibliometric analysis is the annual number of publications, which provides a quantitative comparison of research outputs between global and regional research conducted on MPs. Figure 3A shows the year-wise distribution of publications for global and Gulf region research. The global research on MPs, spanning 2000 to 2023 (2024 was excluded as it is not complete and the publications are up to July only), illustrated an overall significant increase in publication numbers. Initially, publication numbers were mostly in single digits until 2008, but a significant rise began in 2015, with the largest increases seen after 2018. The peak of this trend occurred in 2023 with 4,826 publications, highlighting a marked surge in global interest and research activity concerning MPs. In contrast, research on MPs specifically in the Gulf region, started in 2016 and showed a steady increase in publications, albeit at considerably lower levels. The regional research peaked at 47 publications in 2023, indicating a growing, yet more contained, research interest within the Gulf region.
[image: Figure 3]FIGURE 3 | Year-wise distribution of publications on MPs globally and in the Gulf region since 2000 (A), and average annual citations for MPs research globally and in the Gulf region since 2000 (B).
The Gulf region’s research output, representing only 1.1% of global MP publications, appears disproportionately low given the region’s vulnerability to MP pollution. This relatively limited research contribution stands in contrast to other comparable marine regions, as evidenced by subsequent analysis of leading countries’ research outputs, suggesting potential opportunities for expanded research efforts in the Gulf. Both patterns demonstrate increasing trends, yet the global data reveals a more robust exponential growth. Interestingly, both scales witnessed their highest publication counts in 2023, indicating the increased interest in research regarding the topic. This comparative analysis highlights the escalating global and regional focus on MPs, showcasing varying scales of research engagement and intensities.
3.2 Average annual citations
Information regarding the influence of a publication on a scientific field can be obtained through citation pattern analysis. Furthermore, the development and growth structure within a field of research can be shown through the analysis of citation patterns (Bornmann and Daniel, 2008). Citation data and metrics derived from citations serve as a standard framework for comparing the relative effectiveness and impact of journals within a field of research. The average number of citations per year is calculated by dividing the total number of citations by the number of years the author or journal has been publishing papers. This can be a very useful metric to assess the yearly impact for a journal or author. However, since older publications have more time to receive recognition, it is essential to normalize citation scores to obtain an accurate picture. This normalization is achieved by dividing the total number of citations each publication has received by the number of years it has had to receive citations (up to 2023). Figure 3B shows variations in annual average citations per publication from 2000 to 2023 both globally and in the Gulf region. Globally, citations gradually increased until 2009, followed by a notable spike in 2011. This indicates that the work during these years was particularly impactful within the field. After 2011, yearly citations show a steady growth, suggesting sustained attraction towards the research topic at hand, peaking at 7 citations in 2022. In contrast, research on MPs in the Gulf region started in 2016, showing a swift ascent in citations, peaking sharply at 7.8 in 2018. This peak suggests that studies from this period were highly referenced, perhaps due to groundbreaking findings. From 2019, it is evident that Gulf region MP studies have received a similar level of recognition despite being at early stages of research development.
Comparatively, both patterns exhibit a peak in citations followed by a decline, reflecting a common lifecycle in academic citations where studies initially gain significant attention before stabilizing. The global research data shows a steadier increase and a longer peak, indicative of a gradual buildup of foundational research that has influenced subsequent studies over a more extended period. Conversely, MP research in the Gulf region displays a more sudden rise in number, which may indicate a rapid uptake and influence of global findings or focused impactful studies that sparked new research efforts.
3.3 Leading authors
Table 1 highlights the leading authors in publications related to MPs both globally and in the Gulf region. Globally, there are 38,506 authors with publications on MPs, which is a significantly huge number compared to the 558 authors that published on the same topic within the borders of the Gulf region. The leading global author on MPs, Wang J., accounts for only 0.5% (525 documents) of the total publications. In contrast, the leading author in research on MPs in the Gulf region, i.e., Abbasi S., contributes to around 4.5% (25 documents) of the total research publications. The average number of authors per publication provides useful insight into the level of collaboration across various studies. The average number of authors per publication on the global scale was 2.16; however, in the Gulf region, this value rises to 3.13, indicating a higher level of collaboration in the field of MP research.
TABLE 1 | The list of leading authors in MP research both globally and in the Gulf region.
[image: Table 1]3.4 Leading countries
Assessing the geographical distribution of publications in a research field provides critical insights into the global research landscape, revealing both regional focuses and international collaborations. This analysis not only highlights the leading contributors but also portrays the extent of intra- and inter-country collaborations that strengthen the development of related technologies. Table 2 outlines the leading 10 countries based on the number of publications according to Scopus database for both global and regional research conducted on MPs. It is evident that counties are not confined to collaborations within the same country, as all countries have multiple-country publications (MCPs), indicating collaboration between authors from different countries. In the global research landscape on MPs, China dominates with 5,735 documents, featuring a high level of international collaboration with 1,294 MCPs. This is followed by the United States and India, with substantial but considerably lower contributions. European nations such as Italy, Germany, and Spain also show strong involvement, particularly Italy, which demonstrates significant international collaboration. Other noteworthy contributors include South Korea, the United Kingdom, Australia, and Canada, all displaying robust research outputs and collaboration with other contributing countries. In contrast, research in the Gulf region is led by Iran, with 123 documents and 59 MCPs, followed by smaller contributions from the United Kingdom and Saudi Arabia. Other regional participants like Poland, the United States, Germany, the United Arab Emirates, Kuwait, Netherlands, and Egypt show varied levels of involvement and collaboration, with overall smaller research outputs compared to the global scene.
TABLE 2 | The leading 10 countries according to the number of publications on MP research globally and in the Gulf region.
[image: Table 2]Based on Table 2, there is a clear disparity in the volume and scale of research activities. On the global scale, China is spearheading the MP research. Conversely, the Gulf region, led by Iran, presents a more modest but still collaborative research environment. The presence of countries outside of the Gulf region indicates international interest extending into MP research in the Gulf region. This highlights not only the different scales of research activities between the two areas but also the distinct focus and emerging significance of regional environmental research in the Gulf, contrasting with the extensive, established research networks seen globally.
The leading place of China in MP research could be explained by its significant industrial activities and associated pollution concerns, given its status as a major plastic producer and consumer. The extensive maritime boundaries of the country necessitate understanding the impact of MPs on marine ecosystems, crucial for maintaining the health of its fishing, shipping, and tourism industries. Moreover, leading MP research enhances geopolitical influence of this country, allowing it to shape international environmental policies. This aligns with the broader goals of demonstrating global leadership and advancing technological and scientific capabilities, particularly in developing new pollution control methods and recycling technologies.
In the Gulf region, the significant interest of Iran in research on MPs in the Gulf region originates from the need to protect the critical marine ecosystems of the Persian Gulf, which are vital for the fishing industry and overall economic growth of the country. This research is crucial for addressing the environmental risks posed by MPs to marine biodiversity and the safety of the seafood supply due to the impacts of MP ingestion on commercial fish species and potential bioaccumulation through marine food webs that would directly impact both ecosystem health and seafood security in the Gulf region (Kibria, 2023). The interest of the Gulf countries such as Iran and Saudi Arabia in researching MPs in the Gulf region reflects a shared regional concern, as the Persian Gulf’s marine ecosystems are crucial for local economies and biodiversity. Countries bordering the Persian Gulf account for approximately 50% of global desalination capacity (Ibrahim et al., 2020), which makes water quality of great importance to these countries. By leading studies in this area, Iran not only addresses public health concerns related to environmental pollutants but also positions itself as a regional leader in environmental studies.
3.5 Leading funding programs and agencies
3.5.1 Leading funding agencies on global MP research
Analysis of the performance of funding and sponsorship agencies is vital for a comprehensive investigation into a specific research topic. Studies funded through certain programs tend to be framed within a more strategic and meaningful framework, often necessitated by the funding agency. Additionally, financially supported studies are more likely to receive attention from the scientific community due to their generally higher quality, made possible by access to laboratory facilities and more rigorous sampling methods. Previous studies have shown a correlation between the average number of citations a paper receives and the amount of funding it has been granted (Wang and Shapira, 2011).
A deeper look into the programs providing funding support reveals the concerns driving these expenditures. Table 3 shows the performance of top countries in terms of funding global MP research, executed through smaller funding agencies, with the top 10 agencies shown in Supplementary Table S3. The results indicate that global MP research is predominantly funded through public programs. These funding agencies have collectively sponsored 66.5% of studies, while the rest have been conducted by independent researchers. According to Table 3, China has financially dominated the international stage through 55 public funding agencies that have supported 4,835 studies (30%) of global research on MPs and is responsible for 32% of global publications, highlighting the strong financial support behind Chinese institutions to drive global MP research. The European Union ranks second, with several developed countries collectively accounting for 6.6% of funding for MP research. The significant disparity in research outputs between China and other regions, such as the European Union and the United States, reflects not only the volume of funding but also the strategic prioritization of environmental research in these regions.
TABLE 3 | Performance of countries in funding research on MPs both globally and in the Gulf region.
[image: Table 3]The substantial leadership of Chinese institutions is attributed to the serious water pollution challenges China has long battled through policies and regulations, such as “The Water Pollution Law,” “The Water Law,” “The Soil and Water Conservation Law,” and approximately eight other initiatives focusing on marine pollution, reflecting an extensive regulatory framework that began in 1988 with the “Marine Environment Protection Law of the People’s Republic of China (Marine Law).” This regulatory environment has galvanized Chinese institutions to prioritize MP research. Policies such as China’s “Marine Environment Protection Law” and the EU’s “Plastics Strategy” play a substantial role in aligning research priorities with national and regional environmental concerns (European Commission, 2019). While these policies provide a structured framework that may attract funding and support larger-scale research initiatives, the impact of these policies varies based on regional priorities and available resources. Previous studies indicate that China’s significant contributions to global plastic pollution mitigation are shaped by both international scrutiny and domestic necessity, with its legislative efforts bolstering research capabilities and regulatory effectiveness (Liu et al., 2022).
China’s regulatory framework has evolved from addressing single issues, such as banning plastic bags in 2007, to a comprehensive system targeting the entire plastic lifecycle. This includes policies focused on collection, recycling, and reuse, which have increasingly emphasized circular economy principles. Notably, China has implemented 122 policies that explicitly target MPs, reflecting the growing recognition of MPs as a critical environmental issue (Fürst and Feng, 2022). The 2017 national program for MP pollution research marked a significant milestone, further integrating MPs into broader regulatory and environmental protection strategies.
A detailed investigation into China’s funding mechanisms reveals that policy-driven initiatives often align with increased funding allocations, though further research could clarify the specific influence on study quality and research outcomes. The participation of various departments and institutions across provinces (e.g., Shandong, Jiangsu, Zhejiang, Guangdong, Fujian, Hainan, Shandong, Hubei, Hunan, Hebei, Heilongjiang, Guangxi, Jilin, and Jiangxi, respectively, in terms of the number of sponsored studies) along with national-level funding programs in the funding agency information confirms a collective national effort in MP research development. Analysis of the current state of MP research in China suggests that the regulatory environment will likely lead to even more restrictive policies on plastic waste and MP pollution in the future (Xu et al., 2021).
On the other hand, the commitment of the European Union to financially support MP research arises from its long-standing dedication to plastic pollution prevention and control on a regional level by aiming at plastic pollution directly or indirectly through programs such as “Plastics strategy,” “REACH (Registration, Evaluation, Authorization and Restriction of Chemicals) Regulation,” “Marine Strategy Framework Directive (MSFD),” “Horizon 2020 and Horizon Europe Programs,” “JPI Oceans MPs Projects (€18 million),” “Single-Use Plastics Directive,” and “Circular Economy Action Plan.” The collaborative funding approach within the European Union, fostering cross-border research initiatives, has significantly enriched the scientific literature on MPs. The unique success of this collective effort lies in the encouragement of different universities from various European countries to collaborate on their projects, which fertilizes literature enrichment through knowledge mobilization.
3.5.2 Leading funding agencies in gulf region
The sponsorship data on MP research in the Gulf region show that 74% of studies in the region are financially supported by various sponsorship programs. The Gulf region faces unique challenges in combating MP pollution due to its extensive coastline and high plastic usage, necessitating increased funding and coordinated research efforts to develop effective mitigation strategies. The financial resources required for conducting a conventional MP analysis study arise from significant costs associated with sampling, laboratory equipment, and personnel requirements. Meyers et al. (2024) estimated the costs of conducting seawater MP analysis to range from $850 for purely microscopy-based methods to $9,100 per year for more advanced spectroscopy methods, even with a sampling number as low as ten samples per year. Additionally, due to the relative novelty of the topic, the majority of scientific literature still demands more data collection to establish an adequate database before meaningful modeling efforts can reduce associated costs (Everaert et al., 2018; Koelmans et al., 2019; Lusher et al., 2021; Bäuerlein et al., 2023; Phan and Luscombe, 2023).
According to the number of funding agencies in the Gulf region, also shown in Table 3, Iranian institutes have been leading MP research in the region through 35 funding programs that have sponsored around 44% of studies on the subject. Notable projects funded by the Iran National Science Foundation have led to significant advancements in understanding MP pollution in the Persian Gulf, setting a benchmark for future research in the region. Saudi Arabia follows in second place, holding a 9.5% share of the research sponsorship. Although certain policies and action plans within the Gulf region countries focus on marine litter and, in particular, marine plastic pollution control, the majority of studies in the Gulf region are mainly funded by universities with a focus on broad research development rather than targeted environmental initiatives (Supplementary Table S4). For instance, Shiraz University alone has funded 18 studies, whereas no regionally coordinated environmental action plan appears in the sponsorship data. This distinction suggests a symptom of disconnect between the sources of research funding and the implementation of environmental policies, as the funding is predominantly allocated for academic research purposes, not directly tied to environmental action plans. This gap highlights the need for enhanced institutional support and better alignment between research efforts and environmental policies to harness the scientific findings from MP research in the Gulf region.
Globally, funding programs are incentivized through relevant environmental policies that provide financial resources to support studies addressing specific environmental issues. According to results of funding agencies’ activities, of the 17 countries that have sponsored MP pollution research in the Gulf region, only five (Iran, Saudi Arabia, Kuwait, United Arab Emirates, and Oman) are geographically located within the Gulf region. Countries outside the Gulf region sponsor around 19% of MP research in the Gulf region. A part of this external support comes through international programs such as the “G20 Implementation Framework for Actions on Marine Plastic Litter,” which are established within broader regional treaties. Considering the critical need for further research on MP pollution in the Gulf region, the necessity for increased financial support becomes even more evident. Future research efforts in the Gulf region should focus on comprehensive empirical studies enabled by improved financial contributions of the Gulf region countries and developing stronger policy frameworks to effectively address MP pollution.
3.6 Research keywords analysis
Figure 5 show the dynamic and complicated relationships among the keywords regarding global and regional MP research, respectively. The curved lines indicate the connections between keywords, highlighting their repetition in different studies. The size of the circles for each keyword in the co-occurrence network visualization generally signifies the frequency of occurrence of that keyword in the dataset. Larger circles represent keywords that appear more often in the literature, indicating that these topics are more frequently discussed or studied within the field. During the visualization step, for the purpose of a more focused analysis, a benchmark was used such that only keywords occurring a minimum of 15 times are visualized. Before the filtering step, the global and regional data on MP research (with an occurrence of at least 15 times) yielded 705 and 65 keywords, respectively, which were filtered to 383 and 32 keywords. Supplementary Table S1, S2 in the supplementary data list keywords omitted from the analysis due to no meaningful relevance, along with similar keywords that have been merged into a single term.
Based on the co-occurrence of different keywords within the network, the larger network was divided into smaller topical clusters, each revolving around a specific sub-topic within the general subject of MP research. This approach allows for a comprehensive, systematic analysis of research patterns, offering more accuracy than conventional literature reviews based on a random selection of studies. According to Figures 4, 5, global and regional research on MPs can be broken down into five and two distinct research clusters, respectively, sorted based on the occurrence rate of the representative keywords.
[image: Figure 4]FIGURE 4 | Keywords co-occurrence network of global MPs research. Clusters 1 to 5 correspond to marine MP pollution, MP removal strategies, MP bioaccumulation, MP biodegradability, and adsorption of secondary contaminants onto MPs, respectively.
3.6.1 Cluster analysis
The first cluster in global MP research focuses on the sampling, analysis, and consequences of marine MP pollution. The emergence of this cluster as the largest hub of MP research is partly explained by the fact that the term “microplastic” was first coined with a focus on marine pollution (Thompson et al., 2004). This cluster primarily focuses on the prevalence of MPs in coastal and marine regions, including estuaries and beach sediment studies. Various analytical methods, such as FTIR, Raman Spectroscopy, and SEM imaging, have been involved in the initial studies in marine research, creating a focal point within this cluster on the characteristics of MP particles. Results showed a major focus on fibrous MP and plastic microbeads in marine water and beach sediments. Another area covered by studies in this cluster focuses on identifying MP particles in marine biota, with keywords such as “ingestion,” “gastrointestinal tract,” “fish,” “bivalve,” “mussel,” “shrimps,” and other types of marine organisms. A subsequent focus of this cluster has been the potential impact of seafood MP pollution on human health, with keywords such as “food safety” and “trophic transfer.” According to Figure 5, similar efforts in the Gulf region (cluster 1) reveal that some key elements of marine MP pollution, such as the potential impact on human health, remain to be investigated by new studies in the region. Due to the lack of studies on MP pollution in the Gulf region, one focal point of global cluster 1 emerges as a separate research cluster (cluster 2) in the Gulf region research, focusing on characterizing MPs using similar analytical techniques.
[image: Figure 5]FIGURE 5 | Keywords co-occurrence network of MP research in the Gulf region. Cluster 1 highlights efforts on sampling, analysis, and the consequences of marine MP pollution, with limited exploration of human health impacts. Cluster 2 focuses on characterizing MPs using advanced analytical techniques, reflecting a regional emphasis on foundational aspects of MP research.
The second cluster of global MP research primarily focuses on mitigation and removal strategies for MPs from water and wastewater. Keywords such as “wastewater,” “wastewater treatment,” “water quality,” and “water treatment,” along with treatment methods like “coagulation” and “electrocoagulation,” highlight the efforts to explore “microplastic removal” from these environments. However, the second cluster also includes the distinct topic of atmospheric deposition of MPs, which has a different objective. Additionally, some studies within this cluster investigate the health impacts of indoor and outdoor MPs, indicated by keywords like “inhalation,” “health,” and “exposure.” Compared to other topics, research on MP atmospheric deposition has not expanded as significantly, presenting opportunities for new studies to enhance understanding of the atmospheric mechanisms of MP transport. Examining MP research patterns in the Gulf region (Figure 5) reveals that this specific area remains largely unexplored, with the exception of one effort by Abbasi et al. (2024). Cluster 3 of global MP research predominantly centers on the bioaccumulation and toxicity of MPs in various aquatic and terrestrial organisms. A major theme is exploring how MPs accumulate in the bodies of organisms and their resulting toxicological impacts, encompassing a wide range of biological and cellular effects. Studies frequently investigate oxidative damage and stress mechanisms, apoptosis, autophagy, inflammation, and immune responses, shedding light on the molecular pathways affected by MP exposure. Species-specific research is prevalent, with model organisms such as algae, Daphnia magna, zebrafish, and Caenorhabditis elegans playing pivotal roles in toxicity testing and understanding species-specific responses. The combined effects of MPs with other pollutants and stressors are also a significant focus, highlighting the complexity of environmental exposures. Advanced molecular techniques, including proteomics, transcriptomics, and metabolomics, are extensively employed to elucidate the mechanistic underpinnings of MP toxicity, providing a detailed understanding of changes in gene expression, protein synthesis, and metabolic processes. Overall, this cluster underscores a comprehensive and multifaceted approach to studying the intricate and far-reaching impacts of MPs on biological systems.
Cluster 4 of global MP research centers on the biodegradability and environmental impact of MPs, emphasizing their degradation processes and interactions with microbial communities. Studies focus on how different types of plastics, including polyethylene, polypropylene, and biodegradable alternatives like PLA, break down under various environmental conditions (Gewert et al., 2015; Kole et al., 2017). The role of microbial biofilms and communities in enhancing or inhibiting the degradation process is also a key area of investigation (Galloway and Lewis, 2016). Additionally, research addresses the broader environmental and health implications of MPs, including their potential to carry antibiotic-resistant genes and pathogens (Wright et al., 2020). This cluster also highlights the importance of sustainable management practices, such as recycling and promoting a circular economy, to mitigate plastic pollution (Rochman et al., 2019). Overall, this cluster underscores the need for comprehensive strategies to address the persistence and ecological impacts of MPs.
Cluster 5 centers on the adsorption properties of MPs and their role as vectors for various environmental contaminants, including heavy metals, pharmaceuticals, antibiotics, and persistent organic pollutants. Studies demonstrate that the physicochemical properties of MPs, such as hydrophobicity and surface characteristics, significantly influence their capacity to adsorb these substances, impacting their bioaccessibility and environmental fate (Wang et al., 2019). Environmental factors like salinity, pH, and temperature further affect the adsorption-desorption processes, altering the interactions between MPs and contaminants (Bakir et al., 2016). Research also highlights the changing interaction properties of aged MPs due to weathering, which can modify their adsorption behavior and ecological impact (Holmes et al., 2014). This cluster underscores the complexity of MP pollution, emphasizing the need for comprehensive risk assessments to understand their dual role as pollutants and carriers of hazardous substances (Yu et al., 2021). Comparison between research clusters in global and Gulf region studies reveals that of the five global topical zones, only the first cluster has been explored to a limited extent in the Gulf region, with significant gaps in other zones that require further investigation.
3.6.2 Trending topics analysis
An essential feature of VOSviewer is its overlay analysis, which allows researchers to highlight specific attributes within a bibliometric map, such as citation impact, publication year, or research topics (van Eck and Waltman, 2010). This overlay analysis provides a clear and intuitive way to identify temporal patterns of research through close examination of the emergence year of certain research keywords. The benefits of this feature include the ability to easily identify trends, emerging topics, and influential research within a field (Cobo et al., 2011). Overlay analysis of global and Gulf region studies facilitates trend comparison and identifies topics spearheading future MP research.
Supplementary Figure S1 and Table 4 highlight the temporal evolution of research keywords and the top 20 recent research keywords on both global and Gulf region studies, respectively, providing a detailed comparative view of global and Gulf region trends. Globally, recent keywords such as “Ferroptosis,” “Lettuce,” “Photoaging,” and “Spatiotemporal distribution” have emerged in 2023, reflecting a shift towards novel research areas. In 2022, keywords like “Pregnancy,” “Nitrous oxide,” “ROS,” and “Soil microplastics,” marked an expansion into environmental and health-related impacts. These emerging themes are distributed across multiple clusters, illustrating the breadth of novel research avenues being explored.
TABLE 4 | Temporal emergence of MP research keywords in global and Gulf region studies.
[image: Table 4]In the Gulf region, the latest research keywords from 2022, such as “Energy dispersive X-Ray spectroscopy,” “Ecosystem,” “River pollution,” and “Raman spectrometry,” highlight a focus on analytical techniques and environmental impacts. These recent topics indicate an emerging interest in understanding the analytical and ecological aspects of MP pollution. In contrast, the keywords from 2021, including “Polymer,” “Scanning electron microscopy,” “Pollution,” “Chemical composition,” and “Polypropylene,” reflect an earlier stage of research primarily centered on material types, pollution measurement, and fundamental analytical methods. This temporal progression from 2021 to 2022 underscores a shift from basic material characterization and pollution metrics to more sophisticated analytical techniques and ecosystem impact assessments. The concentration of keywords in clusters 1 and 2 further suggests a focused research agenda in the Gulf region, emphasizing foundational and analytical studies in MP research. These contrasting emergence patterns highlight the maturity and diversification of global MP research, in stark contrast to the Gulf region, where efforts remain in their developmental stages. This disparity underscores the critical need for targeted research initiatives to bridge the gap and foster a more comprehensive understanding of MP pollution in the Gulf region (Supplementary Figure S1).
4 CONCLUSION
The bibliometric analysis conducted on MP research on both global and Gulf region scales provides a comprehensive overview of the current state and evolution of the field. Globally, the vast array of studies highlights a robust and exponentially growing interest in MPs, evidenced by a significant surge in publications, especially post-2014, peaking in 2023. This global surge highlights a widespread recognition of the environmental and health implications posed by MPs, with a substantial body of research focusing on various aspects ranging from particle size and toxicity to broader environmental impacts. In contrast, MP research in the Gulf region, though increasing, accounts for just 1.1% of the global output, highlighting its underrepresentation. This disparity points to a critical research gap in the region despite its unique environmental challenges and reliance on marine ecosystems. Gulf region studies have shown a growing trend but on a much smaller scale, indicating a nascent but gradually acknowledging field within the local scientific community. Peaks in publications and citations within the Gulf region indicate periods of heightened research activity and interest, likely driven by regional environmental policies or growing scientific capabilities.
Moreover, the analysis of leading journals, authors, and countries further portrays the landscape of MP research. Globally, countries like China dominate the field, contributing significantly through a large number of studies and extensive international collaborations, reflecting their industrial and environmental challenges as well as their scientific ambitions. Conversely, the research in the Gulf region is predominantly led by Iran, highlighting a focused but limited regional effort to address MPs pollution, with much room for growth in terms of both scope and depth.
This study not only identifies the significant research gap present in the Gulf region but also interprets the varying scales of engagement and focus on MP research. The insights drawn highlight the necessity for increased regional research efforts, particularly in understanding the localized impacts of MPs on the marine-rich environments of the Gulf. There is a pressing need for targeted research initiatives to integrate the Gulf region into the global MP studies, fostering more effective local and global environmental health strategies.
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