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Abstract

Microplastics have emerged as pervasive contaminants in various ecosystems, raising
considerable concerns regarding their impact on environmental health and public safety.
The degradation of microplastics is thus recognized as a pressing global challenge. Pho-
tocatalytic degradation has emerged as a promising approach due to its potential for
efficiency and environmental sustainability. Nevertheless, there remains a need to investi-
gate emerging trends and advancements to understand and fully optimize this technique.
Consequently, PRISMA guidelines were employed to define the search parameters, enable
the identification of pertinent scholarly articles, and systematically gather bibliographic
data from the published literature from 2005 to October 2024. A bibliometric analysis
of 204 research articles derived from merged Scopus and Web of Science datasets was
conducted to map the field’s research landscape. The analysis showed a robust annual
publication growth rate of 17.94%, with leading contributions from China, India, Mex-
ico, and the United Kingdom. Keyword analysis revealed that the commonly applied
photocatalysts are titanium dioxide and zinc oxide in the photocatalytic degradation of
polyethylene terephthalate, polypropylene, polystyrene, polyvinyl chloride, high-density
polyethylene, and low-density polyethylene. Advances in collaboration across Asia and
Europe have bolstered the research landscape. However, challenges persist in achieving
cost-effective scalability, ensuring the safety of degradation byproducts, and translating
laboratory findings into real-world applications. Emerging trends include the development
of visible-light-responsive catalysts, advanced nanocomposites, and sustainable photocat-
alytic technologies. This study underscores the utility of bibliometric tools in identifying
knowledge gaps and guiding the development of innovative approaches for microplastic
degradation as part of environmental remediation efforts.

Keywords: microplastics; nanoplastics; bibliometric analysis; photocatalytic degradation;
Bibliometrix; Biblioshiny; environmental pollution

1. Introduction
The rise of plastic pollution, particularly microplastics, has become one of the most

critical environmental challenges in recent decades. Microplastics, defined as plastic
particles less than 5 mm in size, are pervasive across ecosystems, from oceans and rivers
to soil and air [1]. Their persistence in the environment is primarily due to the inherent
durability of plastic polymers, which resist natural degradation processes. The increasing
production of plastics, coupled with their low recycling rates and improper disposal, has
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led to a global crisis, as microplastics accumulate and pose risks to human health and
ecosystems [2,3].

Plastics, such as polypropylene (PP), polyethylene (PE), polystyrene (PS), polyvinyl
chloride (PVC), polyethylene terephthalate (PET), polyamide (PA), high-density polyethy-
lene (HDPE), and low-density polyethylene (LDPE), are produced from fossil fuels like
petroleum, natural gas, or coal [4]. Despite the environmental problems caused by plastic
pollution, their versatility, durability, low cost, and efficiency have made them essential
in various industries, including packaging, construction, transportation, electronics, agri-
culture, healthcare, and sports [5]. However, the widespread use of these plastics has led
to significant environmental challenges, particularly the accumulation of microplastics,
prompting the search for innovative mitigation strategies [6]. As concerns over microplastic
pollution have grown, researchers have explored innovative approaches to mitigate this
issue [2].

One such approach is photocatalytic degradation [7–10], a process that harnesses
the power of light and catalysts to break down microplastics into smaller, less harmful
substances. Photocatalysis involves the use of semiconductor materials, such as titanium
dioxide (TiO2) or zinc oxide (ZnO), which, when activated by light, generate reactive species
capable of attacking and degrading plastic polymers [11,12]. This method holds promise as
a sustainable and environmentally friendly solution to microplastic pollution, particularly
in aquatic environments where microplastics are most prevalent. Unlike traditional waste
management techniques, photocatalytic degradation can degrade microplastics in situ,
minimizing the need for collection and disposal [13,14].

Photocatalysis is attractive because it utilizes renewable energy sources, such as sun-
light, to drive the degradation process. This aspect makes it an attractive solution for
reducing the environmental impact of microplastics, particularly in remote or large-scale
environments like oceans and lakes where traditional cleanup methods are not feasible.
Photocatalysis offers the potential to reduce microplastic particles to their molecular compo-
nents, ultimately minimizing the risk of further environmental contamination. Additionally,
this approach is eco-friendly, as it does not rely on harsh chemicals or energy-intensive pro-
cesses, aligning with global efforts toward sustainable environmental management [15–17].

However, despite the growing body of research on photocatalytic degradation of
microplastics, there is a need for a clearer understanding of the global research landscape
in this field. Bibliometric analysis is essential for understanding a research field, as it
effectively maps the intellectual structure and identifies trends within that domain. Quan-
titatively analyzing academic publications allows researchers to identify patterns, key
contributors, influential papers, and emerging trends. Bibliometrics can uncover hidden
connections within a field, providing insights into how research evolves and highlighting
areas of high activity or potential gaps in knowledge. This approach is particularly valuable
in fast-growing research areas like photocatalytic degradation of microplastics, where
keeping track of the vast and diverse literature can be challenging [18,19].

While review papers often summarize recent developments, identify challenges, and
propose future research directions, bibliometric analysis takes a systematic, data-driven
approach to evaluate global research patterns in specific fields by analyzing literature in-
dexed in academic databases. Initially more familiar within social sciences, library sciences,
and informatics, bibliometric analysis has become an increasingly valuable tool across
diverse disciplines, allowing researchers to quantify publication trends, map influential
authors and institutions, and identify prominent research themes and gaps. Applying
bibliometric analysis to the field of photocatalysis provides a fresh methodological perspec-
tive, offering insights into dominant research topics, collaboration networks, and evolving
research trajectories. This approach highlights current research hotspots and forecasts
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emerging directions, supporting a comprehensive understanding of the field’s progression
and potential future developments [20].

Bibliometric analysis has been significantly enhanced through the development of
specialized software tools such as Bibliometrix [21,22], VOSviewer [23,24], and CitNet-
Explorer [25]. These tools facilitate efficient visualization and comprehensive analysis of
bibliographic data, providing researchers with advanced capabilities to map out scien-
tific landscapes. Across numerous disciplines, researchers use bibliometric tools to assess
research performance, identify emerging trends, and understand the broader patterns
within specific fields of study [26]. For example, Pauna et al. [27] conducted a bibliometric
network analysis on the scientific literature concerning microplastics in marine ecosystems.
Utilizing VOSviewer, they analyzed keyword co-occurrence, author collaborations, and
citation patterns to visualize the research landscape. Kek et al. [28] performed a biblio-
metric analysis of sustainable strategies for reducing indoor microplastics and converting
them into value-added products. The study used data from the Web of Science to map
research trends, citation patterns, and collaborations. Zhang et al. [29] reported a study on
bibliometric analysis of global trends and prospects in microplastic research. Mehta and
Kozielska [30] integrated bibliometric analysis to perform a systematic literature review on
sources and analytical approaches of indoor microplastics.

This study utilizes a bibliometric approach to examine global research trends in
the photocatalytic degradation of microplastics. By analyzing data from leading scientific
databases such as Web of Science and Scopus, we aim to provide a comprehensive overview
of the current research landscape, highlighting influential studies, key researchers, and
dominant research areas [31]. The Web of Science Core Collection (WoS) and Scopus are
leading multidisciplinary databases providing extensive bibliographic information across
various research domains. WoS has over 1.9 billion cited references and 85.7 million schol-
arly records spanning 254 disciplines. At the same time, Scopus offers access to 87 million
documents, 1.8 billion citations, and data from 94 thousand affiliations and 7.5 thousand
publishers. Independently utilizing WoS and Scopus databases can lead to redundancy and
complexity due to overlapping content, making it necessary to eliminate duplicates. It is
recommended that metadata be unified for efficient bibliometric research, as each database
has unique features [32,33]. Merging both datasets provides comprehensive time coverage,
includes new literature, and enhances the accuracy of measuring authors’ impact, thereby
improving the analysis of evolutionary citations [19]. User-friendly methods are available—
using R packages and Excel—for merging WoS and Scopus datasets while maintaining data
integrity [33,34].

Therefore, the primary objective of this study was to conduct a detailed bibliometric
analysis of global research on this topic. Specifically, the study seeks to address the
following objectives: (1) Identify global research trends by analyzing publication patterns
over time to determine periods of rapid growth, the distribution of research efforts across
regions, and the evolution of interest in this field. (2) Highlight key contributors by
identifying leading countries, institutions, and researchers through co-authorship networks
and affiliations, revealing collaboration patterns and geographical expertise concentrations.
(3) Evaluate influential publications by identifying the most highly cited studies, journals,
and conferences that publish research on this topic, providing insights into impactful
works and dissemination channels. (4) Explore emerging trends by analyzing the latest
developments to identify new research topics. (5) Identify research gaps by mapping the
current research landscape to highlight areas needing further investigation, thereby guiding
future research initiatives.
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2. Methodology
2.1. Data Source and Search Criteria

Scholarly databases play a pivotal role in bibliometric research and data analysis. Two
of the most widely utilized databases are WoS and Scopus, along with others like PubMed
and Google Scholar [28]. WoS and Scopus are recognized for their extensive coverage across
multiple disciplines. WoS stands out for its broad range of subjects, encompassing science,
social sciences, and the humanities [35]. Similarly, Scopus offers comprehensive indexing,
particularly strong in scientific, technical, and health-related fields, while covering the
social sciences and humanities [19,36]. In addition to their wide-ranging citation data, both
databases are valued for their powerful analytical tools, enabling researchers to extract
meaningful insights from bibliometric data [37]. Given their reliable indexing, robust
coverage, and trusted reputations, this study employed both WoS and Scopus for data
mining and analysis, leveraging the strengths of each to ensure a thorough and accurate
research process [38].

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines [39] were utilized to define the search parameters, identify relevant scholarly ar-
ticles, and systematically extract bibliographic data from the published literature spanning
2005 to October 2024. The PRISMA 2020 Checklist [40] (Supplementary Materials) informed
the search criteria, providing a framework of evidence-based recommendations aimed at
enhancing the transparency and thoroughness of systematic reviews and meta-analyses.
By adhering to PRISMA standards, the search strategy was designed to ensure replicability
and methodological rigor in selecting pertinent publications, thereby strengthening the
validity of the review findings. The comprehensive bibliographic data collected played
a critical role in evaluating the relevance and contribution of each identified study to the
overarching research objective of this analysis.

A search query primarily consisting of (“photocatalytic degradation” OR “photodegra-
dation”) AND (“microplastic*” OR “nanoplastic*” OR “plastic*”) AND (“photocatalyst*”
OR catalyst*) was used. The search was performed on 25 October 2024 and was confined
to journal articles published in English. The focus was on abstracts, titles, and author’s
keywords to ensure relevance. Only primary research articles were considered to ensure the
inclusion of original research. Other document types, including review papers, retracted
publications, conference proceedings, editorial letters, book chapters, and conference re-
views, were intentionally excluded, as they typically synthesize the existing literature
rather than presenting new findings [41]. A detailed overview of the data search, selection
process, and analysis of the databases is shown in Figure 1. The search before refinement
yielded 1623 and 200 documents from WoS and Scopus, respectively, totaling 1823. After
refining the search by limiting the publication years and only including original research
articles, 1568 documents were obtained from WoS and Scopus. An article was eligible for
inclusion in the bibliometric study if it addresses the photodegradation or photocatalytic
degradation of PP, PE, PS, PET, PVC, PU, HDPE, and LDPE.
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Figure 1. Flow diagram illustrating the PRISMA search criteria for identifying relevant scholarly
articles on nano/microplastic photocatalytic degradation. The asterisk (*) in the search terms is a
wildcard symbol used to capture all word variants beginning with the root.

2.2. Merging WoS and Scopus Datasets

The technique used in this study to merge and process data from the WoS and Scopus
databases was adapted from the approach outlined by Phiri et al. [18]. An R-script (RStudio
4.2.2) was used to systematically combine WoS plain text files and Scopus bibtex files, as
illustrated in Figure 1, integrating both datasets and simultaneously removing duplicate
entries. The specific codes used for combining and merging the datasets are provided in
the Supplementary Materials. Following the initial data processing, Microsoft Excel was
used to analyze Digital Object Identifiers (DOIs) in the resultant Excel file, enabling further
refinement by identifying any remaining duplicate records. These steps were essential for
excluding duplicates and irrelevant articles that fell outside the scope of this research. As a
result, the dataset was refined to focus on research on the photocatalytic degradation of
nano/microplastics.



Microplastics 2025, 4, 35 6 of 31

2.3. Data Analysis

Even after exclusions reduced the dataset from 1568 to 1440 entries, the merged
dataset still contained entries beyond the study’s scope. A thorough manual screening
process was conducted, in which each entry was assessed based on titles, abstracts, and,
when necessary, full articles. The focus was explicitly on the photocatalytic degradation
of nano/microplastics. Unrelated topics such as thermal degradation of plastics, chem-
ical oxidation processes, mechanical fragmentation of plastics, enzymatic degradation,
biodegradation by microorganisms, and recycling of plastics (mechanical or chemical) were
excluded. Excluding the articles with these topics was necessary to maintain a focused and
high-quality dataset for bibliometric analysis. Hence, this careful curation narrowed the
dataset from 1440 to 204 entries (see Supplementary Materials), ensuring relevance for the
intended analysis [19].

To maintain a strong focus on the study’s objectives, researchers carefully refined
the dataset, enabling a more precise and insightful analysis of trends within the field.
The dataset was meticulously reviewed and validated in its final Excel format before
initiating the bibliometric analysis, ensuring the accuracy, completeness, and integrity
of the data uploaded for examination [34]. A comprehensive science mapping analysis
was then performed using Bibliometrix (version 4.1.3), a robust R-tool developed by Aria
and Cuccurullo [21]. For visualization purposes, Biblioshiny, the web-based interface of
Bibliometrix, was employed to create graphical representations of the analyzed data.

3. Results and Discussion
3.1. Advancements in Research Interests and Publication Output

Table 1 presents a summary of key primary information deciphered by Bibliometrix.
It highlights key bibliometric metrics such as the annual growth rate, the analyzed period’s
duration, the total number of documents included, and the primary sources contributing to
the dataset.

Table 1. An overview of key primary information from the bibliometric analysis.

Bibliometric Measurement Result

Duration/period 2005–2024
Sources 112
Articles 204
Annual growth rate (%) 17.94
Document average age (years) 5.91
Average citations per document 31.75
Keywords Plus (ID) 624
Author’s Keywords (DE) 522
Authors 794
Authors of single-authored documents 2
Single-authored documents 2
Co-authors per document 5.42
International co-authorships (%) 25.98

The bibliometric analysis of photocatalytic degradation of microplastics and nanoplas-
tics reveals a growing research interest in this field over the past two decades (2005–2024).
The 17.94% annual growth rate highlights the accelerating pace of scientific contributions
driven by increasing environmental concerns. A total of 204 articles from 112 sources were
analyzed, with an average of 31.75 citations per document, indicating a strong impact and
relevance of the research. The field exhibits a high level of collaboration, with an average
of 5.42 co-authors per document and 25.98% international co-authorships, reflecting a
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global research effort. The document average age of 5.91 years suggests this is a relatively
young yet rapidly evolving field. The analysis also highlights an extensive knowledge
network, with 624 Keywords Plus (ID) and 522 Author’s Keywords (DE), demonstrating
the multidisciplinary nature of research in photocatalytic degradation of plastic pollutants.
However, the presence of only two single-authored documents suggests that individual
contributions are rare, emphasizing the collaborative nature of this research domain. The
bibliometric trends indicate a dynamic and expanding scientific landscape, underscoring
the urgent need for sustainable microplastic and nanoplastic pollution solutions.

Industries discharge substantial quantities of wastewater into lakes and rivers, re-
sulting in significant environmental pollution [42]. Traditional water treatment methods
often need to catch up regarding long reaction time, efficiency, and cost-effectiveness [43].
In recent years, photocatalysis has emerged as a promising alternative for wastewater
treatment. This method is particularly appealing due to its effectiveness in degrading
pollutants through redox reactions and its ability to utilize sunlight, an abundant and free
energy source [44]. Consequently, there has been a notable increase in research and publica-
tions focusing on photocatalytic wastewater treatment. Photocatalysis has been explored
as an effective method for removing microplastics from water. This advanced treatment
process can be integrated as a tertiary stage in wastewater treatment plants, enhancing their
ability to address microplastic pollution. During photocatalysis, microplastics undergo
degradation, breaking down into carbon dioxide and water or converting into molecular
species that are generally less toxic. This finding makes photocatalysis a promising option
for mitigating the environmental impact of microplastics in wastewater treatment [7].

In addition, the United Nations Sustainable Development Goals (SDGs), particularly
Goal 6, which targets access to clean water and sanitation for all by 2030, have sparked
considerable interest and engagement within the research community [45]. The urgency
of addressing global water scarcity and pollution, coupled with the need for sustainable
management of water resources, has motivated scholars to focus on developing innovative
and environmentally sustainable solutions for water treatment. These goals highlight the
importance of tackling the adverse effects of water contamination, including emerging
pollutants such as microplastics, and emphasize adopting economically feasible technolo-
gies that minimize environmental impact. Consequently, the SDGs have become a driving
force for research initiatives to advance water purification methods that are effective and
sustainable long-term, aligning with global efforts to safeguard water resources for future
generations [19].

The earliest photocatalysts identified were wide bandgap semiconductors [46]. While
these materials are effective, they have significant limitations, primarily their ability to
absorb light only in the ultraviolet spectrum, which restricts their photocatalytic efficiency.
It is important to note that solar energy contains only about 3–5% UV radiation, while
visible light constitutes approximately 43% of solar energy. This observation implies that
a considerable portion of solar radiation remains untapped. Considering this, there is
an increasing focus on developing visible-light-driven narrow bandgap semiconductors
that can effectively absorb light in the visible spectrum, thereby enhancing photocatalytic
activity and utilization of solar energy [20,47].

3.2. Overview of Photocatalysts for Nano- and Microplastic Degradation

Table 2 summarizes recent studies on photocatalysts for degrading different nano- and
microplastics. It lists the photocatalyst types, synthesis methods, targeted plastics, irradia-
tion sources, reaction times, and degradation efficiencies, highlighting diverse approaches
and their potential for sustainable plastic degradation.
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Table 2. Summary of photocatalysts used in nano/microplastic degradation applications.

Photocatalyst Synthesis
Method

Nano- and
Microplastic

Type

Irradiation
Source

Reaction
Time (h)

Degradation
Efficiency (%) Ref.

C,N-TiO2/
SiO2 (TS-ME)

Extrapallial
fluid from

Mytilus edulis

PET 50 W LED
visible light

120 9.35–16.22 at
pH 6 and 8

[7]

C,N-TiO2/
SiO2 (TS-MG)

Extrapallial
fluid from

Mytilus
galloprovincialis

9.35–16.22 at
pH 6 and 8

[7]

CuO/BiVO4 Modified
nanoscale

CuO/BiVO4

LDPE, PP, and
PA

Simulated solar
light

8 h per day
for 14 days

– [8]

Ni2P/TiO2/
C NFs

Electrospinning,
heat treatment,
hydrothermal

treatment,
phosphate
treatment

PET 500 W mercury
lamp

– – [9]

BiOCl–ZrO2 Co-
precipitation

LDPE Visible light
irradiation

24 48.67 [10]

C,N-TiO2 Green
bio-inspired

synthesis using
mussel

extrapallial
fluid

HDPE 50 W LED lamp
(400–800 nm)

50 71.77 ± 1.88 [48]

Fe3O4 Solvothermal
method

PET UV-A radiation 192 (8 days) – [49]

WO3/g-C3N4 Hydrothermal
method

PET Visible light
(300 W xenon

lamp

10 (for WO3
synthesis)

High H2
evolution
indicated
effective

degradation

[50]

BiOCl
(Nanoflower)

Solution-cast
technique;

PS 500 W Halogen
luminaire

90 – [51]

BiOCl
(Nanodisk)

Reaction of
Bi(NO3)3 and

FeCl3
TiO2-Polyaniline
(PANI)

Chemical
oxidative

polymerization

PS UV lamp (30 W,
wavelength

253 nm)

1000 – [52]

Graphene
Oxide-Zinc
Oxide
(GO-ZnO)

Precipitation
method for

ZnO;
Ultrasonication

for GO-ZnO

LDPE UV Light
(40 W)

2 39.47 [53]

Zinc Oxide
Nanoparticles
(ZnONPs)

Nano
precipitation

technique

PVC, PE, PS, PP,
PET

UV light
(365 nm)

175 – [54]
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Table 2. Cont.

Photocatalyst Synthesis
Method

Nano- and
Microplastic

Type

Irradiation
Source

Reaction
Time (h)

Degradation
Efficiency (%) Ref.

Zinc Oxide
(ZnO-NPs) –

PS UV lamp (30 W,
λ = 254 nm)

300
– [55]

Organonanoclay
(ONC)

PS-ONC-ZnO
(Nanocomposite)

Soil Components
(Clay, Iron
Oxides, MnO2)

Not specified in
detail

PET 500 W Xenon
lamp

(wavelength
range

295–2500 nm)

480 (20 days) 28.9% [56]

CuO/Bi2O3/
g-C3N4

Sol-gel method PET Sunlight 240 (10 days) 41.60% [57]

TiO2 and
Nano-graphite

Codoping in
PVC matrix

PVC composite
film

300 W medium-
pressure UV

lamp (365 nm)

30 17.24 (for Nano-
G/TiO2/PVC)

[58]

Photocatalytic degradation of nano- and microplastics under UV, sunlight, and visible
light have been explored in multiple studies employing various advanced photocata-
lysts [7–10,46–56], with distinct mechanisms and material-specific properties aimed at
mitigating plastic pollution effectively. Table 2 provides a comprehensive summary of
photocatalysts used in these studies. The bio-inspired C,N-TiO2/SiO2 photocatalyst syn-
thesized using extrapallial fluid from Mytilus galloprovincialis for PET degradation under
visible light exemplifies innovation in materials design. The catalyst’s high surface area
and suitable bandgap energies enabled degradation efficiencies ranging from 9.35% to
16.22% after 120 h, particularly under acidic conditions (pH 6). The degradation process
was confirmed using structural and thermal analyses, revealing significant changes in
PET properties and surface morphology (Figure 2a,b), with enhanced activity attributed to
synergistic carbon and nitrogen doping [7].

Similarly, CuO/BiVO4 nanocomposites were explored for degrading LDPE, PP, and
PA via an enhanced photo-Fenton process. The formation of a p–n heterojunction between
CuO and BiVO4 enhanced charge transfer and promoted the generation of reactive oxygen
species (ROS). This facilitated efficient oxidation processes, leading to effective polymer
breakdown, as demonstrated by the increased carbonyl and vinyl indices (Figure 2c–e).
However, the treated water showed some toxicity, highlighting the necessity for dilution
before discharge [8]. Another notable system reported by Qi et al. [9] is Ni2P/TiO2/C
nanofibers (NFs). This system achieved efficient charge separation and reduced electron–
hole recombination during PET degradation under visible light, with KOH pretreatment
further enhancing degradation performance [9]. In the case of BiOCl-ZrO2, degradation
of LDPE under visible light resulted in a 48.67% weight reduction over 24 days, with
a type-II heterojunction improving charge separation and reducing recombination. The
process, however, had a measurable carbon footprint, emphasizing the need for further
optimization to align with sustainable development goals [10].
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Figure 2. SEM micrographs of PET MPs (a) before and (b) after photocatalytic degradation for
120 h [7]; (c–e) FTIR spectra of LDPE, PP, and PA before and after being exposed to a photo-Fenton
catalytic process using 0.5CuO/BiVO4@300 ◦C for 14 days [8]; (f) AFM and (g) SEM images of PS
under BiOCl nanodisk after 90 h visible light irradiation [51]; (h) SEM images and (i) FTIR spectra
of PS before and after photodegradation [55]; (j) SEM images of pristine MPs and photodegraded
MPs after 20 days of treatment with and without the presence of soil [56]; (k) SEM measurement of
Nano-G/TiO2/PVC composite film after exposure to light for 30 h [58].

Studies have also explored the use of Fe3O4 particles and composites, such as Fe3O4/g-
C3N4, which leverage magnetic properties for easy separation and redox cycling to generate
radicals under UV-A light, achieving PET degradation rates up to 40% in 8 days [49].
A Z-scheme photocatalyst, g-C3N4/WO3, demonstrated efficient PET degradation and
hydrogen production under visible light, with enhanced ROS formation facilitating the
breakdown of polymer chains [50]. BiOCl nanostructures were tested for PS degradation,
where BiOCl nanodisks achieved superior performance compared to nanoflowers due to
efficient ROS generation. This is evidenced by surface roughness (Figure 2f) and cavity
formation (Figure 2g) [51]. A composite of TiO2-polyaniline (PANI) demonstrated an
enhanced charge separation due to strong TiO2-PANI interactions leading to improved
chain scission and photo-oxidation. The composite also showed significant weight loss of
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PS due to volatile gas formation during degradation, offering a practical approach for PS
waste treatment [52].

Innovative photocatalysts such as graphene oxide-zinc oxide (GO-ZnO) composites
and ZnO nanoparticles (ZnO NPs) have shown promise for LDPE and sewage-derived
plastics degradation, respectively. GO-ZnO achieved a 39.47% mass loss of LDPE under UV
light in just 2 h due to improved charge separation, while ZnO NPs demonstrated effective
degradation of various polymers, including PE, PP, PVC, and PET, as confirmed by Raman
and FTIR spectra [53,54]. Additionally, C,N-TiO2 achieved 71.77% degradation efficiency
of HDPE under visible light in 50 h, with enhanced activity attributed to hydroperoxide
formation and increased MP surface area through fragmentation [48].

Soil-mediated photocatalytic degradation using components like clay, iron oxides,
and MnO2 highlighted the critical role of environmental catalysts in enhancing polymer
breakdown. The interplay between MPs and soil components, particularly clay minerals
and iron oxides, facilitated degradation through electrostatic interactions, as confirmed by
SEM and ATR-FTIR analyses (Figure 2h–j) [55,56]. Moreover, advanced composites like
CuO/Bi2O3/g-C3N4 achieved 41.60% degradation of PET MPs under sunlight. Similarly,
photodegradable PVC films with nano-graphite and TiO2 showed a 17.24% weight loss un-
der UV irradiation. SEM images revealed surface porosity and a honeycomb-like structure
(Figure 2k), demonstrating promising degradation performance through enhanced charge
separation and ROS generation [57,58].

3.3. Document Types and Quantities

In this study, 1823 records related to microplastic research were retrieved. In the
beginning, the statistical data of the studies were sorted and analyzed to draw preliminary
conclusions on research trends. The documents were classified into seven distinct categories
(Figure 3a), with the largest share being original research articles, accounting for 86.5%
of all publications. Review articles and proceeding papers accounted for 5.3% and 5.8%,
respectively. Early access (1.3%), book chapters (0.9%), editorial letters (0.1%), and retracted
publications (0.1%) were among the less significant categories. The predominance of
original research articles is a key indicator of growth and evolution within microplastic
research. Therefore, the analysis focused primarily on original research articles on the
photocatalytic degradation of nano/microplastics to better capture trends, advancements,
and knowledge gaps in the field. This focus enables a detailed evaluation of the core
literature shaping the direction of microplastic research.

The annual production of articles and citation data in Figure 3b and Table S1
(Supplementary Materials) highlights important trends regarding the progression, impact,
and development of research in photocatalytic degradation of nano/microplastics. From
2005 to 2014, scientific production was relatively low and fluctuated moderately, with
publication numbers ranging between 1 and 11 per year. However, after 2018, there was
a noticeable increase in publications, marking a sharp rise in 2021. This upward trend
peaked in 2023 with 37 publications, indicating a growing research interest. Although
there was a slight decrease in 2024 to 23 publications (please note that by 25 October 2024,
only 81.69% of the year is considered), the overall trend suggests heightened awareness
and increased research activity over recent years. The problem of nano/microplastics has
become a prominent environmental concern, driving heightened academic and research
interest. This rise likely reflects increased awareness of microplastic pollution’s ecological
and health risks, leading to more funding and a greater focus on finding effective mitigation
solutions [28,59].
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Figure 3. (a) Distribution of document types in microplastics research; (b) Annual scientific production
and citations per year for publications on microplastics.

The mean total citation per year reveals fluctuating impact over time. Initially, between
2005 and 2013, the average citations were relatively low and inconsistent. A significant
increase in citations began in 2019, reaching a peak of 13.11 and 12.62 citations per year in
2020 and 2021, respectively. These peaks may reflect highly influential studies or growing
recognition within the field. However, the mean citation rate has declined recently, with
2024 averaging only 2.22 citations per paper, likely due to the shorter period for citations
to accumulate. This trend suggests both growing research interest and variation in the
immediate impact of recent studies.

The trend in publication volume does not usually align with the average citation
pattern. It is common to experience a delay between when a document is published and
when it begins to receive citations. This delay is known as citation lag [60]. Such a lag
arises because newly published research requires time to be discovered, read, and cited by
other scholars in their subsequent works. As a result, even in fields where the number of
publications is increasing, indicating a positive growth trend, the citation counts for more
recent articles tend to be lower than those for older publications. This phenomenon occurs
because the research community needs time to absorb and integrate new findings into their
work, which is then reflected in citation records [61]. This phenomenon is a normal aspect
of the scholarly communication process and highlights the iterative nature of research
and the dissemination of knowledge. It underscores the fact that while publication rates
may rise, citation practices often lag, reflecting the gradual process through which new
information gains recognition and influence within the academic community [19].

3.4. Source Dynamic Production

Figure 4 shows leading journals and cumulative journal production over time. As
shown in Figure 4a, Polymer Degradation and Stability stands out as the leading journal
with 23 articles on this topic, reflecting its focus on materials degradation, particularly
polymers, which aligns well with the study of plastic breakdown in environmental contexts.
The Journal of Hazardous Materials follows with 12 articles, emphasizing the hazardous
nature of micro- and nanoplastics and the importance of developing effective degradation
strategies to mitigate their environmental impact. The Journal of Environmental Chemical
Engineering and Journal of Applied Polymer Science also have significant contributions, with
10 and 9 articles, respectively. These journals cover areas relevant to the environmental
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chemistry of degradation processes and the engineering challenges associated with using
photocatalytic materials to address plastic pollution.

 
Figure 4. (a) Leading journal sources and (b) production trends in photocatalytic degradation of
nano/microplastics research.

Figure 4b shows the growth in publication output over time for each journal, revealing
trends in scientific attention toward photocatalytic degradation of plastics. Polymer Degra-
dation and Stability has steadily increased in publications since 2006, leading the field and
likely reflecting ongoing advancements in understanding polymer stability and breakdown.
The Journal of Hazardous Materials began contributing significantly in 2008 and has recently
increased awareness of the environmental hazards associated with micro- and nanoplastics.
The Journal of Environmental Chemical Engineering saw a sharp increase starting around
2019, suggesting recent developments in applying chemical engineering principles to this
environmental challenge.
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Table 3 provides metrics for the journals, such as the h-index, g-index, m-index, total
citations (TC), number of publications (NP), and the year of publication start (PY_start).
For example, Polymer Degradation and Stability has an h-index of 15 and a g-index of 23,
indicating both the productivity and impact of its publications in this field. Meanwhile, the
Journal of Hazardous Materials has a higher total citation count (1072) despite a lower number
of publications, suggesting that its articles are highly influential, possibly due to their focus
on addressing hazardous aspects of plastic pollution. Journals like the Chemical Engineering
Journal and the Environmental Science & Technology are recent but impactful contributors
in this field, showing high m-index values and rapid citation accumulation, indicating
that newer publications garner attention and may be pivotal in advancing photocatalytic
degradation techniques.

Table 3. Metrics of top journals in photocatalytic degradation of nano/microplastics research.

Source h_index g_index m_index TC NP PY_start

Polymer Degradation and Stability 15 23 0.789 667 23 2006
Journal of Hazardous Materials 9 12 0.529 1072 12 2008
Journal of Applied Polymer Science 7 9 0.467 162 9 2010
Journal of Environmental Chemical Engineering 7 10 1.167 180 10 2019
Chemical Engineering Journal 4 4 2 43 4 2023
Applied Surface Science 3 3 0.176 161 3 2008
Chemosphere 3 3 0.214 74 3 2011
Polymer Bulletin 3 3 0.5 34 3 2019
Polymer Composites 3 4 0.188 56 4 2009
ACS Catalysis 2 2 0.5 83 2 2021
Composites Part B-Engineering 2 2 0.25 55 2 2017
Environmental Chemistry Letters 2 2 0.333 350 2 2019
Environmental Pollution 2 2 1 8 3 2023
Environmental Science & Technology 2 2 0.105 139 2 2006
Environmental Science-Nano 2 2 0.5 37 2 2021

3.5. Three Field Plot

The three-panel plot in Figure 5, also known as the tripartite Sankey Diagram, provides
a comprehensive visualization of the relationships among authors, authors’ keywords, and
journals (sources) in the photocatalytic degradation of the microplastics research field. The
three-panel visualization illustrates the interconnections among research keywords, influen-
tial authors, and key publication sources in this research field. The keywords panel shows
the core concepts being studied, such as photocatalysis, degradation, photodegradation,
polyethylene terephthalates, polyethylene, microplastics, and polystyrene. The density and
interconnections between these keywords suggest they are closely related and central to
the research. The author’s panel identifies the key researchers contributing to this work.
Prominent authors such as Wang H, Cedillo-González E, Zan I, and Chakrabarti S emerge
as key contributors, reflecting their impactful publications and significant collaborative
efforts in the field. The sources (journals) field reveals the top publication outlets for this
research, including the Journal of Hazardous Materials, Journal of Applied Polymer Science, and
Polymer Degradation and Stability. The thick connections between specific journals suggest
they are frequently cited together, reflecting their topical relevance.
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Figure 5. Three field plot showing the relation among authors’ keywords, authors, and sources.

3.6. Leading Authors, Institutions, and Countries

A comprehensive analysis of photocatalytic degradation of microplastics research is
provided in Figure 6 and Table S2 (Supplementary Materials). Seven hundred and ninety-
four authors have contributed to the field, notably in Asia and Europe. Figure 6a ranks
authors by article count, with Wang H and Cedillo-González E leading with 11 and 9 articles,
respectively. This observation aligns with the data provided in Table 4, where both authors
also have high h-indices (8), suggesting that their work has garnered substantial recognition
and citations over time. However, other authors in Figure 6a with similar article counts,
such as Zan L, Deng K, and Fa W, show varied h-indices, g-indices, and total citations (TCs)
in the table. These results indicate that while they have produced comparable quantities of
articles, the impact and citation frequency differ across individuals.

Table 4. Citation metrics and publication statistics for the top ten researchers.

Author h_index g_index m_index TC NP PY_start

Cedillo-González E 8 9 1.333 784 9 2019
Wang H 8 11 0.5 250 11 2009
Zan L 7 7 0.368 442 7 2006
Deng K 6 6 0.316 283 6 2006
Fa W 6 7 0.316 375 7 2006
Liu J 6 8 1.5 254 8 2021
Nakatani H 6 7 0.375 95 7 2009
Siligardi C 6 6 1 631 6 2019
Ariza-Tarazona M 5 5 0.833 527 5 2019
Hernández-López J 5 5 1 544 5 2020
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Figure 6. Visualization of research contributions by (a) author, (b) institution, and (c) country,
including (d) collaboration distribution for single- vs. multi-country publications by country.

Table 4 also provides insights into when each author started publishing in this field
(PY_start), which can explain some of the trends in Figure 6a. For instance, authors like
Zan L and Deng K, who began publishing in 2006, have had more time to accumulate
articles, possibly contributing to their presence in Figure 6a. In contrast, Cedillo-González
E, who only started publishing in 2019, has achieved a comparable article count in a
shorter timeframe, further highlighted by a high m-index of 1.333 (Table 4). This m-index,
representing the h-index normalized by years since the first publication, suggests a rapidly
growing impact for newer researchers.

Additionally, some authors have higher g-indices and total citations despite fewer
articles, as seen with Siligardi C and Hernández-López J, indicating their work may be
particularly influential or widely cited. Therefore, while Figure 6a illustrates publication
quantity, Table 4 provides a broader perspective on each author’s research impact, pub-
lication timeline, and citation metrics. The article count alone does not fully capture the
academic influence of these authors. The impact metrics from Table 3 complement Figure 6a
by revealing the quality and influence behind the publication numbers.

Figure 6b presents the top institutions involved in this field, with Universidad Au-
tonoma de Nuevo Leon (UANL, Mexico) contributing the highest number of publications
(20), followed by University of Calcutta (CU, India) and Universita Di Modena E Reggio
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Emilia (UNIMORE, Italy). This concentration of publications in specific institutions sug-
gests that these centers have dedicated resources and facilities for advancing environmental
remediation techniques. Institutional leadership like this is important because it fosters
collaboration with industry and governmental organizations, potentially facilitating the
translation of research findings into practical technologies for wastewater treatment. These
high-output institutions can drive technological advances and influence global research
priorities in addressing plastic pollution [62].

As illustrated in Figure 6c, China produced the highest volume of publications of
85 articles, representing 41.7% of the total output. India follows with 22 articles (10.8%),
then Mexico (15 articles, 7.4%), the United Kingdom (12 articles, 5.9%), and Japan (8 articles,
3.9%). Meanwhile, contributions from India and Mexico reflect a rising interest in address-
ing microplastic contamination in diverse regions, highlighting an emerging awareness and
prioritization of environmental sustainability in developing countries. This trend aligns
with global research funding shifts and environmental policies emphasizing sustainable
technologies and pollution management.

Figure 6d distinguishes between single-country publications (SCPs) and multi-country
publications (MCPs), revealing collaboration patterns. China’s high SCP rate indicates
strong domestic research capacity, while countries such as Italy and Iran show higher MCP
rates, emphasizing international collaboration to leverage diverse expertise. This collabora-
tive trend is particularly valuable in photocatalysis, where interdisciplinary knowledge in
materials science, environmental science, and engineering is necessary to develop practical
solutions for microplastic degradation. International partnerships can foster innovation
through shared resources, enabling more comprehensive research outcomes and optimizing
photocatalytic applications across different environmental contexts. The partnerships align
with research growth, suggesting that countries with fewer resources benefit significantly
from international collaboration in specialized fields, allowing for broader adaptation and
implementation of technology solutions [63].

The publication output from various academic affiliations over time is illustrated
in Figure 7. From the figure, a notable increase in research activity since around 2015 is
observed. Universidad Autónoma de Nuevo León (UANL, Mexico) demonstrates the most
significant growth, particularly after 2018, which suggests an intensified focus on this
research area in recent years. In contrast, the University of Calcutta (CU, India) and Wuhan
University (WHU, China) show steady outputs, reflecting consistent contributions over time
but with less rapid recent growth than Universidad Autónoma de Nuevo León. South Central
Minzu University (SCMU, China) began contributing earlier and maintained a relatively
stable publication rate, indicating an early and sustained interest.

Additionally, Università di Modena e Reggio Emilia (UNIMORE, Italy) and the National In-
stitute of Technology (NIT, India) show moderate contributions, with more gradual increases
in their publication output. These trends reflect the growing global attention to environmen-
tal sustainability and pollution, particularly concerning micro- and nanoplastics. The trend
in the figure suggests that institutions from diverse regions are increasingly prioritizing
research on photocatalytic degradation to address the environmental challenges associated
with plastic pollution.
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Figure 7. Affiliation production over time.

3.7. Journal Co-Citation Analysis

Analyzing the most cited articles provides insight into the key studies driving re-
search in photocatalytic degradation of microplastics. This information shown in Table 5 is
valuable for understanding foundational and influential works and identifying impactful
authors and trends within the field. The highest-cited paper, authored by Tofa et al. in
2019 [64] and published in Environmental Chemistry Letters, has accumulated 278 citations,
with an average of 46.33 citations per year and a normalized citation count of 4.35. Fol-
lowing this, Uheida’s 2021 [65] study in the Journal of Hazardous Materials has received
273 citations, showing strong yearly growth with 68.25 citations per year and a high
normalized citation count of 5.41, indicating a significant recent impact.

Table 4 highlights the Journal of Hazardous Materials as a key outlet, featuring multiple
influential papers, such as Ariza-Tarazona’s studies from 2020 [48] and 2019 [66], with 238
and 210 citations, respectively. This journal serves as a core source for advancements in
photocatalytic degradation, contributing extensively to the research on this topic. Other
impactful journals include Polymer, where Zhao’s 2006 article [67] garnered 232 citations,
and iScience, with Nabi’s 2020 [68] publication receiving 193 citations and a robust annual ci-
tation rate of 38.60. The reported data reveals a mix of older foundational studies and recent
publications with rapidly growing influence. Notably, work by Cao and colleagues [69] in
the Journal of Colloid and Interface Science has already amassed 122 citations at an impressive
rate of 40.67 per year, signifying the ongoing relevance and dynamic interest in recent
research contributions. These highly cited articles underscore key studies and journals
that have shaped the field of photocatalytic degradation of microplastics, indicating both
established and emerging research trajectories.
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Table 5. Summary of most cited articles on photocatalytic degradation of nano/microplastics.

Authors Journal TC TC/Year Normalized TC

Tofa T et al., 2019 [64] Environ Chem Lett 278 46.33 4.35
Uheida A et al., 2021 [65] J Hazard Mater 273 68.25 5.41
Ariza-Tarazona M et al., 2020 [48] J Hazard Mater 238 47.60 3.63
Zhao H, 2006 [67] Polymer 232 12.21 2.78
Ariza-Tarazona M, 2019 [66] Ceram Int 210 35.00 3.29
Nabi I, 2020 [68] iScience 193 38.60 2.94
Zhao X, 2007 [70] J Mol Catal A Chem 182 10.11 1.64
Jiang R, 2021 [71] J Hazard Mater 168 42.00 3.33
Tofa T, 2019 [72] Catalysts 133 22.17 2.08
Zan L, 2006 [73] Environ Sci Technol 122 6.42 1.46
Cao B, 2022 [69] J Colloid Interface Sci 122 40.67 4.39
Llorente-García B, 2020 [74] Coatings 104 20.80 1.59
Liang W, 2013 [75] Polym Degrad Stab 102 8.50 2.16
Domínguez-Jaimes L, 2021 [76] J Hazard Mater 100 25.00 1.98
Zhao X, 2008 [77] Appl Surf Sci 97 5.71 1.93
Chakrabarti S, 2008 [78] J Hazard Mater 91 5.35 1.81
Zhou D, 2022 [79] Adv Fiber Mater 90 30.00 3.24
Fernando S, 2007 [80] Polym Degrad Stab 85 4.72 0.77
Zan L, 2006 [81] Polymer 84 4.42 1.01
Thomas R, 2013 [82] Colloids Surf A 78 6.50 1.65

TC = Total citations.

3.8. Keyword Analysis

The density visualization map (Figure 8) and keyword co-occurrence network
(Figure 9a) provide a comprehensive bibliometric perspective on research trends in the
photocatalytic degradation of nano/microplastics in aquatic environments. They both
reveal a well-defined research landscape, with “photocatalytic degradation” emerging as the
central theme, exhibiting strong linkages with key terms such as “microplastics,” “photo-
catalyst,” “ZnO,” and “UV radiation.” This observation indicates that significant efforts
have been directed toward utilizing semiconductor-based photocatalysis, particularly ZnO-
driven processes under UV light, to degrade microplastics in aquatic systems. The pres-
ence of widely studied polymer types, including “polyethylene terephthalate,” “polystyrene,”
“polyvinyl chloride,” and “polypropylene,” highlights the breadth of research focusing on un-
derstanding degradation pathways for different plastic pollutants. Additionally, the frequent
co-occurrence of “wastewater” and “plastic pollution” suggests that photocatalytic degradation
is not only explored as a fundamental process but also increasingly regarded as a viable
solution for tackling microplastic contamination in real-world water treatment applications.

The overlay map (Figure 9b) provides further insights into the evolution of research
trends over time. Keywords represented in warmer colors, such as “visible light photodegra-
dation,” “advanced oxidation processes,” and “peroxymonosulfate activation,” indicate a growing
shift toward more efficient and sustainable photocatalytic systems that operate under visi-
ble light conditions. This transition aligns with the increasing global focus on developing
photocatalysts capable of harnessing solar energy, thereby overcoming the limitations of
conventional UV-driven processes. The co-occurrence of terms such as “kinetic model” and
“reaction mechanism” in more recent studies further suggests a rising emphasis on under-
standing the fundamental kinetics and mechanistic pathways of photocatalytic degradation.
This focus is essential for optimizing process parameters and scaling up these technologies
for practical environmental applications.
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Figure 8. Density visualization map of keyword co-occurrence related to the photocatalytic degrada-
tion of nano/microplastics in aquatic environments. Note: Warmer colors (e.g., red, yellow) represent
areas of higher term co-occurrence, while cooler colors (e.g., blue, green) represent lower-density
regions (VOSviewer 1.6.20).

The clustering of keywords also reveals distinct research subdomains. One primary
cluster revolves around the degradation behavior of various polymers, as evidenced by
terms like “polyethylene film” and “low-density polyethylene,” indicating studies dedicated to
assessing the susceptibility of different microplastic types to photocatalytic processes. An-
other cluster is centered on advanced photocatalytic strategies, including “nanotechnology,”
“doping,” and “grafting,” highlighting the ongoing pursuit of engineered photocatalysts
with enhanced efficiency. Furthermore, the presence of “wastewater,” “recycling,” and “me-
chanical properties” signifies the practical implications of photocatalytic degradation in water
purification and circular economy approaches.

The bibliometric analysis provides valuable insights into well-established research
areas, emerging trends, and potential knowledge gaps in nano/microplastic photocat-
alytic degradation. The increasing research focus on visible-light-driven photocatalysis,
advanced oxidation techniques, and mechanistic studies suggests a promising trajectory
toward developing more effective and scalable solutions for plastic pollution remediation.
However, critical challenges remain, including enhancing the long-term stability of photo-
catalysts, improving degradation efficiency under natural sunlight, and understanding the
environmental fate of transformation products.

Future research should emphasize integrating these technologies into real-world
applications, optimizing reaction kinetics for large-scale deployment, and assessing the
ecological risks of degradation byproducts. Addressing these challenges will be pivotal in
bridging the gap between laboratory-scale studies and practical environmental solutions
for microplastic pollution.
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Figure 9. (a) Network visualization and (b) overlay map showing keyword co-occurrence related
to the photocatalytic degradation of nano/microplastics in aquatic environments, generated using
VOSviewer version 1.6.20.
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3.9. Global Collaboration Network

Figure 10 illustrates the global collaboration network on photocatalytic degradation
of nano/microplastics, revealing the interconnected research efforts to address plastic
pollution through advanced photocatalytic processes. Photocatalytic degradation leverages
photocatalysts like TiO2, ZnO, TiO2–P25/β-SiC, Ag/TiO2, Nb2O5, and TiO2-rGO. When
these photocatalysts are exposed to light, they generate reactive oxygen species capable of
breaking down plastic polymers into less harmful compounds, addressing the persistent
issue of micro- and nanoplastics in water systems [14].

 

Figure 10. Global collaboration network of countries involved in photocatalytic degradation research
of nano- and microplastics. The map illustrates links to international co-authorships based on
bibliometric data. Countries are color-coded by publication volume, with darker shades indicating
higher research output—China is the most prolific contributor. The connecting lines represent
collaborative ties, with line thickness corresponding to the strength or frequency of co-authored
publications between countries.

The map shows China as a dominant player, frequently collaborating with nations like
the USA, Korea, and the United Kingdom, indicating its strong research infrastructure and
investment in environmental technologies. The People’s Republic of China’s partnerships
with the USA and Korea are the most frequent, each recorded four times, emphasizing
a shared interest in advancing photocatalytic methods to mitigate plastic pollution. Eu-
ropean countries such as Germany, Spain, and the UK also exhibit strong research ties,
often forming intra-European collaborations (e.g., Germany–Spain) and connecting with
non-European countries (e.g., Germany–China and UK–USA). These collaborations are
essential for pooling resources, technology, and expertise to refine photocatalysts, enhance
degradation efficiency, and address challenges like scalability and environmental application.

For instance, the USA’s collaborations with Iran and Saudi Arabia might focus on
adapting photocatalytic methods for regions with high solar irradiance, leveraging sunlight
as a cost-effective catalyst activator. Similarly, partnerships between China and Japan likely
aim to innovate in catalyst design and nanoparticle engineering, enhancing degradation
rates of polyethylene and polypropylene, common microplastic pollutants. Collaborations
within Asia, such as between Korea and Vietnam, reflect growing regional interest in
addressing plastic waste locally through photocatalytic technology. The collaboration
frequencies and patterns highlight the global scientific community’s response to the urgent
issue of microplastic pollution. Through such networks, researchers can accelerate the
development of photocatalysts, optimize degradation processes, and explore application
potentials, ultimately aiming for large-scale environmental remediation solutions.
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Figure 11 represents the author collaboration network and collaboration density shown
in Figure S2 (Supplementary Materials). Each node in the network denotes an author, and
each node’s size indicates the author’s influence or productivity in this research area. The
connections (or edges) between nodes show collaborative relationships, with clusters of
nodes representing groups of authors who frequently co-author papers. The red cluster,
with prominent authors like Wang H, Liu X, and Liu J, appears to be the most active group
in this research area, suggesting that this team has a significant number of publications or
substantial influence in the study of photocatalytic degradation. The density of connections
within this cluster indicates strong internal collaboration involving the development of
innovative photocatalysts or studying the degradation mechanisms of various plastics
under photocatalytic processes.

 

Figure 11. Global authors collaboration network.

The green cluster, featuring authors like Deng K, Fa W, and Zan L, is another active
collaboration network, though smaller and slightly less connected than the red cluster.
This group may focus on complementary aspects of photocatalytic degradation, such
as optimizing catalyst structures or exploring different environmental applications. The
connections between the green and red clusters suggest occasional collaboration between
these groups, sharing findings or jointly investigating specific degradation methods. Other
clusters, such as those in purple, gray, and brown, represent smaller, more isolated research
groups that are less integrated into the main networks. These authors might be exploring
niche areas within photocatalytic degradation, such as specific types of nano/microplastics
or specialized catalysts. For instance, the purple cluster led by Nakatani H could be working
on particular photocatalytic reactions or materials that differ from the primary focus of the
larger clusters.

The relatively isolated authors, like Dong X and Luo X (orange cluster), may represent
individual contributors or smaller teams with unique research directions or methodolo-
gies. Although their work may need to be more highly integrated into the more extensive
networks, they could offer valuable insights or alternative perspectives within the field.
These clusters’ spread and interaction patterns reflect the interdisciplinary nature of re-
search on photocatalytic degradation of nano/microplastics. The interconnectedness of the
primary clusters highlights the importance of collaboration in advancing knowledge on
degradation mechanisms, catalyst efficiency, and environmental applications. In contrast,
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smaller and isolated clusters bring diversity to the field, pushing the boundaries of current
understanding and potentially introducing novel approaches.

3.10. Trending Topics

Figure 12 presents a bubble chart depicting trending research topics in the field of
photocatalytic degradation of nano/microplastics, offering a comprehensive overview
of key themes related to materials, processes, and applications. The size of each bubble
represents the relative research activity or prominence of a given keyword within a defined
timeframe, providing a clear, data-driven visualization of the evolution of both emerging
and well-established areas of interest. This analytical framework identifies shifts in research
focus, distinguishing rapidly expanding fields from long-standing domains that continue
to attract substantial scientific attention.

 

Figure 12. Trend topics related to the photocatalytic degradation of nano- and microplastics. Each
horizontal line represents the active period during which a given topic appeared in the literature.
The position of each dot indicates the year of peak activity for that topic, while the size of the dot
corresponds to the frequency of keyword occurrence or publication volume in that year. Larger
dots signify higher research interest. Emerging topics such as "photocatalysis," "microplastics," and
"polyethylene terephthalate" show strong recent growth in scholarly attention.

The chart reveals that growing environmental concerns, particularly microplastic
pollution and plastic waste accumulation, have been primary drivers of research in pho-
tocatalytic degradation. Notably, “photocatalysis” and “photocatalytic degradation” have
exhibited consistent research momentum since approximately 2010, underscoring the in-
creasing recognition of plastic pollution as an environmental crisis and the urgent need for
scalable, sustainable remediation technologies. Photocatalysis, which harnesses solar or
artificial light to degrade organic pollutants, aligns closely with global trends promoting
green and sustainable technologies [83]. The expanding research focus on photocatalytic
solutions highlights their potential for tackling persistent plastic pollution and advancing
eco-friendly degradation strategies, reinforcing the role of photocatalysis as a cornerstone
of next-generation environmental remediation.
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A surge in research on microplastics since 2017 parallels increased recognition of their
environmental impact, persistence in ecosystems, and threats to aquatic life and human
health [14]. Photocatalysis offers a promising solution for targeting microplastic pollutants
that resist conventional treatment techniques. Additionally, common polymers such as
“polyethylene terephthalate,” “low-density polyethylene,” “polypropylene,” and “polyvinyl chloride”
have seen a rise in research interest since around 2015. These materials are prevalent in
packaging and contribute significantly to plastic waste, necessitating innovative breakdown
techniques. Photocatalytic methods hold the potential for degrading these persistent
polymers, providing an environmentally friendly solution to plastic pollution [14].

Zinc oxide and titanium dioxide stand out as popular photocatalysts. Research on
TiO2 has been active for years due to its stability, non-toxicity, and high efficiency. At the
same time, interest in ZnO has grown more recently as it presents an alternative or comple-
mentary photocatalyst with the potential for visible-light applications, enhancing energy
efficiency [81]. Advances in “nanocomposites” highlight innovations in nanotechnology
and materials science; these materials combine photocatalysts with other nanomaterials to
improve properties like surface area and degradation efficiency.

The prevalence of studies involving “sunlight” from 2018 indicates an increased interest
in using natural solar energy for photocatalytic processes, aligning with global sustainability
goals. Sunlight-driven photocatalysis offers a cost-effective and eco-friendly approach,
ideal for large-scale environmental remediation projects. These trends underscore the
importance of sustainable environmental technologies to tackle issues like plastic pollution.
Innovations in photocatalytic materials, particularly in nanocomposites and visible-light-
active catalysts, are expected to drive future advancements. Utilizing renewable energy
sources like sunlight may enable photocatalytic degradation to become a viable large-scale
solution for breaking down microplastics and other pollutants, reducing dependency on
fossil fuel-based treatments, and minimizing ecological impacts.

3.11. Research Gaps and Future Directions

Despite advancements in photocatalytic nano/microplastic degradation, critical gaps
persist, limiting practical scalability. A key challenge lies in the understudied degradation
mechanisms of environmentally prevalent yet overlooked polymers, such as polystyrene
copolymers, high-impact plastics, and biodegradable materials. While these constitute a
substantial fraction of plastic waste, their reaction kinetics, pathways, and photocatalytic
efficiencies remain poorly characterized, hindering the development of tailored solutions.
Equally limiting is the narrow focus on conventional photocatalysts like TiO2 and ZnO,
despite the promise of alternatives such as bismuth-based compounds (BiOCl, BiVO4),
tungsten oxides (WO3/g-C3N4), and hybrid nanocomposites (CuO/BiVO4, graphene oxide
hybrids). These materials exhibit superior visible-light absorption and charge separation
but require systematic exploration to unlock their potential for real-world applications.
Scalability further complicates progress: while lab-scale studies report promising results
under controlled UV/simulated sunlight, performance under natural conditions, with vari-
able light intensity and environmental factors, is rarely validated. Extended degradation
times (e.g., 175 h for ZnO, 20 days for soil-integrated systems) underscore inefficiencies that
demand optimization through kinetic modeling, reactor engineering, and solar-responsive
catalyst design.

Another critical gap is the insufficient analysis of degradation byproducts. Many stud-
ies prioritize efficiency metrics over identifying intermediates or assessing their ecotoxicity,
particularly for widely used TiO2 and ZnO systems. Comprehensive profiling using ad-
vanced techniques (e.g., high-resolution mass spectrometry, chromatography) is essential to
ensure environmental safety and regulatory compliance. Additionally, research dispropor-
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tionately targets monolithic polymers (PET, LDPE, HDPE), neglecting complex materials
like multilayer composites, polymer blends, and additive-containing microplastics, whose
distinct properties may alter degradation kinetics. Addressing these gaps necessitates
interdisciplinary collaboration to bridge materials science, environmental chemistry, and
engineering. Future efforts must prioritize (1) diversifying photocatalysts toward visible-
light-active and hybrid systems, (2) expanding polymer coverage to include emerging and
complex plastics, (3) optimizing kinetics for faster degradation under ambient conditions,
(4) implementing rigorous byproduct characterization, and (5) performing pilot-scale reac-
tor validations. By integrating these approaches, photocatalytic degradation can evolve
into a scalable, sustainable tool for mitigating global nano/microplastic pollution.

4. Conclusions
The photocatalytic degradation of nano/microplastics has emerged as a promising

and sustainable approach for mitigating plastic pollution, offering significant potential
for environmental remediation. This bibliometric analysis, based on 204 research articles
published between 2005 and October 2024, has comprehensively evaluated global research
trends, key contributors, influential publications, and emerging research directions in this
domain. The field has exhibited a robust annual growth rate of 17.94%, with significant
contributions from China, India, Mexico, and the United Kingdom, reflecting the increasing
global attention to microplastic pollution and sustainable degradation technologies.

Keyword analysis revealed that titanium dioxide (TiO2) and zinc oxide (ZnO) remain
the most widely studied photocatalysts, primarily applied to degrade polyethylene tereph-
thalate (PET), polypropylene (PP), polystyrene (PS), polyvinyl chloride (PVC), high-density
polyethylene (HDPE), and low-density polyethylene (LDPE). However, recent trends
indicate a growing focus on visible-light-responsive photocatalysts, advanced nanocom-
posites, and hybrid materials, which have the potential to overcome the limitations of
UV-dependent degradation processes and enhance degradation efficiency under ambient
environmental conditions.

Despite these advancements, several critical research gaps remain. Limited studies
have explored the degradation pathways of complex plastic composites, co-polymers,
and emerging biodegradable materials, which are increasingly prevalent in commercial
applications and environmental waste streams. Additionally, while significant progress has
been made in developing novel photocatalysts, the scalability and real-world applicability
of these technologies remain a considerable challenge. Many reported systems exhibit long
reaction times, limited efficiency under natural light conditions, and uncertainties regarding
the toxicity of intermediate degradation byproducts. Addressing these limitations will
translate laboratory-scale findings into viable, large-scale environmental applications.

Future research should prioritize the development of advanced photocatalysts with
high visible-light activity, ensuring enhanced degradation efficiency while maintaining
long-term stability and low toxicity. Additionally, comprehensive toxicity assessments of
degradation intermediates are essential to confirm the environmental safety of photocat-
alytic processes. Expanding the scope of research to include a broader range of plastic
materials, optimizing reaction kinetics, and improving process scalability will be pivotal in
bridging the gap between fundamental research and practical implementation.

This study underscores the importance of bibliometric analysis as a powerful tool for
identifying research trends, collaboration networks, and knowledge gaps, ultimately guid-
ing future innovation in photocatalytic microplastic degradation. Researchers can develop
more effective, scalable, and sustainable solutions by leveraging these insights, accelerating
progress toward global environmental remediation efforts and plastic pollution mitigation.
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Furthermore, bibliometric analysis serves as a strategic tool for integrating scientific
research with policy development. Bibliometric methods can inform evidence-based policy-
making by quantitatively mapping the evolution of research themes, identifying influential
studies, and revealing global collaboration networks. This approach is particularly relevant
to addressing plastic pollution, where aligning scientific innovation with environmental
regulation is essential. As such, bibliometric perspectives can support not only academic
prioritization but also the formulation of informed and adaptive environmental policies.

Supplementary Materials: The following supporting information can be downloaded at: https://doi.
org/10.17632/rpzv9k5s49.3 (accessed on 7 May 2025), PRISMA 2020 Checklist; R code for merging
WoS and Scopus datasets; List of 204 articles used for the bibliometric analysis; Table S1: Annual
scientific production and mean total citation per year; Table S2: Research contributions by top authors,
institutions, and countries; Figure S1: Word cloud; Figure S2: Global authors collaboration density.

Author Contributions: Conceptualization, R.O.G. and Z.P.; methodology, R.O.G. and Z.P.; software,
R.O.G. and Z.P.; validation, Z.P.; formal analysis, R.O.G.; resources, L.-A.d.K. and T.A.M.M.; data
curation, R.O.G. and Z.P.; writing—original draft preparation, R.O.G.; writing—review and editing,
Z.P., L.M.M., I.K., L.-A.d.K., and T.A.M.M.; visualization, R.O.G. and Z.P.; supervision, L.M.M., I.K.,
L.-A.d.K., and T.A.M.M.; project administration, L.M.M., I.K., L.-A.d.K., and T.A.M.M.; funding
acquisition, L.M.M., I.K., L.-A.d.K., and T.A.M.M. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Research for Marine Studies Catalytic Niche Area, College
of Science, Engineering and Technology (CSET), University of South Africa (UNISA).

Data Availability Statement: The original contributions presented in this study are included in the
article and Supplementary Materials. Further inquiries can be directed to the corresponding authors.

Acknowledgments: The authors gratefully acknowledge the Institute for Nanotechnology and Water
Sustainability (iNanoWS) at the University of South Africa for providing the resources and facilities
that supported this study.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
The following abbreviations are used in this manuscript:

AFM Atomic force microscopy
ATR-FTIR Attenuated total reflectance-Fourier transform infrared spectroscopy
CU University of Calcutta
FTIR Fourier-transform infrared spectroscopy
GO Graphene oxide
HDPE High-density polyethylene
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