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Abstract

Natural, synthetic, and modified zeolites are widely recognized as versatile materials for
environmental remediation due to their high capacity for cation-exchange, adjustable pore
structure, and strong chemical stability. These properties enable their effective application
in removing diverse contaminants, including heavy metals, ammonium ions, dyes, and
various organic pollutants, making them highly relevant in water, wastewater, and soil
treatment systems. However, although research in this field has expanded considerably,
the overall global development patterns and knowledge structure of zeolite-related studies
have not been thoroughly quantified. This study conducts a bibliometric assessment of
global research on zeolite applications in water, wastewater, and soil remediation covering
the period from 2010 to 2024, using a dataset of 203 peer-reviewed Scopus-indexed pub-
lications. The analysis was carried out using VOSviewer to examine publication trends,
leading authors, productive countries and institutions, as well as thematic clusters and
emerging research directions. The findings indicate a consistent increase in scientific output
over the study period, with China, India, Malaysia, and the United States emerging as the
most influential contributors in terms of both publication volume and citation impact. Key
journals publishing in this area include the Journal of Hazardous Materials, Chemosphere,
and Science of the Total Environment. Keyword co-occurrence mapping reveals dominant
research themes such as adsorption processes, ion exchange mechanisms, heavy metal
remediation, nanostructured materials, and advanced oxidation technologies, highlighting
a clear shift toward integrated and hybrid remediation approaches. Overall, the results
emphasize the growing significance of modified and composite zeolite materials in enhanc-
ing pollutant removal efficiency and supporting sustainable environmental management.
This bibliometric evaluation provides a structured overview of the research landscape and
offers insights into future directions for zeolite-based remediation technologies.

Keywords: zeolite; adsorption; wastewater treatment; soil remediation; bibliometric analysis;
environmental sustainability; Scopus; VOSviewer

Environments 2026, 13, 429 https://doi.org/10.3390/environments13080429

https://crossmark.crossref.org/dialog?doi=10.3390/environments13080429&domain=pdf&date_stamp=2026-07-31
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/environments
https://www.mdpi.com
https://orcid.org/0000-0002-1254-6073
https://orcid.org/0000-0001-6957-4131
https://orcid.org/0000-0002-4196-8822
https://orcid.org/0000-0002-6159-635X
https://orcid.org/0000-0001-7625-9172
https://doi.org/10.3390/environments13080429


Environments 2026, 13, 429 2 of 23

1. Introduction
Water scarcity, pollution, and soil degradation are among the most pressing environ-

mental challenges of the 21st century, driven by rapid urbanization, industrial expansion,
and population growth [1,2]. According to the United Nations, global freshwater demand
is projected to increase by 55% by 2050, with approximately two-thirds of the world’s
population expected to live under water-stressed conditions [3]. Simultaneously, the
contamination of aquatic and terrestrial ecosystems by heavy metals, nutrients, pharma-
ceuticals, and organic pollutants poses significant threats to environmental and human
health [4,5]. Conventional treatment technologies, though effective to some extent, often
suffer from high operational costs, limited selectivity, and the generation of secondary
pollution [6]. Consequently, the search for cost-effective, sustainable, and efficient materials
for environmental remediation has become a major research priority [7].

In this context, zeolites, crystalline and microporous aluminosilicate minerals have
gained increasing attention for their exceptional ion-exchange capacity, adsorption selectiv-
ity, and catalytic activity [8,9]. Both natural and synthetic zeolites have been extensively
utilized for removing heavy metals, ammonium, dyes, and organic contaminants from
wastewater and polluted soils due to their large surface area, tunable pore structures, and
chemical stability [10,11]. Zeolites are also employed as catalysts and catalysts support
in advanced oxidation processes (AOPs), enabling the degradation of recalcitrant organic
pollutants under mild conditions [12,13]. Moreover, the emergence of nano-zeolites and
modified zeolitic materials such as surfactant-modified zeolites, hierarchical zeolites, and
zeolitic imidazolate frameworks (ZIFs)has expanded their applications in environmental
engineering [14,15]. These innovations not only improve pollutant removal efficiency but
also contribute to the principles of green chemistry and circular economy through the
regeneration and reuse of zeolitic materials [16].

Natural and synthetic zeolites possess distinct structural and physicochemical char-
acteristics that influence their environmental applications. Natural zeolites are abundant,
inexpensive, environmentally friendly, and suitable for large-scale remediation; however,
their mineral impurities and variable composition may limit adsorption performance. In
contrast, synthetic zeolites exhibit highly controlled pore structures, greater purity, tunable
Si/Al ratios, and superior adsorption selectivity, although their production generally in-
volves higher manufacturing costs and energy consumption. Modified zeolites combine
the advantages of both materials by incorporating functional groups or metal nanoparticles
to improve adsorption capacity, catalytic activity, and regeneration potential. Consequently,
selecting appropriate zeolite material depends on contaminant characteristics, treatment
objectives, economic considerations, and sustainability requirements.

Despite the vast number of studies on zeolite-based remediation, the research land-
scape remains fragmented, encompassing a wide range of pollutants, treatment config-
urations, and modification strategies [17]. Previous reviews have provided qualitative
overviews of zeolite performance in water and soil treatment; however, a quantitative
evaluation of research trends, scientific collaborations, and thematic evolution over time is
still lacking [18,19]. Understanding these patterns is essential to identify knowledge gaps,
emerging hotspots, and future research directions in the field of environmental remediation
using zeolites [20]. In light of these challenges, it is crucial to explore the primary areas of
future directions, hotspots, and focus on biomass valorization and biofuel production re-
search. There is an urgent need for further investigation to fill existing knowledge gaps and
address emerging health concerns related to the application of zeolite for water, wastewater,
and soil remediation. An in-depth understanding of the research environment is essential
for recognizing emerging trends and informing practical applications.
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Bibliometric analysis has emerged as a robust approach to systematically evaluate and
visualize the intellectual structure of a research domain [21]. By integrating quantitative
techniques such as co-citation, co-authorship, and keyword co-occurrence analysis, biblio-
metrics offers deep insights into publication trends, influential authors, institutions, and
countries, as well as the evolution of scientific themes [22,23]. When coupled with visu-
alization tools such as VOSviewer or CiteSpace, this approach provides a comprehensive
understanding of how research on zeolites in environmental remediation has evolved and
where it is heading [24,25].

This study conducts a bibliometric analysis of literature on the application of natural,
synthetic, and modified zeolites in water, wastewater, and soil remediation, based on data
extracted from the Scopus database covering the period from 2010 to 2024. Unlike previous
bibliometric studies that focused on general adsorption materials, groundwater remedi-
ation, or catalytic nanomaterials, the present study specifically examines zeolite-based
materials across water, wastewater, and soil remediation simultaneously. Furthermore, this
study integrates publication trends, collaboration networks, institutional productivity, cita-
tion impact, and thematic evolution into one comprehensive framework, thereby providing
a more holistic understanding of the development of this rapidly growing research field.
The main objectives are to: (i) examine publication and citation trends; (ii) identify the most
influential journals, authors, institutions, and countries; (iii) explore research collaborations
through co-authorship and co-citation networks; and (iv) analyze thematic clusters and
emerging hot spots using keyword co-occurrence mapping. The novelty of this work lies
in providing a holistic bibliometric perspective on the role of zeolites in environmental
remediation, bridging the gap between chemical innovation and environmental sustain-
ability. Ultimately, this analysis aims to guide researchers and policymakers toward more
integrated and efficient uses of zeolite-based technologies for addressing global challenges
in water and soil pollution management.

Bibliometric analysis serves as a robust methodology for systematically evaluating
and visualizing published literature, yielding both quantitative and qualitative insights into
scientific activities [22]. By utilizing statistical techniques, this analysis scrutinizes articles,
books, and their citations, revealing patterns of research productivity across individuals,
institutions, and countries [23]. Such insights contribute to a nuanced understanding of
current research dynamics and facilitate the forecasting of future advancements. Moreover,
co-citation analysis enhances bibliometric methods by elucidating the interrelationships
among documents, thereby aiding in the identification of new research frontiers [24].
However, the data should be interpreted with caution, considering the potential biases
and limitations inherent in citation-based metrics. It is crucial to balance these metrics
with qualitative assessments of research quality and impact. This work not only addresses
important gaps but also sets the stage for future investigations into innovative solutions for
environmental and water pollution.

2. Methods
2.1. Data Sources and Bibliometric Methodology

This study employed a systematic bibliometric approach to evaluate global research
trends concerning the application of zeolites in water, wastewater, and soil remediation.
Data were retrieved from the Scopus database, chosen for its comprehensive coverage
and wide disciplinary scope across environmental engineering, chemistry, and materials
science. The search period spanned from 2010 to 2024, ensuring the inclusion of recent
developments in zeolite-based remediation technologies.
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This study utilized the PRISMA checklist to guide its literature review process fol-
lowing PRISMA standards but intentionally omitting meta-analysis procedures [23]. Bib-
liometric analysis plays a crucial role in systematic reviews by enabling the creation of
a comprehensive and reproducible database [25]. Its popularity stems from its ability to
present an integrated perspective of research domains, outputs, institutions, and evolving
trends [26]. This approach is especially effective for examining large volumes of academic
data, identifying citation linkages among journals, and revealing insights into established
or emerging research areas [27]. Additionally, bibliometric analysis contributes to ongoing
research and innovation by emphasizing its significance and applications, making it a
widely preferred method across diverse scientific disciplines [28].

The literature search utilized the following query string and keywords: “(TITLE-ABS-
KEY ((“Zeolite”) AND (“wastewater” OR “soil remediation” OR “water purification”))
AND PUBYEAR > 2010 AND PUBYEAR < 2025 AND (LIMIT-TO (LANGUAGE, “English”))
AND (LIMIT-TO (DOCTYPE,”ar” OR DOCTYPE,”re”)) AND (LIMIT-TO (SRCTYPE,”j”) OR
LIMIT-TO (SRCTYPE,”p”))). The research methodology is shown in Figure 1. The search
yielded an initial dataset comprising all peer-reviewed journal articles and review papers
published in English. Non-English publications, conference proceedings, book chapters,
and non-journal documents were excluded to ensure data quality and consistency.

 

Figure 1. Research methodology.

To enhance dataset reliability, duplicate entries were eliminated, and inclusion/exclusion
criteria were applied based on title, abstract, and keyword relevance to zeolite applications
in environmental remediation. The resulting dataset was exported as comma-separated
values (CSV) files for subsequent analysis. After extracting and organizing data from the
Scopus database, CSV files were generated for detailed analysis. To maintain data accuracy
and reliability during the source selection stage, several filtering steps were applied. These
included removing duplicate records and enforcing specific inclusion and exclusion criteria
based on language, document type, and publication source. Once the records were seg-
mented and reviewed, a detailed analysis was performed on source titles, authors, funding
agencies, and institutional affiliations for each publication year. The document quality was
further evaluated by examining titles, abstracts, and keywords. Incomplete or incorrect
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entries were systematically eliminated through a rigorous filtering process to strengthen
the dataset’s validity. Consequently, the final dataset comprised only peer-reviewed journal
articles written in English, narrowing the total number of publications to 203. Institutional
affiliations exported from Scopus were manually standardized to eliminate inconsistencies
arising from different naming conventions. Department-, faculty-, and laboratory-level af-
filiations were merged under their parent universities or research institutions. For example,
“Department of Environmental Engineering, Erciyes Üniversitesi “ and “Faculty of Engi-
neering, Erciyes Üniversitesi “ were both standardized as “ Erciyes Üniversitesi.” Manual
verification was conducted to ensure institutional consistency and avoid duplication.

2.2. Visualization Procedure

In bibliometric research, creating and visualizing bibliometric maps greatly improves
clarity and facilitates the identification of relationships among various sources. This
approach supports the interpretation of results and helps researchers better understand
the structural patterns within bibliometric data. To examine these patterns, VOSviewer
version 1.6.20 was employed for data analysis. VOSviewer is freely available, user-friendly
software specifically developed for visualizing and mapping bibliometric networks [29].
It was selected for this study due to its ability to handle large datasets and its advanced
text-mining functions [30]. The software effectively reveals connections and trends in
the literature by generating visual bibliometric maps that illustrate relationships between
selected publications [31]. One of its main advantages lies in its adaptive label management,
which automatically adjusts to optimize the visualization of co-occurrence data [32]. The
analysis in this study centered on three main dimensions: the journals publishing the
articles, the keywords used by authors, and the countries of origin. These factors offer
a holistic view of the research domain and are fundamental components of bibliometric
evaluation [33,34]. Core analytical parameters included publication frequency, average
normalized citations, and total link strength (TLS), which serve as key indicators of research
influence and academic impact [35,36].

The search yielded a total of 203 documents, all of which were journal articles, pub-
lished across 108 distinct sources. This body of literature was substantially shaped by
the efforts of 1046 authors representing 608 different institutions worldwide. In terms of
geographical distribution, researchers from 72 countries contributed notably to this field.
Collectively, these 203 publications have received 14,600 citations, reflecting their strong
academic influence. Further analysis of the authors’ keywords offered deeper insights
into the research themes, identifying 711 unique terms that highlight the diversity of focus
areas. Table 1 presents a summary of the main bibliometric indicators related to zeolite
applications in water, wastewater, and soil remediation.

Table 1. Summary of key bibliometric results (2010–2024).

Description Findings

Publications (Articles and Review Papers) 203
Authors 1046

Countries 72
Publication Venues 108

Authors’ Affiliations 608
Author Keywords 711

Total Citations 14,600
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3. Results and Discussion
3.1. Trends in Publication and Citation for Zeolite Applications in Water, Wastewater, and Soil
Remediation Research

The annual number of published articles serves as an important indicator for evaluat-
ing trends in scientific research progress. At the same time, examining citation frequency
provides valuable insights into the impact and scholarly influence of these publications.
Figure 2 offers a comprehensive overview of publication trends on zeolite applications in
water, wastewater, and soil remediation from 2010 to 2024, highlighting a marked overall
increase in publication activity during this period. In 2010, only six articles were pub-
lished, collectively receiving 3204 citations, demonstrating that even early studies made
meaningful contributions to the field. Although the number of publications dropped to
two in 2011, yielding just 37 citations, citations rose notably in 2012, with two papers
receiving 563 citations, indicating growing recognition of the research topic. A significant
rise in publication output emerged in 2016, when eight papers were published and ac-
cumulated 1016 citations, reflecting heightened research interest. The same number of
papers appeared in 2017, garnering 299 citations. In 2018, publications increased to eleven,
achieving 1215 total citations, a trend that persisted through 2023 with steady growth in
both publication and citation counts. In 2019, ten papers were published, collectively
earning 1892 citations, reinforcing the upward momentum of research in this area. The
year 2024 marked the peak in publication volume, with 39 articles producing 423 citations,
indicating sustained enthusiasm for zeolite research in environmental remediation. Mean-
while, 2022 recorded the highest citation total of 1290 citations across 30 papers. Overall,
the data clearly demonstrates a growing trajectory in research on zeolite applications for
water, wastewater, and soil treatment. This upward trend reflects increasing scientific atten-
tion and environmental awareness. However, the variability in citation counts suggests
fluctuations in the influence and quality of research outputs over time, warranting further
analysis of the factors driving these patterns.
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Figure 2. Analysis of total citation and annual publications on the topic of zeolite applications in
water, wastewater, and soil remediation, as determined by the Scopus database until 2024 (n = 203).

The observed increase in publication output after 2018 reflects a broader global tran-
sition toward sustainable remediation technologies driven by increasing concerns over
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water scarcity, industrial pollution, and resource recovery. During this period, international
environmental policies promoting circular economy principles and the United Nations Sus-
tainable Development Goals (particularly SDG 6: Clean Water and Sanitation) stimulated
extensive research into environmentally benign adsorbents. Zeolites have become particu-
larly attractive because they combine high adsorption capacity, ion-exchange properties,
structural stability, and relatively low production costs. The simultaneous increase in publi-
cations and citations also indicates that the research field has progressed beyond laboratory-
scale adsorption studies toward the development of multifunctional materials capable of
removing emerging contaminants, pharmaceuticals, and complex industrial pollutants.
Similar publication trajectories have recently been reported for biochar-, nanomaterial-, and
advanced oxidation-based remediation technologies, suggesting that zeolite research has
become an integral component of next-generation sustainable water treatment strategies.

Figure 3 depicts the publication trends concerning zeolite applications in water,
wastewater, and soil remediation across five major Scopus subject categories. A comprehen-
sive search of the Scopus database identified 346 research documents published between
2010 and 2024 on these topics. Among these, the majority were classified as “articles,”
representing 216 publications, or 62.4% of the total output. The remaining publications
consisted of “review articles” (21.4%), “book chapters” (12.1%), and a small proportion
categorized as “books,” “conference papers,” “non-English language documents,” and
“non-journal publications.” Since articles and review articles together comprised the vast
majority of the dataset, the other categories were excluded from subsequent analyses.

Article Book Book chapter Conference paper Review Others

Figure 3. Categorization of documents related to zeolite applications in water, wastewater, and
soil remediation.

3.2. Leading Journals for Articles of Zeolite Applications in Water, Wastewater, and
Soil Remediation

Table 2 provides a comprehensive summary of the top eight journals most frequently
cited in research on zeolite applications for water, wastewater, and soil remediation. The
table highlights key bibliometric indicators, including the SCImago Journal Rank (SJR),
Total Link Strength (TLS), number of publications, and total citations. The data reveals
a strong concentration of research output in high-impact journals, emphasizing their
central role in advancing knowledge within this field. Between 2010 and 2024, notable
contributions were observed in journals such as Journal of Hazardous Materials, Science of
the Total Environment, Chemosphere, and Chemical Engineering Journal. These outlets
exhibit high citation counts and SJR scores, reflecting their broad academic influence and
significant impact on the discipline. In contrast, journals such as Environmental Research
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and Sustainability report comparatively lower citation and SJR values, possibly due to
their more specialized scope, recent establishment, or narrower audience. Overall, the
data demonstrate a diverse publishing landscape—spanning well-established, widely
recognized journals as well as emerging or niche platforms that cater to specific areas of
zeolite-related environmental research.

Table 2. The top 8 sources by citation count for zeolite applications in water, wastewater, and soil
remediation research.

Source Journal TLS No. of Documents Total Citations SJR

Journal of Hazardous Materials 3 9 3803 3.078
Science of The Total Environment 3 9 1025 2.137

Chemosphere 3 13 984 1.896
Chemical Engineering Journal 1 5 902 2.696
Journal of Cleaner Production 5 5 495 2.174

Microporous and Mesoporous Materials 4 6 443 1.003
Environmental Research 4 5 300 1.822

Sustainability (Switzerland) 3 5 118 0.688

In summary, Table 2 reveals a clear pattern in which high-impact journals dominate
the scholarly discussion on zeolite applications in water, wastewater, and soil remediation.
Among these, Chemosphere is distinguished by its high volume of publications, whereas
the Journal of Hazardous Materials exhibits a particularly strong citation impact. The con-
centration of both research output and citations within these leading journals underscores
their pivotal role in advancing scientific understanding in this field, emphasizing the impor-
tance of continued research on zeolite-based environmental applications. The dominance
of journals such as Journal of Hazardous Materials, Chemosphere, and Chemical Engineering
Journal demonstrates that zeolite research has evolved into an interdisciplinary field that
integrates environmental engineering, materials science, chemistry, and chemical process
engineering. These journals typically prioritize studies presenting novel adsorbent synthe-
sis, mechanistic adsorption investigations, catalyst development, and pilot-scale treatment
technologies, thereby attracting substantial international citations. Conversely, journals
with broader sustainability scopes generally publish a larger diversity of environmental
studies, which may explain their comparatively lower citation densities despite increasing
publication volumes. This publishing pattern indicates that high scientific impact is closely
associated with methodological innovation rather than publication quantity alone.

To further examine patterns of international collaboration within this research area,
a network visualization was generated using VOSviewer. In this diagram, the journals
contributing to the field are represented as labeled nodes, with connecting lines illustrating
their collaborative relationships. The size of each node reflects the total number of citations
received by that journal’s publications, while the thickness of the connecting lines indicates
the strength of co-publication or citation linkages between journals [37]. This bibliometric
visualization provides meaningful insights into the structure and intensity of global research
cooperation on zeolite applications in water, wastewater, and soil remediation. The analysis
identified a total of 25 source journals that published related articles between 2010 and
2024, of which 14 met the criteria for inclusion in the network, as shown in Figure 4.

This analysis highlights the existence of a strong network of high-impact journals
dedicated to research on zeolite applications in water, wastewater, and soil remediation.
These journals play a crucial role in disseminating influential scientific findings and ad-
vancing understanding within this domain. The observed variation in citation counts
among journals reflects their differing levels of influence and thematic focus, emphasizing
the importance for researchers to consider such bibliometric indicators when selecting
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publication outlets. The prominence of journals such as ‘’Chemosphere”, which records
the highest number of publications, and the ‘’Journal of Hazardous Materials”, recognized
for its substantial citation impact, demonstrates the wide range of opportunities available
for contributing to this vital area of study. Collectively, these journals not only serve as
key platforms for knowledge exchange but also shape emerging research directions in
zeolite-based environmental remediation.

Figure 4. Co-occurrence map of journals published in 2010–2024 that have more than 14 articles
related to zeolite applications in water, wastewater, and soil remediation research.

3.3. Distribution of Research on Zeolite Applications in Water, Wastewater, and Soil Remediation
by Country

The bibliometric analysis in Table 3 offers a comprehensive overview of the leading
countries involved in research on zeolite applications for water, wastewater, and soil reme-
diation. Key metrics such as publication counts, citation numbers, and total link strength
(TLS) were analyzed for each nation. The findings reveal that China is the foremost contrib-
utor, with 40 publications and 3259 citations, underscoring its prominent role in advancing
this research field. India follows with 32 publications and 2259 citations, reflecting substan-
tial research activity. Malaysia and the United States also make significant contributions,
with 16 publications and 4112 citations, and 13 publications with 1121 citations, respectively,
demonstrating strong engagement with this critical environmental topic. China’s leading
position can be attributed to factors such as robust governmental support and funding,
abundant biomass resources, extensive research collaborations and international partner-
ships, a large research workforce, and institutional capacity development [38]. Overall,
the data indicates that numerous countries are actively contributing to the study of zeolite
applications in environmental remediation, each with distinct strengths in publication
output and citation influence. These findings emphasize the global significance of this
research area and highlight opportunities for enhanced international collaboration.

The data reveals a diverse global landscape of research on zeolite applications in water,
wastewater, and soil remediation, with countries showing different levels of productivity
and impact. China’s leadership reflects sustained governmental investment in environmen-
tal technologies, strong university-industry collaboration, and increasing national emphasis
on sustainable water management. Similar publication growth has also been reported in
recent bibliometric studies on environmental adsorbents, suggesting that global research
priorities are shifting toward low-cost and circular-economy-based remediation technolo-
gies. This suggests both countries have well-established research capacities and active
scientific communities focused on environmental applications of zeolites. Interestingly,
although China produces the most papers, Malaysia’s studies receive the highest number
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of citations, showing that its research in this area has had considerable influence. The
United States and South Korea also rank high in citation impact, reflecting their important
contributions to the field. Meanwhile, growing interest is evident in places like Hong
Kong, South Africa, the United Kingdom, and Canada, highlighting a global commitment
to tackling environmental challenges through zeolite-based technologies. Overall, the
results emphasize the value of international cooperation in driving forward innovations
and solutions related to zeolite use in water and soil remediation.

Table 3. Leading 16 countries through publishing zeolite applications in water, wastewater, and soil
remediation research from 2010 to 2024.

Country TLS NO. of Publications Total Citations

China 314 40 3259
India 459 32 2259
Italy 64 17 607

Malaysia 219 16 4112
United States 178 13 1121

United Kingdom 257 12 549
Iran 146 12 360

South Africa 193 11 335
South Korea 191 11 1549

Egypt 100 11 687
Canada 210 10 953
Pakistan 134 10 303

Saudi Arabia 197 9 343
Australia 156 9 631

France 101 9 518
Brazil 119 8 513

The network analysis, illustrated in Figure 5, revealed sixteen countries actively
contributing to research on the application of zeolite in water and soil remediation. In
this network, the larger nodes and thicker connecting lines indicate countries with more
significant influence and stronger collaborative relationships. This visualization offers
valuable insight into the global research landscape, highlighting the leading nations and
their interconnections. Analyzing these collaboration patterns helps to identify major
contributors and emerging partnerships that drive progress in zeolite-based water and soil
remediation studies.

The geographical distribution of publications also reflects regional environmental
priorities and national research investments. China’s leading position is consistent with
its extensive governmental funding programs targeting wastewater treatment, industrial
pollution control, and advanced functional materials. Likewise, India’s strong publication
output corresponds to increasing research efforts addressing groundwater contamina-
tion and affordable treatment technologies suitable for developing regions. Interestingly,
Malaysia demonstrates exceptionally high citation performance relative to its publication
output, indicating that its contributions have focused primarily on comprehensive review
papers and highly influential research published in high-impact journals. These findings
suggest that publication quantity alone should not be interpreted as the sole indicator of
scientific leadership, since research quality, international collaboration, and publication
strategy collectively determine academic influence.

Beyond identifying productive countries, the collaboration network reveals the struc-
tural organization of global research partnerships. Countries occupying central positions
within the collaboration network function as important knowledge hubs by facilitating
multidisciplinary cooperation and accelerating the exchange of scientific expertise. Strong
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collaborative relationships between Asian, European, and North American institutions
have contributed significantly to the rapid dissemination of innovative zeolite modification
techniques, adsorption mechanisms, and hybrid treatment technologies. Such international
cooperation is expected to become increasingly important as environmental remediation
research shifts toward large-scale implementation, pilot demonstrations, and commercial-
ization of advanced zeolite-based materials.

Figure 5. A network visualization displaying the primary nations taking part in zeolite application in
water, wastewater, and soil remediation research.

The bibliometric analysis highlights the worldwide commitment to tackling issues
associated with the use of zeolites in water and soil remediation. Several nations have
become prominent contributors to this vital research area. To pinpoint the top institutions
involved in studies on zeolite applications for water and soil remediation, a comprehensive
map was generated based on data from the Scopus database, as shown in Figure 6.

Figure 6. A network visualization showcasing the main universities involved in the zeolite use in
water, wastewater, and soil remediation research.
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Figure 6 reveals several well-defined institutional collaboration clusters. Universities
from Egypt, Turkey, South Africa, and Iran occupy central positions within the network,
indicating their important role in facilitating international collaboration. Institutions with
larger nodes possess higher publication productivity, whereas thicker connecting lines
indicate stronger collaborative relationships. The network further demonstrates that re-
search on zeolite applications is becoming increasingly international, with collaborative
partnerships extending across Asia, Europe, and Africa.

The initial dataset primarily listed affiliations by departments or colleges rather than
specifying the universities or research institutions. As a result, it was necessary to reorga-
nize this information to accurately reflect the universities or research entities involved, as
presented in Table 4.

Table 4. Top 8 affiliations and universities according to authors’ affiliation.

Affiliation Institute Country TLS Total Citation NO. of Document

Department of Chemistry Cairo University Egypt 213 114 2
Avenue of Environment Universite’ De Monastir Tunisia 195 101 1

Department of Chemical And
Petroleum Engineering University of Uyo Nigeria 195 101 1

Department of Chemistry Government Degree
College Anantnag India 195 101 1

Department of Chemistry University of The Free State South Africa 195 101 1
Department of

Environmental Engineering Erciyes Üniversitesi Turkey 195 101 1

Department of Environmental
Health Engineering

Tehran University of
Medical Sciences Iran 195 101 1

Department of Environmental
Health Engineering Tarbiat Modares University Iran 195 101 1

The institutional collaboration pattern demonstrates that scientific excellence is not
solely determined by publication productivity but also by research specialization and access
to advanced analytical infrastructure. Universities exhibiting high citation impact typically
possess multidisciplinary research centers that integrate environmental engineering, mate-
rials science, chemistry, and nanotechnology. Such integration enables the development of
advanced zeolite composites, catalyst-supported adsorption systems, and multifunctional
remediation technologies. Furthermore, institutions participating in international collabo-
rative projects generally produce publications with higher visibility and greater scientific
influence than institutions conducting research independently.

3.4. Co-Citation Network of Authors in Zeolite Application in Water, Wastewater and Soil
Remediation Research

Co-citation author network analysis is a recognized bibliometric technique that sys-
tematically maps existing literature. This method identifies authors who are frequently
cited together, thereby uncovering conceptual frameworks and thematic interconnections
within a specific research area. In this study, we employed VOSviewer to perform a detailed
co-citation network analysis, which provided insightful perspectives on the relationships
among publications centered on zeolite application in wastewater and soil remediation.

Table 5 outlines the most prolific researchers in the field, indicating their publication
counts and total citations. For example, Ok, Yong Sik leads with 5 publications and
1396 citations, followed by Aloulou, Hajer and Aloulou, Wala, who have 4 publications
and a total of 129 citations. Other contributors include Priya, A. K. with 409 citations, Khoo,
Kuan Shiong with 335 citations, even though their number of publications is low.
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Table 5. Most prolific researchers in zeolite application in water, wastewater, and soil remediation.

Author Publications Total Citation Institution Country CPP

Ok, Yong Sik 5 1396 Korea Biochar Research Center South Korea 279
Aloulou, Hajer 4 129 Université de Sfax Tunisia 32
Aloulou, Wala 4 129 Université de Sfax Tunisia 32
Ben Amar, Raja 4 129 Université de Sfax Tunisia 32

Baldermann, Andre 3 58 Graz University of Technology Austria 19
Khoo, Kuan Shiong 2 335 Yuan Ze University Taiwan 167

Karri, Rama Rao 2 130 Universiti Teknologi Brunei Brunei Darussalam 65

Priya, A. K. 2 409 KPR Institute of Engineering
and Technology India 204

Alessi, Daniel S. 2 101 University of Alberta, Edmonton Canada 50

The distinction between publication productivity and scientific influence deserves
careful consideration when interpreting bibliometric results. While prolific authors con-
tribute substantially to the growth of the research field through sustained publication
activity, influential authors are characterized by the scientific impact of their work rather
than publication quantity alone. Total citation counts may be affected by publication age,
journal visibility, and article type, particularly review papers, which generally accumulate
citations more rapidly than original research articles. Therefore, a normalized indicator
such as citations per publication (CPP) was additionally considered to provide a more bal-
anced assessment of scholarly influence. The results indicate that some authors with fewer
publications exhibit considerably higher average citation rates, demonstrating that research
quality and scientific significance are not necessarily proportional to publication output.
These findings highlight the importance of evaluating bibliometric performance using
complementary indicators rather than relying solely on total publications or total citations.

In contrast, Table 6 highlights the most influential researchers based on citation impact.
Anees Ahmed, Rokiali Hashim, Mohd Rafatullah, and Sulaiman, O. stand out with only
one publication but an exceptional total of 2891 citations. Ok, Yong Sik and Zhou, Yi also
show significant impact with five and two publications, respectively, garnering 1396 and
1117 citations. Other authors contributed with one paper that resulted in 1113 citations.

Table 6. Most influential researchers by citation impact in zeolite application in water, wastewater,
and soil remediation.

Author Publication Total Citation Institution Country

Ahmed, Anees 1 2891 Universiti Sains Malaysia Malaysia
Hashim, Rokiali 1 2891 Universiti Sains Malaysia Malaysia

Rafatullah, Mohd 1 2891 Universiti Sains Malaysia Malaysia
Sulaiman, O. 1 2891 Universiti Sains Malaysia Malaysia
Ok, Yong Sik 5 1396 Korea Biochar Research Center South Korea

Zhou, Yi 2 1117 East China University of Science and Technology China
Liu, Youngdi 1 1113 East China University of Science and Technology China

Lu, Jian 1 1113 East China University of Science and Technology China
Zhou, Yanbo 1 1113 East China University of Science and Technology China

A comparison between the two tables highlights several authors with both a high
number of publications and significant citation impact. Among them, Ok, Yong Sik stands
out, appearing in both lists, which demonstrates his prominent role through extensive
research output and strong scholarly influence. This intersection underscores the impor-
tance of these researchers in shaping the intellectual foundation of zeolite applications in
wastewater and soil remediation. Their prolific publications and high citation rates confirm
their status as leading figures driving progress in this critical field of environmental science.
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Furthermore, the co-citation network analysis provides valuable insight into the current
research landscape and the collaborative relationships among these influential authors.

The distinction between prolific and influential researchers deserves careful interpreta-
tion. While prolific authors contribute consistently to the development of the field through
sustained publication activity, influential authors often achieve exceptionally high citation
impact through landmark review articles or pioneering methodological contributions. Con-
sequently, total citation counts alone may not fully represent scientific influence because
citation accumulation depends strongly on publication age, article type, and journal visibil-
ity. To provide a more balanced assessment, future bibliometric studies should incorporate
normalized indicators such as citations per publication and citations per year, allowing
more meaningful comparisons between established and emerging researchers.

3.5. Top Cited Publications in Zeolite Application in Water, Wastewater and Soil Remediation

Citation analysis serves as an essential tool for uncovering intellectual relationships
among publications, particularly when one research work cites another. This method helps
identify the most influential studies within a given field and enables the evaluation of
citation trends and patterns [36]. In the present study, a citation analysis was performed
on articles related to the application of zeolite in wastewater and soil remediation. Table 7
lists the top 10 most cited papers, ranked according to the criteria established by the
Scopus database. The analysis provides meaningful insights into the most impactful
and widely recognized publications in this domain. The reviewed studies underscore
the strong link between zeolite applications and advancements in wastewater and soil
treatment technologies.

For instance, Rafatullah et al. [39] highlights the growing use of low-cost adsorbents
for removing methylene blue (MB) from industrial wastewater, particularly from textile
and paper sectors. While activated carbon remains effective, its high-cost limits large-scale
use, prompting exploration of alternative materials such as agricultural waste, industrial
residues, biomass, clays, and zeolites. These sustainable and affordable adsorbents have
shown excellent removal efficiency, making them promising substitutes for conventional
materials in dye remediation processes. In addition, Zhou et al. [40] summarizes key
advancements in the development, modification, and functionalization of new adsorbents
to enhance dye removal efficiency under various conditions. It discusses dye types, their
environmental impacts, removal technologies, the properties and limitations of different
adsorbents, and the mechanisms governing adsorption. The review also outlines current
challenges and future directions for improving adsorption-based dye removal technologies
and their practical applications. Another study by Stefaniuk et al. [41] explores the benefits
and risks of using nanoscale zero-valent iron (nZVI) for environmental remediation. It
compares traditional and emerging synthesis methods such as green, ultrasound, and
electrochemical techniques and emphasizes the importance of these advances for treating
various contaminants. Pereira et al. [42] examines the application of synthetic and natural
iron (hydr)oxides as catalysts in advanced oxidation processes, particularly Fenton-like
systems, for environmental remediation. These systems are highly effective in generating
reactive species, such as hydroxyl radicals, under mild conditions of room temperature
and atmospheric pressure. The catalytic performance of Fe (hydr)oxides is influenced by
several factors, including the iron oxidation state, surface area, isomorphic substitution by
other cations, as well as pH and temperature conditions.
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Table 7. The top 10 most-cited articles in the field of zeolite application in water, wastewater and
soil remediation.

First Author Year Title Source Citation Ref.

Rafatullah, Mohd 2010 Adsorption of methylene blue on low-cost
adsorbents: A review

Journal of
Hazardous Materials 2891 [39]

Zhou, Yanbo 2019 Recent advances for dyes removal using
novel adsorbents: A review Environmental Pollution 1113 [40]

Magdalena
Stefaniuk 2016

Review on nano zerovalent iron (nZVI):
From synthesis to

environmental applications

Chemical
Engineering Journal 826 [41]

Pereira, Márcio
César 2012 Iron oxide catalysts: Fenton and

Fenton-like reactions—A review Clay Minerals 366 [42]

Saravanan,
Rajendran 2022

A critical and recent developments on
adsorption technique for removal of heavy

metals from wastewater-A review
Chemosphere 326 [43]

Vikrant, Kumar 2018
Engineered/designer biochar for the

removal of phosphate in water
and wastewater

Science of the
Total Environment 325 [44]

El-Sayed,
Mohamed E.A. 2020 Nanoadsorbents for water and

wastewater remediation
Science of the Total

Environment 270 [45]

Rasaki,
Sefiu Abolaji 2019

Geopolymer for use in heavy metal
adsorption, and advanced oxidative

processes: A critical review

Journal of
Cleaner Production 263 [46]

Alby, Delhia 2018

Recent developments in nanostructured
inorganic materials for sorption of cesium

and strontium: Synthesis and shaping,
sorption capacity, mechanisms, and

selectivity—A review

Journal of
Hazardous Materials 250 [47]

Siyal, Ahmer Ali 2020 A review on recent developments in the
adsorption of surfactants from wastewater

Journal of Environmental
Management 249 [48]

Moreover, Rajendran et al. [43] evaluate the effectiveness of nano-adsorbents for re-
moving heavy metals from wastewater. It discusses how factors like surface area, pH,
dosage, temperature, and contact time influence adsorption performance and examines
kinetic and isotherm models to explain the mechanisms. The study highlights the potential
and challenges of nanomaterial-based adsorption as a promising technique for environ-
mental remediation. Vikrant et al. [44] highlight recent advances in biochar technology
for phosphate removal from water, addressing its technical aspects, influencing variables,
and existing challenges. Despite its potential, research on phosphate remediation using
biochar remains limited compared to studies on other pollutants. Given the harmful im-
pacts of excess phosphate in aquatic systems, the paper emphasizes the need for intensive
future research and aims to provide a roadmap for advancing this emerging field. El-
Sayed [45] present the latest advancements, potential benefits, and current limitations of
nano-adsorbents, offering an updated perspective on their role in sustainable water and
wastewater treatment. Rasaki et al. [46] highlight the potential of geopolymers porous,
zeolite-like ceramic materials for wastewater treatment, particularly in adsorption, pho-
tocatalysis, disinfection, and hydrogen generation. Their properties depend on synthesis
methods and precursors such as fly ash and metakaolin. While offering promising appli-
cations for cleaner production, large-scale use faces technical, economic, and regulatory
challenges that require further research and development. Alby et al. [47] discuss the reme-
diation of wastewater containing hazardous heavy metals and radionuclides, particularly
Cs137 and Sr90. It emphasizes sorption-based technologies as effective methods for reducing

https://doi.org/10.3390/environments13080429

https://doi.org/10.3390/environments13080429


Environments 2026, 13, 429 16 of 23

radionuclide levels and minimizing solid waste. Although materials like resins, clays, and
zeolites have been widely used, improvements in capacity and selectivity are still needed.
Advances in nanostructured inorganic materials including titanates, vanadate, manganese
oxides, and hexacyanoferrates show promise due to their enhanced ion exchange properties
and structural flexibility.

The highly cited publications identified in this analysis represent the intellectual foun-
dation of research on zeolite-based environmental remediation rather than merely the most
frequently referenced studies. Their influence extends beyond individual applications
by establishing the scientific principles that have guided subsequent research over the
past decade. The citation network demonstrates that early influential publications pri-
marily focused on adsorption mechanisms, particularly the removal of dyes and heavy
metals using low-cost adsorbents. These studies significantly contributed to positioning
zeolites as efficient and economically viable adsorbents for wastewater treatment and
stimulated extensive research into adsorption kinetics, equilibrium models, and surface
modification techniques. A second generation of highly cited publications shifted attention
toward advanced functional materials, including nano-zeolites, engineered adsorbents,
and hybrid oxidation systems. These works expanded the research frontier from conven-
tional adsorption to multifunctional remediation technologies capable of simultaneously
removing inorganic and organic contaminants. More recent highly cited studies illustrate
the evolution of the field toward sustainable environmental engineering by integrating
photocatalysis, nanotechnology, biochar composites, geopolymers, and advanced oxidation
processes. The increasing citation impact of these publications indicates a clear transition
from single-function adsorption systems toward integrated treatment technologies with
enhanced regeneration, selectivity, and environmental sustainability.

Overall, the citation analysis reveals that the scientific evolution of this research area
has progressed through three major stages: (i) establishing adsorption as the dominant
remediation mechanism, (ii) developing modified and nanostructured zeolite materials to
improve treatment performance, and (iii) integrating zeolites into multifunctional hybrid
remediation technologies. These influential publications have collectively shaped the
current research agenda and continue to guide future developments in sustainable water
and soil remediation.

3.6. Key Research Topics in Zeolite Application in Water, Wastewater and Soil
Remediation Research

Berci [38] emphasized that co-occurrence analysis is essential for identifying research
themes and tracking the evolution of research trends within a specific field. In this study,
data obtained from the Scopus database were analyzed using a minimum occurrence thresh-
old of 15 for keywords. Through this method, 15 keyword terms were extracted from a total
of 1046 author-provided keywords. Table 8 presents the keywords that met or exceeded
this threshold. It is important to note that the analysis was conducted based on authors’
keywords rather than indexed terms. The top 15 keywords are ranked in descending
order according to their Total Link Strength (TLS), determined through a comprehensive
evaluation that considered cumulative link strength, the number of connections for each
keyword, and their frequency of occurrence.

Table 8 displays the top 15 keywords retrieved from the Scopus database, representing
core concepts in the research on zeolite applications for wastewater and soil remediation.
Prominent terms such as adsorption, zeolite, wastewater treatment, and remediation reflect
the fundamental importance of zeolite in addressing environmental contamination issues.
Additionally, the presence of keywords like adsorbent, nanomaterials, and ion exchange
underscores the relevance of various adsorbent types and their potential roles in enhancing
water, wastewater, and soil remediation processes.
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Table 8. Top 15 keywords from the studies published on Zeolite Application in Wastewater and Soil
Remediation Research.

Keywords Cluster TLS Occurrence (%) Occurrence

Adsorption 4 50 48 16.96%
Zeolite 4 40 30 10.60%

Wastewater Treatment 1 26 26 9.19%
Wastewater 3 35 20 7.07%

Heavy Metals 2 33 20 7.07%
Remediation 1 29 17 6.01%

Water Treatment 1 18 12 4.24%
Zeolites 3 20 11 3.89%

Environmental Remediation 2 16 11 3.89%
Fly Ash 2 12 8 2.83%

Adsorbent 2 10 7 2.47%
Water 3 10 7 2.47%

Water Remediation 5 9 7 2.47%
Nanomaterials 1 12 6 2.12%
Ion Exchange 5 8 6 2.12%

The keywords “ photocatalysis,” “ natural zeolites,” and “ advanced oxidation process
“ underscore the technological advancements in water, wastewater, and soil remediation
processes are critical for enhancing reaction efficiencies [29]. For instance, terms such as
“ion exchange” and “sorption” represent key chemical methods for water, wastewater, and
soil remediation [1,47,48].

The repeated occurrence of “heavy metals,” “remediation,” and “environmental reme-
diation” reflects the research community’s emphasis on mitigating toxic metal pollution and
restoring environmental quality through advanced treatment technologies. Furthermore,
the inclusion of “fly ash,” “adsorbent,” “nanomaterials,” and “ion exchange” signifies the
exploration of diverse materials and hybrid approaches that enhance adsorption efficiency
and selectivity. Keywords such as “water treatment,” “wastewater remediation,” and
“sustainability” illustrate the growing concern for environmentally responsible water man-
agement strategies aligned with sustainable development goals. The presence of terms like
“ammonium,” “methylene blue,” and “natural zeolites” indicates targeted studies focusing
on the removal of specific contaminants and the utilization of naturally occurring minerals
for cost-effective remediation. Moreover, the occurrence of “photocatalysis” and “advanced
oxidation process” points to the integration of innovative oxidation-based methods to
complement conventional adsorption systems. In summary, these keywords collectively
reveal a holistic research landscape centered on zeolite-based adsorption, heavy metal
removal, and sustainable wastewater remediation. They emphasize the advancement of
multifunctional materials, hybrid processes, and environmentally friendly technologies
aimed at enhancing water quality and supporting global sustainability initiatives. In this
context, Figure 7 presents a network diagram that illustrates the co-occurrences of keywords
found in research articles on zeolite application in water, wastewater, and soil remediation.

Four major thematic clusters can be identified from the keyword network. The
first cluster focuses on adsorption-based treatment technologies and includes adsorption,
wastewater treatment, and zeolite. The second cluster emphasizes heavy metal remedia-
tion, environmental remediation, and adsorbent development. The third cluster represents
emerging hybrid technologies such as photocatalysis, advanced oxidation processes, and
nanomaterials. Finally, the fourth cluster highlights sustainable water treatment strate-
gies incorporating ion exchange, natural zeolites, and ammonium removal. The strong
interconnections among these clusters indicate that future research increasingly integrates
adsorption with catalytic and nanotechnology-based remediation approaches.

https://doi.org/10.3390/environments13080429

https://doi.org/10.3390/environments13080429


Environments 2026, 13, 429 18 of 23

Figure 7. Co-occurrence clustering of author keyword in a network visualization.

The keyword co-occurrence analysis also reveals a clear transition in research priori-
ties over time. Earlier investigations concentrated primarily on conventional adsorption
processes using natural zeolites for heavy metal removal, whereas more recent studies
increasingly emphasize modified zeolites, nanostructured materials, photocatalytic sys-
tems, and advanced oxidation processes. This evolution reflects growing recognition that
adsorption alone is often insufficient for removing persistent organic contaminants, phar-
maceuticals, and emerging pollutants. Consequently, recent research has shifted toward
multifunctional treatment systems that combine adsorption, catalysis, and oxidation within
a single remediation platform. Such developments indicate that future innovation is likely
to focus on engineered zeolite composites with enhanced regeneration capacity, higher
selectivity, and improved long-term environmental sustainability.

To better understand the evolution of research topics, an overlay visualization of
author keywords was generated using VOSviewer. The temporal analysis reveals a clear
progression in research priorities over the study period. During the early years (2010–2015),
research predominantly focused on conventional adsorption, ion exchange, natural zeolites,
and heavy metal removal. These studies established the fundamental understanding of
zeolite adsorption mechanisms and demonstrated their effectiveness for wastewater treat-
ment. Between 2016 and 2020, research diversified toward modified zeolites, nanomaterials,
engineered adsorbents, and composite materials. Increasing attention was devoted to im-
proving adsorption capacity, regeneration efficiency, and multifunctional properties. Since
2021, the research landscape has shifted toward integrated environmental technologies,
including photocatalysis, advanced oxidation processes, sustainability, circular economy
concepts, and hybrid treatment systems. These emerging topics reflect the growing empha-
sis on combining adsorption with catalytic degradation to improve treatment efficiency
while minimizing environmental impacts. Overall, the temporal evolution demonstrates a
transition from fundamental adsorption research toward advanced multifunctional remedi-
ation technologies, highlighting increasing interdisciplinary collaboration among materials
science, environmental engineering, and sustainable development.
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In Figure 7, the nodes illustrate various keywords, where their shapes and spatial
arrangements denote the degree of co-occurrence among them. The keyword co-occurrence
network identifies four distinct clusters, each represented by different colors that corre-
spond to specific research themes within the study of zeolite applications in wastewater and
soil remediation. The colored nodes indicate the grouping of related keywords, with each
cluster focusing on a particular aspect of adsorption processes, heavy metal removal, or
sustainable treatment technologies. The node size reflects the frequency of keyword occur-
rence, while the thickness of the connecting lines represents the strength of the relationships
and collaboration between the associated research topics.

A closer examination of the identified keyword clusters provides valuable insight
into the conceptual structure of the research field. The first cluster primarily represents
conventional adsorption technologies and wastewater treatment processes, highlighting the
historical importance of ion exchange and sorption mechanisms. The second cluster focuses
on heavy metal remediation and environmental restoration, emphasizing contaminant-
specific treatment approaches. The third cluster reflects emerging technological develop-
ments involving nanomaterials, photocatalysis, and advanced oxidation processes, demon-
strating the increasing integration of adsorption with catalytic degradation technologies.
Finally, the fourth cluster illustrates growing attention toward sustainability, environ-
mental management, and multifunctional treatment systems. Collectively, these clusters
reveal the gradual transformation of zeolite research from traditional adsorption studies
toward integrated, sustainable remediation technologies addressing increasingly complex
environmental challenges.

The evolution of zeolite research demonstrates a clear transition from conventional
adsorption toward multifunctional environmental materials. While early investigations
primarily evaluated the adsorption capacity of natural zeolites for heavy metal and am-
monium removal, more recent studies increasingly emphasize engineered zeolites with
tailored physicochemical properties. Surface modification, ion exchange, metal oxide im-
pregnation, and composite synthesis have significantly enhanced adsorption selectivity,
catalytic activity, regeneration efficiency, and long-term operational stability. These de-
velopments have enabled zeolite materials to function not only as adsorbents but also as
catalysts, catalyst supports, microbial carriers, and multifunctional components within
integrated water treatment systems.

4. Limitations of the Study
Although this bibliometric study provides a comprehensive overview of global re-

search trends, several limitations should be acknowledged. First, the analysis relied ex-
clusively on the Scopus database. Although Scopus offers extensive multidisciplinary
coverage, relevant publications indexed exclusively in Web of Science, Dimensions, or
Google Scholar were not included. Second, only English-language publications were con-
sidered. Consequently, important contributions published in other languages may have
been excluded, potentially introducing language bias. Third, the study was limited to
peer-reviewed journal articles and review papers. Conference proceedings, books, book
chapters, patents, and other publication types were intentionally excluded to ensure data
consistency but may contain valuable scientific information. Finally, citation-based indi-
cators naturally favor older publications that have had more time to accumulate citations.
Therefore, recently published studies with high scientific quality may be underrepresented
in citation analyses. Future bibliometric investigations should integrate multiple databases
and alternative bibliometric indicators to provide a more comprehensive understanding of
the evolving research landscape.
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5. Key Trends in Zeolite Applications in Water, Wastewater, and
Soil Remediation
5.1. Dominance of Adsorption-Based Treatment Technologies
■ The data reveal that adsorption is the most prevalent keyword, highlighting its central

role as a primary mechanism in pollutant removal processes. Zeolites, as natural or
synthetic adsorbents, continue to attract research attention due to their high surface
area, ion-exchange capacity, and selectivity for heavy metals and ammonium ions.

■ The frequent co-occurrence of terms such as adsorbent, sorption, and ion exchange
indicates a strong emphasis on improving adsorption efficiency through material
modification and process optimization.

5.2. Zeolites as Multifunctional and Sustainable Adsorbents
■ The appearance of keywords like photocatalysis and advanced oxidation process

(AOP) suggests a growing trend toward combining adsorption with oxidation-based
techniques. Such hybrid systems enhance pollutant degradation, enabling simultane-
ous adsorption and catalytic breakdown of complex contaminants.

■ This integration represents a shift toward multi-functional treatment systems that im-
prove water quality while minimizing energy consumption and secondary pollution.

5.3. Emphasis on Environmental Remediation and Sustainability
■ The clustering of keywords such as remediation, environmental remediation, water re-

mediation, and sustainability demonstrates an expanding focus on holistic approaches
for restoring contaminated ecosystems.

■ These studies align with global efforts to promote sustainable water management
practices and to achieve the United Nations Sustainable Development Goals (SDGs),
particularly those related to clean water and environmental protection.

Future research should focus on developing modified zeolites and composite materials
with enhanced selectivity and regeneration capacity, as well as integrating adsorption–
oxidation hybrid systems for broader contaminant removal. The adoption of life-cycle
assessment (LCA) and techno-economic evaluation frameworks will be crucial for pro-
moting large-scale application and ensuring long-term sustainability in zeolite-based
remediation technologies.

6. Conclusions
This bibliometric study provides a comprehensive overview of global research on

zeolite applications for water, wastewater, and soil remediation from 2010 to 2024. The find-
ings reveal a marked growth in scientific output, highlighting the increasing importance
of zeolite-based technologies as sustainable and cost-effective solutions for environmen-
tal remediation. China and India have emerged as leading contributors, with extensive
international collaborations supporting knowledge exchange and innovation. Citation
and thematic analyses indicate that adsorption, ion exchange, and advanced oxidation
processes remain the core research directions, while increasing attention has been given
to modified zeolites, nanocomposite materials, and photocatalytic systems to improve
removal efficiency, selectivity, and regeneration. Despite these advances, the analysis has
several limitations. The study is based on a single bibliographic database and English-
language publications, which may have excluded relevant research indexed elsewhere or
published in other languages. In addition, bibliometric methods evaluate publication and
citation patterns rather than the technical performance or practical effectiveness of remedi-
ation technologies. Future research should focus on developing environmentally friendly
zeolite modification strategies, advanced composite materials, and integrated adsorption–
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oxidation systems for the efficient removal of emerging contaminants. Greater emphasis
on life-cycle assessment, techno-economic analysis, and pilot- to full-scale validation will
be essential to bridge the gap between laboratory research and practical implementation.
Expanding international collaboration and interdisciplinary research will further accelerate
the development of scalable, sustainable zeolite-based remediation technologies.
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