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Phytoremediation has become one of the most promising nature-based approaches for
restoring contaminated ecosystems by combining environmental sustainability, economic
feasibility, and ecosystem resilience. The aim of this study was to comprehensively analyze
the evolution of phytoremediation research, identify major scientific trends, research hotspots,
geographical distribution of scientific production, funding patterns, international collaboration,
and future research directions using bibliometric methods.

The results reveal a substantial increase in scientific output, particularly after 2015, reflecting
the growing global interest in ecological restoration and sustainable environmental management.
China emerged as the leading contributor to phytoremediation research, followed by the United
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States, India, and several European countries. Funding analysis demonstrated the significant
role of major national and international research programmes in advancing phytoremediation
studies. Keyword mapping illustrates a clear evolution of research priorities from heavy metal
uptake and plant physiology toward microbiome-assisted phytoremediation, biochar applications,
remote sensing, Geographic Information Systems, artificial intelligence, machine learning,
Digital Twins, and Nature-based Solutions. The analysis also identified important research gaps
related to Al-driven predictive modelling, digital environmental monitoring, remediation of
mixed contaminants and PFAS, war-contaminated soils, and climate adaptation.

The findings demonstrate that phytoremediation has evolved from a narrow plant-based
remediation technology into a multidisciplinary scientific field integrating environmental science,
microbiology, digital technologies, and sustainability concepts. Bibliometric analysis not only
reveals the historical evolution of scientific knowledge but also provides valuable insights into
emerging research themes and future directions for sustainable environmental remediation.

Key words: phytoremediation, bibliometric analysis, science mapping, VOSviewer, Web of
Science, Scopus, heavy metals, microbiome, artificial intelligence, Nature-based Solutions.

Koszupes B.B., /lanuyk O.B., I'paghoe A.B., Kepeouyx C.B., Kueaiino T.C., Ilinapcoka O.0.
Esonwouia oocnioxncenv  imopemediayii:  6i0  6UOANEHHA  6ANCKUX MeMAlie 00
npUPOOOOPiCHMOBAHUX PiuieHb HA OCHOGI MIKPOOIioMy

Dimopemediayis € 00HUM 3 HAUOLLUW NEPCNEKMUBHUX NPUPOOOOPIEHMOBAHUX NIOX00I8 00 8I0-
HOGNIEHHSI 3A0PYOHEHUX eKOCUCTEM, U0 NOEOHYE eKONOIUHY De3NeUHICHb, eKOHOMIYHY OOYLTLHICTND
Ma NPUHYUNY CMAN020 PO3GUMKY. Memoto 00cniodcenHs € KOMNIEeKCHUL aHAaNi3 e8omIoYii HayKOBUX
docnidocens y chepi himopemediayii, BUSHAUEHHS OCHOBHUX MEHOEHYIl PO3GUNIKY, KTIIOUOBUX HANPS-
Mi6 QOCTIOMNCEHb, 2e02PAMIUHOT CIMPYKIYPU HAYKOBOT NPOOYKMUBHOCTI, (DIHAHCYBAHHSL, MINCHAPOO-
HOI cnienpayi ma nepcnekmue noOaIbUUX O0CIIONHCeHb Ha OCHOBI OIONIOMEemPUYHO20 AHATI3Y.

Pesynomamu 00ciodcents c8i0uams npo cmpimke 3pOCMAanHsl KibKOCHI HAYKOGUX O0Ci-
Ooicenv, ocobaueo nicis 2015 poxy, wo eidobpadicae nioguuyeHHs 2100a1bHO20 IHmMepecy 00 eKo-
JOCIUHO20 BIOHOBILCHHS A CMAL020 YNPABTIHHS NPUPOOHUMU pecypcamu. JTi0epom 3a KinbKicmio
nybnixkayiu € Kumaii, eacomutl enecox makooic Hanexcums CLIA, In0ii ma kpainam €eponu. Ana-
23 QPiHaHCYB8aAHH NOKA3AE GUHAYANLHY POlb GEIUKUX HAYIOHANLHUX | MIJICHAPOOHUX HAYKOGUX
npocpam y po3eumxy gimopemediayitinux 00cioxncens. Kapmyeanhs Kio4o8ux ciig npooemoH-
CMpY8ano esonoyilo HAyKoBoi meMamuky 6i0 O0CHI0NHCeHb MEXAHI3MIE HAKONUYEHHS 8UANCKUX
Memanie pociunamu 0o iHmeapayii Mikpodiomy, 6iouapy, OUCMaHyilino20 30HOY8AHHS, 2e0iH-
dopmayiunux cucmem, WmMy4Ho2o iHmMeNeKmy, MawuHHO20 HAGYAHHA, YUPPOBUX OGIUHUKIE Ma
NpUPOO0OPIEHMOBAHUX pilleHb. BusnaueHo 0CHOBHI NPOATUHU CYHACHUX OOCTIOHNCEHD, NO8 A3AHI
3 BUKOPUCMAHHAM YUDPOBUX MEXHONO02IH, pemediayiero sMIiuanux munie 3aopyonenns, PFAS,
BILICbKOBO 3a0OPYOHEHUX mepumopitl ma adanmayicto 00 3MiHU Kaimamy.

Ompumani pezyntomamu 0eMOHCmMpyloms mpancgopmayito himopemediayii 3 yzpkocneyia-
J308AHOI MEXHONO0TT OUUUJEHHS TPYHMIB Y MINCOUCYUNTTHAPHUL HAYKOBULL HANPAM, WO IHmMezpye
eKoJL02i10, MIKp0oOion02ilo, yudposi mexnonoeii ma konyenyii cmanoeo pozsumky. Iposedenuil
bioniomempuyHUIl AHA3 00360J5€ BUSHAUUMU CYYACHI MEHOEHYIT pO36UMKY 2any3i ma oKpec-
JUMU NePCNeKMUBHT HANPAMU MALLOYMHIX OOCTIOHCEHD.

Knwwuosi cnosa: ¢imopemediayis, 6OibniomempuyHuil  aHanis, —KAPMYSaHHs HAYKU,
VOSviewer, Web of Science, Scopus, easxcki memanu, MikpoOiom, wmyyHuil iHmenexkm, npupooo-
OpIEHMOBAHI PIULEHHS.

Introduction. Background. Soil pollution has become one of the most serious envi-
ronmental challenges of the twenty-first century. Rapid industrialization, intensive agri-
culture, mining activities, urbanization, and improper waste disposal have resulted in
the continuous accumulation of contaminants in soils worldwide. Among these contam-
inants, heavy metals such as cadmium (Cd), lead (Pb), arsenic (As), mercury (Hg), chro-
mium (Cr), nickel (Ni), and zinc (Zn) are of particular concern because they are persis-
tent, non-biodegradable, and can accumulate in food chains, posing significant risks to
ecosystems and human health. In many regions, soil contamination has reached levels
that threaten agricultural productivity, biodiversity, water quality, and food security.

Traditional soil remediation technologies, including excavation, soil washing, ther-
mal treatment, and chemical stabilization, are often effective but remain expensive,
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energy-intensive, and may cause additional environmental disturbance. These limita-
tions have stimulated growing interest in sustainable remediation approaches that can
restore contaminated environments while preserving ecosystem functions.

Phytoremediation has emerged as one of the most promising environmentally
friendly technologies for soil restoration. It relies on the natural ability of plants to
extract, stabilize, degrade, or transform pollutants from contaminated soils and water.
Compared with conventional remediation methods, phytoremediation is generally less
expensive, requires lower energy inputs, improves soil quality, supports biodiversity,
and contributes to carbon sequestration. As a result, it has become an important compo-
nent of sustainable land management and ecological restoration strategies.

Today, the research landscape is considerably broader and more interdisciplinary.
The effectiveness of phytoremediation is increasingly being enhanced through the inte-
gration of plant-associated microbiomes, biochar amendments, nanomaterials, remote
sensing technologies, artificial intelligence, machine learning, and other digital tools. At
the same time, phytoremediation is no longer viewed solely as a remediation technique
but as a key element of nature-based solutions that support ecosystem restoration, cli-
mate resilience, sustainable agriculture, and circular bioeconomy initiatives.

These developments indicate a clear shift in the scientific paradigm — from study-
ing plants as individual remediation agents toward developing integrated, intelligent,
and ecosystem-based remediation systems. Understanding how this transformation has
occurred is essential for identifying current research priorities and future directions.

In recent years, the importance of phytoremediation has become even more evident
due to the increasing number of environmental disasters caused by armed conflicts. The
ongoing war in Ukraine has created new challenges for soil protection and environmen-
tal restoration. Military activities, including shelling, explosions, destruction of indus-
trial facilities, fuel spills, and the widespread use of military equipment, have resulted in
the contamination of agricultural and natural ecosystems with heavy metals, petroleum
hydrocarbons, explosive residues, and other hazardous substances. Given Ukraine's sig-
nificant role as one of the world's major agricultural producers, restoring contaminated
soils has become not only a national priority but also an important contribution to global
food security and sustainable land management. These circumstances further highlight
the need for effective, environmentally friendly, and economically feasible remedia-
tion technologies, among which phytoremediation represents one of the most promising
solutions.

Rather than simply describing publication growth, this study investigates the evolu-
tion of scientific thinking in phytoremediation. It traces the transition from plant-centered
approaches focused on heavy metal accumulation to integrated remediation strategies
that combine plant science, microbial ecology, advanced materials, digital technologies,
and nature-based solutions. This evolutionary perspective provides a more comprehen-
sive understanding of how the field has developed and where future research is likely
to emerge.

Research Gap. The rapid growth of phytoremediation research has generated thou-
sands of scientific publications covering diverse contaminants, plant species, remedia-
tion strategies, and emerging technologies. Several bibliometric studies have analyzed
publication performance, influential authors, countries, institutions, and collaboration
networks within this field. These studies have provided valuable insights into the scien-
tific productivity and structure of phytoremediation research.

Nevertheless, existing bibliometric analyses have several limitations. Most focus on
descriptive publication indicators or specific subtopics, such as heavy metal remediation
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or particular plant species, while paying limited attention to the long-term evolution of
research themes. In particular, little effort has been made to investigate how phytoreme-
diation has evolved from conventional heavy metal removal approaches into a multidis-
ciplinary research field incorporating microbiome engineering, biochar-assisted remedi-
ation, artificial intelligence, digital monitoring technologies, and nature-based solutions.

Furthermore, recent advances associated with climate change adaptation, ecologi-
cal restoration, sustainable agriculture, and smart environmental management have sig-
nificantly expanded the scope of phytoremediation research. However, these emerging
directions have rarely been examined within a comprehensive science mapping frame-
work that reveals how scientific priorities have changed over time.

A systematic analysis of thematic evolution can therefore provide a deeper under-
standing of the development of phytoremediation research, identify emerging knowl-
edge domains, and reveal future research opportunities.

Aim of the Study. The aim of this study is to investigate the evolution of global phy-
toremediation research between 2000 and 2026 using bibliometric analysis and science
mapping techniques.

Specifically, the study seeks to:

+ analyze the growth of scientific publications and citation trends;

* identify the leading countries, institutions, authors, and journals contributing to
phytoremediation research;

» explore collaboration patterns within the global research community;

» examine the evolution of research themes through keyword co-occurrence and
thematic mapping;

+ identify emerging topics and technological trends, including microbiome-as-
sisted phytoremediation, biochar, artificial intelligence, digital monitoring, and nature-
based solutions; and

+ highlight current research gaps and future directions for sustainable phytoreme-
diation research.

By combining conventional bibliometric indicators with science mapping
approaches, this study provides a comprehensive overview of how phytoremediation
has evolved over the past twenty-five years and how the field is transitioning toward
integrated, technology-driven, and ecosystem-oriented remediation strategies.

Materials and Methods. Data Collection. The bibliometric dataset was compiled
using Scopus and the Web of Science Core Collection (WoSCC) as the primary sources
of bibliographic records. To complement the international analysis with a national per-
spective, the Open Ukrainian Scientific Content Initiative (OUCI) was additionally con-
sulted to identify publications authored by Ukrainian researchers and to compare their
visibility with global publication trends.

A comprehensive literature search was conducted independently in each database
using equivalent search strategies adapted to the search syntax of the respective plat-
forms. The search was performed within the Title, Abstract, and Keywords fields to
maximize retrieval accuracy while minimizing irrelevant records.

The search strategy included the principal concept phytoremediation together with its
major remediation mechanisms: phytoremediation, OR phytoextraction, OR phytostabiliza-
tion, OR rhizoremediation, OR phytovolatilization, OR phytodegradation, OR rhizofiltration.

In Scopus, the search was implemented using the TITLE-ABS-KEY field, whereas
in the Web of Science Core Collection the equivalent Topic Search (TS) option was
applied. For OUCI, keyword searches were performed within indexed publication meta-
data using the same terminology.
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The retrieval period covered publications published between January 2000 and
December 2026.

Only peer-reviewed journal articles and review papers written in English were
included in the final dataset. Editorials, conference abstracts, notes, corrections, book
reviews, duplicate records, and publications lacking complete bibliographic metadata
were excluded from further analysis.

After retrieval, bibliographic records were exported in CSV (Scopus) and Plain Text
(Web of Science) formats, including complete citation information, abstracts, author
keywords, affiliations, references, funding information, and citation counts.

Data Cleaning and Harmonization. The exported datasets were merged into a uni-
fied bibliographic database before analysis.

To improve the quality and consistency of the dataset, several preprocessing steps
were performed:

» removal of duplicate publications retrieved from multiple databases;

+ standardization of author names using author identifiers where available;

* harmonization of institutional affiliations to account for variations in institutional
names;

* normalization of country names according to current international standards;

* merging of synonymous keywords (e.g., heavy metal and heavy metals; microor-
ganism and microorganisms);

» correction of spelling inconsistencies and abbreviation variants.

Keyword normalization was performed manually to reduce semantic fragmentation
within co-occurrence analyses and to improve the reliability of thematic clustering.

The cleaned dataset served as the basis for all subsequent bibliometric analyses.

Bibliometric Analysis. The bibliometric analysis combined descriptive perfor-
mance indicators with science mapping techniques to evaluate the development of phy-
toremediation research over time.

Publication dynamics were assessed using annual publication output, annual citation
counts, average citations per publication, and cumulative publication growth.

Scientific productivity was analyzed at four different levels: countries; institutions;
authors, scientific journals.

Citation impact was evaluated using total citation counts, average citations, and
identification of highly cited publications.

To investigate the intellectual and conceptual structure of the research field, the fol-
lowing network analyses were performed: keyword co-occurrence analysis; author col-
laboration networks; institutional collaboration networks; international collaboration
networks, document co-citation analysis; author co-citation analysis; bibliographic
coupling.

Special attention was given to the temporal evolution of research themes to identify
shifts in scientific priorities during different stages of phytoremediation development.

Science Mapping. Science mapping analyses were conducted using complementary
software tools to visualize relationships among publications, authors, research topics,
and institutions.

Bibliometrix (R package) was used as the primary analytical environment for biblio-
metric calculations. The package was employed to calculate descriptive indicators, gen-
erate publication statistics, identify the most productive authors and journals, evaluate
collaboration patterns, and perform thematic analyses.

The graphical interface Biblioshiny facilitated interactive exploration of the data-
set and was used to construct thematic maps, trend topic diagrams, thematic evolution
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plots, and Sankey diagrams illustrating changes in research themes across successive
time periods.

VOSviewer was applied to construct bibliometric networks based on similarity rela-
tionships among scientific entities. Network maps were generated for: keyword co-oc-
currence; co-authorship; institutional collaboration; country collaboration; co-cita-
tion; bibliographic coupling.

Association strength normalization was applied to optimize clustering and improve
visualization of relationships among nodes. Node size represented publication or citation
frequency, while link thickness reflected the strength of relationships between nodes.

Overlay visualization in VOSviewer was additionally employed to identify recently
emerging research topics and to visualize the temporal development of keywords across
the study period.

CiteSpace was used to investigate the temporal evolution of the scientific knowl-
edge base. Citation burst detection was applied to identify publications and keywords
that experienced rapid increases in scientific attention. Timeline visualization and clus-
ter analysis were used to reconstruct the chronological development of major research
themes and to identify emerging research fronts.

Analysis of Landmark Publications. The development of phytoremediation research
has been strongly influenced by several landmark publications that established the con-
ceptual framework of the field and guided its subsequent evolution. An analysis of these
highly influential studies reveals a clear transition from fundamental investigations of
plant-based contaminant removal towards multidisciplinary approaches integrating
ecology, microbiology, environmental engineering, and digital technologies.

The modern concept of phytoremediation emerged during the mid-1990s, when pio-
neering studies introduced plants as effective biological tools for removing contaminants
from polluted environments. One of the earliest milestone publications was the work of
Kumar et al. [4], who introduced the concept of phytoextraction and demonstrated the
potential of plants to remove heavy metals from contaminated soils. This study provided
the theoretical basis for phytoremediation and established phytoextraction as one of the
principal remediation strategies.

A few years later, Salt et al. [7] further expanded this concept by describing phy-
toremediation as an environmentally friendly alternative to conventional remediation
technologies. Their comprehensive review explained the major mechanisms of contam-
inant removal, including phytoextraction, phytostabilization, phytovolatilization, and
rhizofiltration, and highlighted the ecological and economic advantages of plant-based
remediation over physical and chemical approaches. This publication became one of
the most influential references in environmental remediation research and significantly
increased scientific interest in phytoremediation.

During the early 2000s, research shifted from demonstrating the feasibility of phy-
toremediation towards understanding its biological mechanisms. McGrath and Zhao
synthesized knowledge on metal hyperaccumulation and provided a comprehensive
overview of metal uptake, transport, and accumulation processes in plants. Their work
emphasized the importance of hyperaccumulator species and stimulated extensive
research on plant physiology, metal transporters, and detoxification mechanisms [6].

As the field matured, scientific attention expanded beyond plants themselves to
include the surrounding soil environment. A major milestone was the review by Ali et
al. [1], which integrated existing knowledge on phytoremediation mechanisms, practi-
cal applications, advantages, and limitations. Unlike earlier publications focusing pri-
marily on plant physiology, this review highlighted the importance of soil properties,
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environmental conditions, and ecological interactions in determining remediation effi-
ciency. During the same period, van der Ent et al. [8] proposed a revised definition of
metal hyperaccumulators, providing standardized criteria for identifying hyperaccumu-
lator species. This contribution improved the consistency of phytoremediation research
and facilitated comparisons among studies worldwide.

Over the past decade, the scientific paradigm has continued to evolve toward inte-
grated ecosystem management. Numerous studies have demonstrated that remediation
efficiency depends not only on plant characteristics but also on interactions with rhizos-
phere microorganisms and soil amendments. In particular, biochar-assisted phytoreme-
diation has emerged as one of the fastest-growing research topics, with studies report-
ing enhanced contaminant immobilization, improved soil fertility, increased microbial
activity, and greater plant tolerance to environmental stress [2, 3, 5].

More recently, phytoremediation research has entered a new stage characterized
by the integration of digital technologies. Artificial intelligence, machine learning,
remote sensing, Geographic Information Systems, hyperspectral imaging, unmanned
aerial vehicles, Internet of Things sensor networks, and Digital Twins are increasingly
applied to monitor contaminated sites, predict remediation efficiency, and support envi-
ronmental decision-making. Unlike earlier studies that primarily evaluated remediation
performance through field measurements, contemporary research increasingly relies on
data-driven approaches capable of integrating biological, climatic, and geospatial infor-
mation into predictive models [5].

The evolution of landmark publications illustrates a progressive expansion of phy-
toremediation research. During the 1990s, the primary objective was to demonstrate the
feasibility of plant-based remediation. The 2000s were dominated by studies investi-
gating physiological mechanisms of contaminant uptake and hyperaccumulation. The
following decade witnessed increasing integration of microbiology, rhizosphere ecol-
ogy, and soil amendments, while the current research landscape is characterized by the
convergence of environmental science, artificial intelligence, remote sensing, precision
agriculture, and Nature-based Solutions. This progression demonstrates that phytore-
mediation has evolved from a narrow remediation technique into an interdisciplinary
scientific field addressing complex environmental and sustainability challenges.

Results. Growth of scientific publications. The bibliometric analysis revealed a
substantial and sustained increase in global scientific production on phytoremediation
over the past twenty-six years. Both Scopus and the Web of Science Core Collection
demonstrated remarkably similar publication dynamics, indicating that the observed
trends represent genuine developments within the research field rather than data-
base-specific effects.

According to the Scopus database, the annual number of publications increased
from 144 documents in 2000 to 2,518 documents in 2024, with 2,456 publications
indexed in 2025. The value reported for 2026 (1,548 publications) reflects an incom-
plete publication year and therefore should not be interpreted as a decline in scientific
activity.

The overall increase corresponds to approximately a 17-fold growth in annual scien-
tific output over the study period, highlighting the remarkable expansion of phytoreme-
diation research worldwide.

The publication dynamics reveal four major stages of scientific development.

Phase 1 (2000-2007): Establishment of the research field

The first stage was characterized by relatively modest but stable growth, with annual
publications increasing from 144 to 556 documents. During this period, phytoremediation
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was primarily investigated as an alternative to conventional remediation technologies.
Research concentrated on identifying hyperaccumulator plant species, understanding
metal uptake mechanisms, and evaluating the feasibility of phytoextraction and phyto-
stabilization under different environmental conditions.

The growing scientific interest during this period coincided with increasing inter-
national awareness of soil contamination caused by industrialization, mining activities,
and intensive agriculture. At the same time, stricter environmental regulations adopted
in North America and Europe stimulated research into environmentally sustainable
remediation technologies.

Phase I1 (2008-2014): Methodological expansion

Between 2008 and 2014, publication output almost doubled, increasing from 569 to
1,044 publications annually.

This acceleration reflected the transition of phytoremediation from a primarily
botanical discipline toward a broader environmental technology. Researchers increas-
ingly investigated the role of soil amendments, rhizosphere processes, chelating agents,
and biomass utilization in improving remediation efficiency. During the same period,
advances in molecular biology and plant biotechnology provided new opportunities for
understanding plant stress responses and contaminant uptake mechanisms.

The publication growth also coincided with increasing international attention to sus-
tainable environmental management and ecosystem restoration, particularly following
the adoption of several international environmental policy initiatives addressing con-
taminated land and sustainable resource management.

Phase III (2015-2019): Rapid interdisciplinary development

A further acceleration occurred after 2015, when annual publication output increased
from 1,175 to 1,672 publications.

This period corresponds closely with several major global policy developments.
The adoption of the United Nations Sustainable Development Goals (SDGs) in 2015,
particularly SDG 6 (Clean Water and Sanitation), SDG 13 (Climate Action), and
SDG 15 (Life on Land), substantially increased scientific interest in sustainable remedi-
ation technologies. In the same year, the Paris Agreement further emphasized ecosystem
restoration and climate-resilient land management.

Scientifically, phytoremediation evolved into a highly interdisciplinary field incor-
porating microbiology, environmental engineering, nanotechnology, biotechnology, and
agricultural sciences. Research increasingly explored microbial-assisted remediation,
biochar amendments, and integrated remediation strategies rather than relying solely on
plant uptake.

Phase IV (2020-2026): Transition toward Nature-Based Solutions

The most pronounced increase in publication activity occurred after 2020, when
annual scientific production exceeded 2,000 publications for the first time.

Several factors likely contributed to this rapid expansion. The launch of the United
Nations Decade on Ecosystem Restoration (2021-2030) placed ecological restoration
among the highest global environmental priorities. Simultaneously, the European Green
Deal, the EU Biodiversity Strategy for 2030, and increasing international investment
in climate adaptation and sustainable agriculture significantly expanded research on
nature-based solutions.

During this period, phytoremediation research increasingly incorporated artificial
intelligence, machine learning, biochar, microbial ecology, precision agriculture, remote
sensing, unmanned aerial vehicles (UAVs), and digital environmental monitoring. Con-
sequently, phytoremediation became viewed not only as a remediation technology but
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also as an important component of ecosystem restoration, climate resilience, carbon
sequestration, and circular bioeconomy strategies.

The Web of Science Core Collection exhibited publication dynamics highly con-
sistent with those observed in Scopus. Annual scientific output increased from 209 pub-
lications in 2001 to 1,992 publications in 2021, remaining above 1,800 publications
annually thereafter and reaching 2,010 publications in 2025. Similar to Scopus, the
lower value reported for 2026 (1,133 publications) reflects partial database coverage
during an incomplete publication year.

Although the absolute number of indexed publications was consistently lower than
in Scopus, both databases demonstrated nearly identical long-term growth patterns. This
consistency indicates that the expansion of phytoremediation research represents a gen-
uine global scientific trend rather than differences in database coverage.

The temporal evolution observed in the Web of Science closely mirrors the four
developmental phases identified in Scopus. Early research focused primarily on heavy
metal accumulation by hyperaccumulator plants. Subsequently, research expanded
toward integrated remediation strategies involving soil chemistry, microbial ecology,
and environmental biotechnology. More recently, the field has increasingly empha-
sized digital technologies, nature-based solutions, and ecosystem restoration, reflecting
broader transformations in environmental research priorities.

The slightly lower publication counts recorded by the Web of Science are primar-
ily attributable to its more selective journal indexing policy, whereas Scopus includes
a broader range of international journals, particularly within environmental sciences,
agricultural research, and engineering disciplines.

Despite differences in database coverage, the overall publication trajectories are
remarkably similar (Figure 1). Both databases demonstrate continuous growth through-
out the study period without prolonged periods of decline. This agreement strength-
ens the robustness of the bibliometric analysis and confirms that phytoremediation has
become one of the fastest-growing research areas in environmental remediation.

The synchronized increase observed after 2015 and the particularly rapid expansion
after 2020 suggest that global environmental policies, climate-related initiatives, and the
growing emphasis on sustainable and nature-based remediation strategies have funda-
mentally reshaped the scientific landscape of phytoremediation. Rather than remaining
a specialized technology for heavy metal removal, phytoremediation has evolved into
an interdisciplinary research field integrating environmental science, biotechnology,
microbiology, digital technologies, and ecosystem restoration.

Annual phyteremediation publications (2000-2026)

2500 1 —®— Scopus
#- Web of Science

2000
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Fig. 1. Comparison between Scopus and Web of Science
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Subject Area Distribution. Phytoremediation research is inherently multidiscipli-
nary, integrating concepts from environmental sciences, agriculture, biology, chemis-
try, engineering, and increasingly digital technologies. The distribution of publications
across subject areas in Scopus reflects this interdisciplinary character and illustrates
how the field has expanded beyond its original scientific scope.

As expected, Environmental Science represents the dominant research area, account-
ing for 19,474 publications, which confirms that phytoremediation remains primarily an
environmental remediation technology aimed at restoring contaminated ecosystems and
improving environmental quality. The strong representation of this subject area reflects
the growing global concern regarding soil degradation, heavy metal contamination,
industrial pollution, and ecosystem restoration.

The second largest research domain is Agricultural and Biological Sciences, with
11,062 publications. This substantial contribution highlights the fundamental role of
plant physiology, soil science, agronomy, and ecological interactions in the develop-
ment of phytoremediation technologies. Many studies within this category focus on
plant tolerance mechanisms, hyperaccumulator species, crop productivity on contami-
nated soils, and rhizosphere processes that influence contaminant uptake.

A considerable number of publications are also indexed under Biochemistry, Genetics
and Molecular Biology (4,111 publications), indicating the increasing application of molec-
ular approaches to investigate gene expression, stress-response pathways, and plant—microbe
interactions. These studies have significantly improved the understanding of the biological
mechanisms underlying contaminant uptake, transport, detoxification, and tolerance.

The contribution of Medicine (2,900 publications) and Chemistry (2,870 publications)
reflects the close relationship between environmental contamination and human health,
as well as the importance of chemical characterization of pollutants, soil amendments,
and remediation processes. Engineering disciplines also play an important role, with
2,752 publications classified under Engineering, demonstrating the growing interest in designing
integrated remediation systems, treatment technologies, and field-scale applications.

Other well-represented disciplines include Earth and Planetary Sciences (2,118 pub-
lications), Chemical Engineering (2,028), Immunology and Microbiology (1,712), and
Energy (1,589). The increasing contribution of microbiology illustrates the shift toward
microbiome-assisted phytoremediation, while the presence of energy-related research
reflects the growing interest in combining remediation with biomass production and
bioenergy generation.

Although traditionally considered a biological and environmental technology, phy-
toremediation has gradually expanded into computational and technological domains.
Computer Science (687 publications), Materials Science (708), Mathematics (137), and
Decision Sciences (63) collectively demonstrate the emergence of digital approaches,
including artificial intelligence, machine learning, geographic information systems,
remote sensing, precision agriculture, and decision-support systems. Although these
disciplines currently represent a relatively small proportion of the total literature, their
rapid growth during the last decade indicates an important transformation of phytoreme-
diation into a data-driven and technology-supported research field.

Document Types. The analysis of document types indicates that phytoremediation
research is primarily disseminated through peer-reviewed journal articles, which consti-
tute the overwhelming majority of the scientific literature.

Among the retrieved publications, 22,564 documents were classified as research
articles, representing the principal medium for communicating original scientific find-
ings. This dominance demonstrates the high level of experimental and applied research
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conducted within the field and reflects the continuous generation of new knowledge
related to remediation technologies, plant physiology, soil science, microbiology, and
environmental engineering.

The second largest document category consists of review articles (3,042 publica-
tions). The substantial number of reviews indicates that phytoremediation has reached
a level of scientific maturity where periodic synthesis of accumulated knowledge has
become essential. Review papers increasingly focus not only on heavy metal remedia-
tion but also on emerging topics such as microbial-assisted phytoremediation, biochar
applications, nanotechnology, climate resilience, and nature-based solutions.

A further 2,766 book chapters demonstrate the growing educational and interdisci-
plinary importance of phytoremediation, while 1,402 conference papers reflect active
scientific communication and the rapid dissemination of emerging research findings.

Other document types including books, editorials, conference reviews, notes, short
surveys, letters, and data papers represent only a small proportion of the total litera-
ture, indicating that scientific progress in this field is primarily communicated through
peer-reviewed journal publications.

The predominance of original research articles and comprehensive review papers con-
firms that phytoremediation has evolved into a well-established research discipline char-
acterized by continuous scientific development and strong international research activity.

3.4. GEOGRAPHICAL DISTRIBUTION
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Fig. 2. Geographical Distribution of Scientific Production

Geographical Distribution. The geographical distribution of publications reveals
considerable differences in national research productivity and demonstrates the increas-
ing global interest in phytoremediation (Figure 2).

China is by far the leading contributor, with 8,345 publications, accounting for
approximately one-quarter of the total scientific output indexed in Scopus. China's
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dominant position reflects extensive governmental investment in environmental reme-
diation, sustainable agriculture, and ecological restoration, as well as the country's need
to address widespread soil contamination associated with rapid industrialization and
intensive agricultural production. Strong national funding programmes and the active
participation of the Chinese Academy of Sciences and leading universities have further
accelerated scientific productivity.

India ranks second with 4,888 publications, highlighting the country's long-stand-
ing interest in cost-effective and environmentally sustainable remediation technologies.
The high publication output is closely related to increasing concerns regarding indus-
trial pollution, mining activities, wastewater irrigation, and heavy metal contamination
affecting agricultural soils.

The United States occupies the third position with 3,144 publications. Although the
total number of publications is lower than that of China and India, the United States has
made substantial contributions to the fundamental development of phytoremediation,
particularly in plant physiology, molecular biology, environmental biotechnology, and
risk assessment.

Several European countries also demonstrate strong research activity. Spain
(1,164 publications), Italy (1,149), Poland (946), France (924), Germany (828), and the
United Kingdom (768) collectively represent one of the world's most productive research
regions. Their scientific output reflects long-term investments in environmental protection,
sustainable land management, circular economy initiatives, and the implementation of Euro-
pean environmental policies, including the European Green Deal and the EU Soil Strategy.

Among emerging contributors, Pakistan, Brazil, Iran, Saudi Arabia, Malaysia, Egypt,
and South Korea have experienced particularly rapid growth in publication activity
during the last decade. This expansion reflects increasing awareness of environmental
degradation, rapid industrial development, and growing investment in sustainable reme-
diation technologies.

Although Ukraine contributed 159 publications, its research output remains com-
paratively modest relative to leading countries. Nevertheless, increasing international
collaboration and growing interest in post-conflict environmental restoration suggest
significant opportunities for future development of phytoremediation research within
the country.

Funding Landscape. The analysis of funding sources reveals that the rapid expansion
of phytoremediation research has been strongly supported by national and international
research funding programmes.

The National Natural Science Foundation of China (NSFC) is by far the largest
funding organization, supporting 3,689 publications. Several additional Chinese fund-
ing programmes — including the National Key Research and Development Program of
China, the China Postdoctoral Science Foundation, the Chinese Academy of Sciences,
and numerous provincial science foundations — also rank among the leading sponsors.
This funding landscape reflects China's strategic prioritization of environmental reme-
diation, ecological restoration, and sustainable agricultural development.

International funding also plays an important role. The European Commission, Hori-
zon 2020 Framework Programme, European Regional Development Fund, and various
national European funding agencies have supported a substantial number of publica-
tions, highlighting the importance of phytoremediation within European environmental
and climate policies.

In addition, major funding agencies from the United States, India, Canada, Japan,
South Korea, Australia, and several Middle Eastern countries contribute significantly to
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global research activity. The diversity of funding organizations illustrates the worldwide
recognition of phytoremediation as an effective and sustainable approach to addressing
soil pollution, ecosystem degradation, and climate-related environmental challenges.

The strong participation of governmental funding agencies further demonstrates
that phytoremediation has evolved from a niche research topic into a strategic area of
environmental research with growing relevance for sustainable development, ecological
restoration, circular economy, and climate resilience.

Citation Characteristics. The citation indicators obtained from the Web of Science
Core Collection provide additional evidence of the scientific significance and growing
influence of phytoremediation research. The dataset includes 219 Highly Cited Papers,
indicating that a substantial number of publications belong to the top 1% most cited
papers within their respective research fields and publication years. This reflects the
strong international visibility of phytoremediation research and its important contribu-
tion to addressing environmental pollution, ecosystem restoration, and sustainable land
management.

Only three publications are classified as Hot Papers, representing recently published
studies that have rapidly accumulated citations and rank among the top 0.1% in their
fields. Although their number is limited, these papers demonstrate that phytoremediation
remains an active and evolving research area, with emerging topics attracting immediate
attention from the scientific community.

The dataset contains 2,416 review articles, highlighting the maturity of the research
field. The large number of reviews indicates that phytoremediation has progressed
beyond the stage of isolated experimental studies toward the synthesis and critical eval-
uation of accumulated knowledge. These publications play a key role in identifying
research trends, methodological advances, and future research priorities while support-
ing interdisciplinary collaboration.

A further indicator of the field's dynamic development is the presence of 191 Early
Access publications, showing that new findings continue to be disseminated rapidly
before assignment to regular journal issues. This reflects both the sustained research
activity and the demand for timely communication of scientific results.

Open Science has become an increasingly important feature of phytoremediation
research. Among the retrieved records, 8,666 publications are available in Open Access,
representing a considerable share of the overall dataset. The widespread adoption of
open-access publishing improves the accessibility and visibility of research findings, facil-
itates international knowledge exchange, and may contribute to increased citation impact.

The Web of Science dataset also includes 4,697 publications with Enriched Cited
References, indicating enhanced citation metadata that supports more comprehensive
bibliometric analyses. The availability of enriched reference information improves the
reliability of citation network analyses, co-citation studies, and the identification of
intellectual relationships within the field.

Finally, only 15 Open Publisher-Invited Reviews were identified. This relatively
small number reflects the limited implementation of open peer-review practices by sci-
entific publishers rather than any characteristic of phytoremediation research itself.

Emerging Technologies in Phytoremediation Research. The overlay visualization of
keyword co-occurrence reveals a clear evolution of phytoremediation research towards
the integration of advanced digital technologies and data-driven approaches. While ear-
lier studies primarily focused on plant species, heavy metal uptake, soil contamination,
and pollutant removal mechanisms, more recent publications increasingly incorporate
artificial intelligence, remote sensing technologies, and digital monitoring systems.
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One of the most noticeable emerging trends is the growing application of artificial
intelligence (Al) and machine learning (ML) algorithms. These approaches are increas-
ingly employed to predict remediation efficiency, optimize plant selection, model
contaminant transport, and analyse large environmental datasets. The integration of
Al-based methods enables researchers to improve prediction accuracy while supporting
automated decision-making for site management and environmental risk assessment.

Another rapidly expanding research direction involves remote sensing, hyper-
spectral imaging, and drone-based monitoring. These technologies allow continuous,
non-destructive assessment of vegetation health, pollutant distribution, and remediation
progress across large and often inaccessible areas. Compared with conventional field
measurements, remote sensing techniques provide high spatial and temporal resolution,
making them valuable tools for long-term environmental monitoring.

The emergence of Geographic Information Systems (GIS) further demonstrates the
increasing importance of spatial analysis in phytoremediation studies. GIS technologies
facilitate the mapping of contaminated sites, assessment of environmental risks, and
identification of priority areas for remediation. When combined with remote sensing
data, GIS enables comprehensive spatial modelling and supports evidence-based envi-
ronmental management.

Recent publications also indicate growing interest in the Internet of Things (IoT)
and Big Data technologies. Networks of environmental sensors enable continuous col-
lection of real-time information on soil, water, and atmospheric conditions, while Big
Data analytics allows researchers to process large and heterogeneous datasets generated
through monitoring programs. Together, these technologies improve the efficiency of
environmental observations and contribute to more accurate assessments of remediation
performance.

An emerging interdisciplinary direction is the development of Decision Support Sys-
tems (DSS) that integrate environmental monitoring, predictive modelling, geographic
information, and artificial intelligence. Such systems assist researchers and environ-
mental managers in selecting appropriate remediation strategies under different ecolog-
ical and climatic conditions.

Finally, although still represented by a relatively limited number of publications,
Digital Twins have recently appeared as a promising research topic. Digital twin tech-
nology enables the creation of virtual representations of contaminated ecosystems that
continuously incorporate monitoring data, allowing simulation of remediation sce-
narios, prediction of long-term outcomes, and optimization of management decisions
before field implementation (Figure 3).

Discussion. The bibliometric analysis demonstrates that phytoremediation research
has undergone a profound transformation over the past three decades. Rather than rep-
resenting a simple increase in publication output, the field has evolved conceptually,
moving from a predominantly plant-based remediation strategy toward an integrated
environmental management framework that combines biological, ecological, digital,
and engineering approaches.

In the early stages of research, phytoremediation studies focused primarily on
identifying suitable plant species capable of accumulating heavy metals and remov-
ing contaminants from soil. Scientific attention was directed towards plant physiology,
metal uptake mechanisms, contaminant tolerance, and remediation efficiency. During
this period, plants were considered the principal remediation agents, while environ-
mental conditions were generally treated as external factors influencing remediation
performance.
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Fig. 3. Visualization of keyword

As the field matured, researchers increasingly recognized that remediation efficiency
depends not only on plant characteristics but also on complex interactions among soil
microorganisms, rhizosphere processes, soil chemistry, and ecosystem functioning.
Consequently, new concepts such as the plant microbiome, plant—microbe interactions,
biochar-assisted phytoremediation, and ecological restoration became integral
components of phytoremediation research. This shift reflects a transition from studying
isolated biological processes to understanding contaminated ecosystems as dynamic
and interconnected systems.

More recently, the rapid development of digital technologies has further expanded
the scope of phytoremediation research. Artificial intelligence, machine learning, remote
sensing, hyperspectral imaging, unmanned aerial vehicles, Geographic Information
Systems, Internet of Things sensor networks, Big Data analytics, and Decision Support
Systems are increasingly employed to monitor contaminated sites, predict remediation
outcomes, optimise remediation strategies, and support environmental decision-mak-
ing. The emergence of Digital Twins represents another important step towards predic-
tive environmental management, enabling virtual simulations of remediation scenarios
using continuously updated monitoring data.

These developments indicate that phytoremediation is no longer viewed solely as a
remediation technology but increasingly as a component of broader nature-based solu-
tions addressing environmental degradation, climate resilience, ecosystem restoration,
and sustainable land management. The growing integration of phytoremediation with
concepts such as climate adaptation, carbon sequestration, biodiversity conservation,
and circular economy reflects changing international research priorities driven by global
environmental challenges.

The geographical distribution of publications supports this interpretation. China
has become the dominant contributor to global phytoremediation research, reflecting
sustained national investments in environmental protection, ecological restoration, and
remediation of widespread industrial soil contamination. Rapid industrialisation and
urbanisation have created substantial demand for efficient remediation technologies,
while national research programmes have supported large-scale scientific activity in
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this area. The United States and several European countries continue to make important
contributions, particularly through research on ecosystem restoration, ecological engi-
neering, environmental monitoring, and advanced analytical technologies. Meanwhile,
increasing research output from India and other emerging economies reflects growing
concern over soil degradation, mining activities, agricultural contamination, and water
quality, together with expanding investments in environmental research.

Funding patterns further illustrate the evolution of the field. A substantial proportion
of highly cited publications acknowledge support from major national funding agen-
cies, including the National Natural Science Foundation of China (NSFC), the National
Key Research and Development Program of China, the U.S. National Science Founda-
tion (NSF), the National Institutes of Health (NIH), the European Commission through
successive Framework Programmes and Horizon 2020/Horizon Europe, the German
Research Foundation (DFG), the Natural Sciences and Engineering Research Council
of Canada (NSERC), and the Japan Society for the Promotion of Science (JSPS). These
funding programmes increasingly prioritise interdisciplinary research, digital technol-
ogies, climate resilience, and sustainable environmental management, thereby acceler-
ating the integration of ecological and computational approaches within phytoremedi-
ation research.

The convergence of funding priorities, technological innovation, and global envi-
ronmental policies has reshaped the scientific landscape of phytoremediation. Rather
than focusing exclusively on pollutant removal, contemporary research seeks to develop
intelligent, adaptive, and sustainable remediation systems capable of responding to com-
plex environmental challenges. This evolution is consistent with international policy
initiatives, including the United Nations Sustainable Development Goals, the European
Green Deal, the Zero Pollution Action Plan, and the growing emphasis on Nature-based
Solutions as effective strategies for achieving environmental sustainability.

Research Gaps and Future Directions. Despite the rapid expansion of phytoremedi-
ation research, several important scientific and technological challenges remain insuf-
ficiently addressed. The bibliometric analysis indicates that although considerable pro-
gress has been achieved in understanding plant-based remediation mechanisms, many
emerging research areas are still represented by relatively few publications and remain
at an early stage of development.

One of the most significant research gaps concerns the application of artificial intelli-
gence and machine learning for predictive modelling of phytoremediation performance.
Current studies primarily use Al for data analysis and classification, whereas robust
predictive models capable of integrating biological, environmental, climatic, and geo-
spatial variables remain limited. The development of explainable and transferable Al
models represents an important direction for improving decision-making in contami-
nated site management.

Another emerging area is the application of Digital Twin technology. Although the
concept has recently appeared in environmental research, its implementation in phytore-
mediation is still in its infancy. Digital Twins have the potential to combine real-time
environmental monitoring, remote sensing, process modelling, and artificial intelligence
into virtual representations of contaminated ecosystems, enabling simulation of remedi-
ation scenarios and optimization of management strategies before field implementation.

The bibliometric results also reveal that the integration of unmanned aerial vehi-
cles (UAVs), hyperspectral imaging, Internet of Things (IoT) sensor networks, and real-
time environmental monitoring remains relatively limited. These technologies could
substantially improve the temporal and spatial resolution of remediation monitoring
while reducing operational costs and enabling continuous assessment of remediation
efficiency.
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Another important gap concerns microbiome engineering. Increasing evidence
suggests that rhizosphere microorganisms strongly influence contaminant transforma-
tion, nutrient cycling, and plant stress tolerance. However, the targeted manipulation
of plant-associated microbial communities to enhance phytoremediation efficiency
remains insufficiently explored and requires greater integration of microbiology, bio-
technology, and systems ecology.

Future studies should also move beyond remediation of single contaminants toward
multi-contaminant systems, where heavy metals, metalloids, organic pollutants, phar-
maceuticals, pesticides, microplastics, and emerging contaminants coexist within the
same environment. In particular, per- and polyfluoroalkyl substances (PFAS) have
become a global environmental concern due to their persistence, mobility, and resist-
ance to conventional remediation methods. Their interaction with phytoremediation
processes remains poorly understood and deserves increased scientific attention.

The growing impacts of climate change introduce another important research chal-
lenge. Future phytoremediation systems must operate under changing environmen-
tal conditions, including drought, flooding, salinity, heat stress, and extreme weather
events. Consequently, stronger integration of phytoremediation research with climate
adaptation strategies, ecosystem resilience, and sustainable land management is needed
to ensure long-term remediation effectiveness.

An additional priority concerns the remediation of war-contaminated environments.
Armed conflicts generate complex mixtures of heavy metals, petroleum hydrocarbons,
explosives, combustion products, and military-related pollutants that differ substantially
from conventional industrial contamination. The ongoing environmental consequences
of military activities, particularly in Ukraine and other conflict-affected regions, high-
light the urgent need to develop phytoremediation approaches specifically adapted to
these complex contamination scenarios.

Taken together, these research gaps indicate that the next generation of phytoreme-
diation will extend far beyond conventional plant-based remediation. Future research
is expected to integrate artificial intelligence, autonomous monitoring systems, remote
sensing, Digital Twins, microbiome-associated technologies, and advanced environ-
mental modelling into comprehensive decision-support frameworks. At the same
time, phytoremediation will become increasingly embedded within broader concepts
of Nature-based Solutions, climate adaptation, ecosystem restoration, and the circular
economy, supporting not only contaminant removal but also carbon sequestration, bio-
diversity conservation, resource recovery, and sustainable landscape management.

This transition reflects the ongoing evolution of phytoremediation from an environ-
mental remediation technique into a multidisciplinary platform that combines ecolog-
ical processes, digital technologies, and sustainable development principles to address
increasingly complex environmental challenges.

Conclusions. This This bibliometric study shows that phytoremediation has evolved
from a technology mainly focused on heavy metal removal into a multidisciplinary
research field combining plant science, microbiology, environmental engineering, digi-
tal technologies, and sustainability.

Scientific output has steadily increased over the past 25 years, while research pri-
orities have shifted from contaminant removal and plant selection toward rhizosphere
microbiomes, biochar-assisted remediation, remote sensing, artificial intelligence,
machine learning, and other digital tools. These developments reflect the growing role
of phytoremediation within Nature-based Solutions, ecosystem restoration, climate
adaptation, and the circular economy.

The geographical analysis demonstrates the global expansion of phytoreme-
diation research. China is the leading contributor, followed by the United States,
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India, and several European countries, highlighting the importance of international
collaboration.

The analysis of funding sources shows that the field has been strongly supported by
major national and international funding agencies, which have promoted interdiscipli-
nary research and accelerated the integration of biological, environmental, and digital
approaches.

The results indicate that phytoremediation is moving toward intelligent, data-driven,
and integrated environmental management. Bibliometric analysis also proved to be an
effective tool for identifying research trends, knowledge gaps, and future directions.
Future research is expected to further strengthen the integration of microbiome engi-
neering, digital technologies, climate adaptation, and circular economy principles to
improve the efficiency and sustainability of phytoremediation.
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