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Nano-biochar has emerged as a promising material for environmental remediation, sustainable agriculture, and
advanced material applications. Despite its growing importance, an understanding of research trends, leading
contributors, and thematic evolution remains limited. This study performs a bibliometric analysis of nano-
biochar research using the Scopus database, covering the period 2016-2025 and encompassing 261 peer-
reviewed documents published in English. The analysis is based on data from a single database and is there-
fore representative of Scopus-indexed literature. The analysis shows rapid publication growth, from a single
publication in 2016-75 in 2025, accompanied by an increase in annual citations, reaching 2746 in 2025,
showing the field's expanding influence and cross-disciplinary relevance. Research output is concentrated in key
journals such as Science of the Total Environment, Journal of Cleaner Production, and Environmental Science:
Nano, with the National Natural Science Foundation of China being the most prolific funding agency. Keyword
co-occurrence and clustering analysis identify six thematic clusters: adsorption-based water treatment, biological
interactions and environmental fate, sustainable agriculture, material synthesis and properties, heavy metal
remediation, and surface charge characterization. Environmental science is the dominant subject area, followed
by chemical engineering, chemistry, and agricultural and biological sciences. The findings indicate a maturation
of the field, marked by a shift from foundational material characterization toward performance-driven appli-
cations, predictive modelling, and sustainability-focused research. This study provides a structured foundation
for guiding future research efforts toward standardization, scalable synthesis, and responsible large-scale
implementation of nano-biochar technologies.

1. Introduction functional groups including hydroxyl, carboxyl, and carbonyl moieties

that enable strong adsorption and ion exchange [8]. These properties

Biochar is a carbon-rich material formed through the thermochem-
ical conversion of biomass under oxygen-limited conditions [1-3]. Its
use as a soil amendment dates back thousands of years to the creation of
the highly fertile Amazonian “terra preta” soils by pre-Columbian
communities through the deliberate incorporation of charred organic
residues [4,5]. In contemporary scientific and industrial contexts, bio-
char has become a focus of multidisciplinary research owing to its sta-
bility, porosity, and high surface reactivity [6]. Derived from diverse
biomass feedstocks such as agricultural residues, forestry wastes, animal
manure, and municipal organics, biochar is commonly produced
through slow or fast pyrolysis, gasification, torrefaction, or hydrother-
mal carbonization [7]. The structure of biochar typically contains
condensed aromatic rings, a high degree of carbonization, and surface
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support its use in carbon sequestration, soil amendment, wastewater
treatment, energy storage, and catalysis [9]. Consequently, biochar
research has evolved beyond its traditional agricultural role, extending
into materials science, environmental engineering, and renewable en-
ergy systems, showing a global shift toward sustainable and circular
resource management.

Nano-biochar has emerged as an advanced generation of biochar
designed to exploit nanoscale phenomena for improved performance
[10]. Produced by further processing or synthesizing biochar into
nanometre-sized particles, nano-biochar displays improved physico-
chemical and catalytic behaviour compared with bulk biochar [11,12].
The reduction in particle size leads to an increase in specific surface area
and pore connectivity and a higher density of reactive sites that
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strengthen adsorption and catalysis processes [13]. These properties
enable improved removal of heavy metals, organic pollutants, and nu-
trients from aqueous and soil systems. Nano-biochar also improves
redox reactions and serves as an efficient support for metal and enzyme
immobilization in catalytic and bioremediation applications [14,15]. In
agricultural systems, its interaction with soil colloids and microorgan-
isms promotes nutrient availability, plant growth, and soil structure
stability. Its small particle size facilitates better dispersion, ensuring
uniform distribution within treated media [16]. Furthermore,
nano-biochar exhibits improved electrochemical conductivity and
tunable surface charge, expanding its potential in sensors, batteries, and
supercapacitors [17]. Its high reactivity, stability, and tunable surface
properties make it an important material for developing next-generation
sustainable technologies in various applications. Therefore, under-
standing the research trends surrounding nano-biochar is essential for
directing future investigations and optimizing its potential impact.

Bibliometric analysis provides a systematic and quantitative
approach to examining patterns in scientific literature, including pub-
lication output, citation performance, co-authorship networks, and
thematic evolution [18,19]. In the current research era marked by
data-driven decision-making, bibliometric methods serve as essential
tools for evaluating progress within scientific domains and identifying
influential contributors, institutions, and emerging research themes [20,
21]. Such analyses are particularly relevant in rapidly expanding fields
like nano-biochar research, where publications have increased signifi-
cantly over the past decade. Recent bibliometric studies have success-
fully mapped research areas in adjacent fields, including contaminant
removal using cyclodextrin-based adsorbents, chitosan-based materials
for emerging contaminants, and the fate of per- and polyfluoroalkyl
substances in drinking water, demonstrating the value of such ap-
proaches for identifying knowledge gaps and guiding research priorities
[22-24].

Several studies have attempted to apply bibliometric approaches to
biochar-related topics. Wu et al. [25] conducted a bibliometric review of
global biochar research published up to 2021, identifying hotspots in
biochar production, characterization, and environmental applications.
Their study, while informative, focused largely on general biochar
trends without distinguishing nanoscale developments. Similarly, Zeng
et al. [26], using bibliometric analysis, analyzed literature on ball-milled
nano-sized biochar, emphasizing preparation methods, characteriza-
tion, and environmental performance. Although valuable, their study
was narrow in scope and did not explore nano-biochar produced
through other techniques apart from ball-milling. Chaubey et al. [17]
performed a bibliometric review on nano-biochar using the Web of
Science database, providing foundational insights into publication
growth. However, their analysis was limited by its temporal coverage,
which predates the most prolific period of nano-biochar research
(2023-2025), and its reliance on a single database, which may have
underrepresented regionally focused or multidisciplinary studies. To
address these limitations and to complement existing work, the present
study leverages the Scopus database, known for its broader journal
coverage in emerging fields, to capture recent developments and to
provide a more current and representative assessment. This approach
aligns with methodological best practices in bibliometric analysis,
where multi-database or complementary database studies are increas-
ingly recognized for providing a more complete picture of a research
field's intellectual structure [27,28].

The aim of this study is to perform a bibliometric analysis of nano-
biochar research to evaluate publication growth, identify leading con-
tributors, and examine emerging research themes. The study focuses
exclusively on nanoscale biochar rather than conventional biochar, of-
fering a specific and data-driven understanding of how research in this
area has evolved. Its novelty lies in combining quantitative and visual
analyses to map publication trends, country performance, collaboration
networks, and keyword co-occurrence using the Scopus database. This
approach provides wider coverage and deeper analytical precision
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compared with earlier studies based on the Web of Science. The study
also introduces an integrated analytical framework that connects sci-
entific productivity with intellectual structure. It assesses which in-
stitutions and countries have driven innovation, how researchers
collaborate, and which keywords dominate emerging areas. This study
provides insights that are critical for evidence-based decision-making in
both research and policy. Its structured mapping approach also supports
international collaboration, guiding how resources should be directed
toward impactful outcomes. Through these contributions, the study
strengthens understanding of the nano-biochar research structure. It
clarifies where progress has been made and where focused research is
required to accelerate sustainable applications in various systems.

2. Methodology
2.1. Data source and search strategy

The analysis used data from Scopus, accessed on March 18, 2026.
Scopus was selected for this study because it provides comprehensive,
high-quality, and peer-reviewed bibliographic data across multiple
disciplines, making it suitable for accurate citation and trend analysis.
[29,30]. A prior bibliometric analysis of nano-biochar research has been
published using the Web of Science (WoS) database [17]. The present
study therefore complements existing work by employing Scopus,
enabling a comparative assessment of findings across the two major
bibliometric databases. This comparison is valuable as Scopus offers
broader journal coverage, particularly in emerging and interdisciplinary
fields, while WoS provides more selective indexing. The database's
structured indexing and wide disciplinary coverage ensured reliable
retrieval of relevant publications while facilitating consistent and
reproducible bibliometric analysis.

To ensure thematic focus on nano-biochar as the core material, a
targeted Boolean search string was developed following an iterative
process. The keywords were derived from an extensive review of pub-
lications in the field and refined through iterative testing to balance
recall and precision. Preliminary searches using broader terms such as
"biochar AND nanoparticle" and "biochar AND nanomaterial" were
tested and found to retrieve a high proportion of false-positive results (e.
g., studies where biochar served only as a passive support for metal
nanoparticles without nanoscale characterization of the biochar itself).
Conversely, restricting the search to "nanobiochar" alone was found to
miss relevant studies using hyphenated or descriptive variants. The final
search string was therefore constructed to capture the core terminology
while minimizing irrelevant inclusions: (ALL (nano-biochar) OR TITLE-
ABS-KEY (nanobiochar) OR (nanosized AND biochar)), restricted to the
Article title, Abstract, and Keywords fields. This query was selected after
testing multiple variations and assessing the relevance of the first 50
retrieved records to ensure that the final dataset would accurately
represent the nano-biochar literature. The search was not repeated for
stability testing, as the Scopus database provides a fixed snapshot at the
time of retrieval, and any subsequent search would show updates to the
database rather than methodological instability [31,32].

2.2. Data Screening, Selection, and Processing

The data retrieval and screening process followed the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines to ensure transparency, reproducibility, and methodological
rigor [33]. The complete workflow is illustrated in Fig. 1. The initial
search using the specified query string yielded 423 documents. Appli-
cation of the year filter reduced the dataset to 389 documents to capture
the complete period of recorded nano-biochar research activity.

Document type filtering was then applied to retain only peer-
reviewed contributions. The dataset was limited to articles (256) and
reviews (59) only, while book chapters (49), books (4), conference pa-
pers (16), conference reviews (3), errata (1), and retractions (1) were
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Fig. 1. PRISMA flow diagram detailing the identification, screening, and inclusion process. The final analysis was conducted on 261 documents.

excluded. Retracted documents were removed to ensure the integrity of
the analysis. This refinement resulted in 315 documents. Language
filtering was subsequently applied, limiting the dataset to English (302)
only, while Chinese (9), Persian (3), Russian (1), and Polish (1) were
excluded, yielding 302 documents. This language restriction represents
a limitation of the study, as it excludes potentially valuable non-English
research.

The remaining 302 records underwent manual screening to assess
eligibility. Records were excluded if they met any of the following
criteria: (1) absence of author details, which rendered the record
incomplete for bibliometric analysis; (2) duplicate entries not captured
by automated duplication; (3) records containing non-author names (e.
g., journal names erroneously indexed as authors); (4) documents where
nano-biochar was mentioned incidentally but was not the central focus
of the study (e.g., studies where biochar was used as a support for metal
nanoparticles without characterization of the biochar itself at the
nanoscale); and (5) documents where the search terms appeared but the
study did not investigate nano-biochar as a material (e.g., studies on
adsorption of nanoparticles onto conventional biochar). To ensure
consistency in the manual screening, the following decision rules were
applied: a document was excluded if nano-biochar was not the primary
material of study, as determined by a review of the title, abstract, and
keywords. For instance, studies using biochar as a passive support for
metal nanoparticles (e.g., Ag/BC) without characterizing the biochar
fraction at the nanoscale or discussing its intrinsic nanoscale properties
were excluded. Therefore, studies where the biochar itself was processed
to achieve nanoscale dimensions or exhibited nanoscale phenomena
were retained. Following this manual screening, 261 documents were
confirmed to meet all inclusion criteria and were included in the final
bibliometric analysis.

The bibliographic data for the final 261 documents were exported in
CSV format, including citation information, bibliographical details, ab-
stracts, keywords, and funding information. Author names and institu-
tional affiliations were standardized to maintain consistency across the
analysis. Descriptive analysis was conducted to examine publication
trends, source distribution, country productivity, and institutional con-
tributions. Citation patterns were quantified to identify influential
publications and researchers. Annual publication output was analyzed
to evaluate research growth across the ten-year period.

2.3. Bibliometric mapping and network visualization

VOSviewer software (version 1.6.20) was employed for bibliometric
mapping and visualization. The software was selected for its advanced
capabilities in constructing and visualizing bibliometric networks using
association strength normalization. Co-authorship networks were con-
structed at the country level to identify patterns of international
research cooperation. Keyword co-occurrence analysis was performed to
identify thematic structures within the nano-biochar literature. Prior to
analysis, keyword standardization was conducted to address termino-
logical variations. Plurals were merged into singular forms to ensure
consistent representation. Conceptually equivalent terms such as "nano-
biochar" and "nanobiochar" were unified. Related soil terms were
consolidated, with "soil" and "soils" merged under "soil," and "soil
pollution," "soil pollutant," and "soil pollutants" merged under "soil
pollution." General indexing terms including "article," "nonhuman," and
"controlled study" were excluded from thematic interpretation.

For the keyword co-occurrence analysis, a minimum occurrence
threshold of five was applied, resulting in 221 keywords included in the
network. The choice of this threshold was based on a balance between
network comprehensiveness and visual clarity; lower thresholds pro-
duced dense, less interpretable networks, while higher thresholds
excluded meaningful but less frequent terms. Clusters were formed using
the VOSviewer clustering algorithm with default parameters (resolution
= 1.00, minimum cluster size = 1), which groups keywords based on co-
occurrence patterns using association strength normalization. Cluster
labels were assigned based on the most central and representative key-
words within each grouping, following qualitative interpretation of the
dominant themes. The visual maps generated through VOSviewer pro-
vided a comprehensive overview of research relationships, illustrating
how concepts, authors, and countries interact across the nano-biochar
literature. In all network visualizations, node size represents the fre-
quency of occurrence or publication count, link thickness represents the
strength of co-occurrence or co-authorship, and colours represent
distinct thematic or collaborative clusters as determined by the VOS-
viewer algorithm. This approach enabled the identification of dominant
themes, emerging topics, and collaborative structures shaping the
development of nano-biochar research from 2016 to 2025.
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3. Publication and citation trends

The annual publication output on nano-biochar between 2016 and
2025 demonstrates progressive expansion and growing research visi-
bility. Fig. 2 shows a continuous rise from 1 publication in 2016-75 in
2025. Between 2016 and 2018, publication output remained low, with 1
paper in 2016, 2 in 2017, and 2 in 2018. These values suggest that nano-
biochar was at an early conceptual stage within broader biochar
research. The low publication numbers also indicate limited engagement
across institutions and journals, consistent with the emergence phase of
a new research subject. From 2019-2021, output increased gradually
from 3 to 14 publications. This period marks the beginning of sustained
academic attention to nano-biochar. The steady increase indicates that
the research community began to recognize the topic's relevance, sup-
ported by growing interest in biochar modification and nanotechnology
applications in environmental and agricultural sciences. The expansion
from below five publications per year before 2019 to double-digit values
by 2021 shows that nano-biochar had moved beyond isolated studies
toward broader dissemination in the scientific literature.

A sharper increase appeared from 2022 onward. The number of
publications rose from 24 in 2022-45 in 2023, and further to 73 in 2024,
reaching 75 in 2025. This growth corresponds to the broader global
increase in publications on nanomaterials and sustainable carbon ma-
terials. It also suggests that nano-biochar had gained recognition as a
distinct research category within carbon-based materials science. The
rise in publication counts during this period signals both expanded
research participation and stronger indexing of related works across
multidisciplinary journals. Between 2022 and 2025, the increase
became substantial, with publications nearly tripling from 24 to 75
within four years. These numbers represent the most productive period
in the dataset, accounting for more than 70% of the total publications
between 2016 and 2025. The strong rise after 2022 corresponds to the
global expansion of research on biochar-based nanomaterials, supported
by interdisciplinary collaboration and policy interest in carbon capture
and environmental remediation technologies.

To quantify the growth rate over the study period, the compound
annual growth rate (CAGR) was calculated. The analysis yielded a CAGR
of 56.7% between 2016 and 2025. A polynomial regression model was
fitted to the annual publication data, producing an R? value of 0.8363,
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which indicates that the model explains about 84% of the variation in
publication output over time. The growth pattern observed from the
data can be divided into three distinct phases. The first phase
(2016-2019) was characterized by low and relatively stable output,
with annual publications ranging from 1 to 3. During this period,
research activity was limited to a small number of research groups, and
the concept of nano-biochar had not yet gained widespread recognition.
The second phase (2020-2022) showed accelerated growth, with pub-
lications increasing from 8 in 2020-24 in 2022. This phase shows
growing research interest and the establishment of nano-biochar as a
distinct research area. The third phase (2023-2025) demonstrated
continued expansion with higher annual volumes, reaching a peak of 75
publications in 2025. The sustained growth during this period suggests
that the field has moved beyond initial exploration and is now charac-
terized by broader participation from the research community.

When compared with other indexing sources, the Scopus dataset
demonstrates wide coverage of nano-biochar research. According to
Chaubey et al. [17], fewer than 60 publications per year were recorded
on nano-biochar between 2013 and 2023 in the Web of Science,
amounting to a total of 221 documents. The difference suggests that
Scopus captures a broader range of publication types, including regional
and applied studies. It also indicates that a larger share of nano-biochar
research is being reported in multidisciplinary or non-specialized jour-
nals that are indexed more promptly in Scopus. However, this compar-
ison is limited by differences in search strategies and time periods
between studies. The consistent rise in publication output across the
ten-year period, as presented in Fig. 2, shows a structured development
of research activity. The data confirm that nano-biochar has moved from
marginal representation in the scientific literature to an established
research topic with expanding publication volume.

The citation record for nano-biochar publications between 2016 and
2025 provides a quantitative measure of how the field has gained
recognition and influence in scientific research. Fig. 2 also presents a
clear upward movement from O citations in 2016-2746 citations in
2025. The data show slow citation accumulation in the early years,
followed by a sharp increase after 2020. Between 2016 and 2018, total
citations remained minimal, rising from O to 27, indicating low scholarly
visibility. During this phase, only a few foundational papers were
available, and most publications received limited attention. The low

ANNUAL CITATIONS

e Cjtations

Fig. 2. Progression of publication and citation trends in the field of nano-biochar from 2016 to 2025. The bar chart represents annual publication counts (left axis),

while the line represents annual citation counts (right axis).
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citation count is consistent with the introduction of a new research
subject that had not yet established strong citation networks or a wide
readership. From 2019-2021, total citations increased from 57 to 458.
This eightfold rise in three years shows growing recognition of published
work within the research community. The accumulation of citations
during this period corresponds to a broader base of publications
beginning to attract secondary referencing and use in related studies.
Although absolute citation numbers remained moderate, the consistent
annual increase suggests that nano-biochar research was starting to be
referenced across multiple subfields. The 2021 record marks the point
where the annual citation count surpassed four hundred, showing that
earlier publications were beginning to receive attention beyond their
original publication year.

After 2021, citations expanded rapidly. The total increased from 846
in 2022-1401 in 2023, then reached 2057 in 2024 and 2746 in 2025.
The jump from below one thousand to over two thousand within three
years shows that nano-biochar studies were being integrated into
mainstream scientific discussions. This period also coincides with the
broader increase in publications on nanostructured carbon materials,
suggesting that nano-biochar was being cited alongside related tech-
nologies. The accumulation of over two thousand citations by 2024
represents a key shift toward established academic recognition. The
number of citations continued to climb in 2025, reaching 2746, indi-
cating that earlier work had achieved lasting citation impact. The
dataset indicates that cumulative citations have increased by more than
2000% since 2016, confirming the strong research attention directed
toward nano-biochar.

4. Core sources and influential contributions

Table 1 lists the thirty most productive journals publishing nano-
biochar research from 2016 to 2025. These journals produced 155 pa-
pers, accounting for a large portion of all indexed publications within
the Scopus dataset. Science of the Total Environment ranks first with 16
articles, followed by Journal of Cleaner Production with 7, Environ-
mental Science: Nano with 7, Environmental Research with 7, and
Environmental Pollution with 7. Together, these five journals contrib-
uted 29% of the total output within the top 30. Their representation
shows that nano-biochar research is concentrated in journals with a
focus on environmental systems, pollution control, and sustainable
technologies. The journals listed in Table 1 represent three main pub-
lication streams. The first stream includes multidisciplinary environ-
mental journals such as Science of the Total Environment,
Environmental Research, Environmental Pollution, and Environmental
Science and Pollution Research. These journals focus on environmental
performance, contamination pathways, and remediation outcomes. The
second stream consists of process and engineering-focused outlets such
as Journal of Cleaner Production, Journal of Environmental Manage-
ment, and Journal of Environmental Chemical Engineering, which
publish studies on process optimization, treatment efficiency, and
applied environmental technologies. The third stream covers biomass
and carbon materials research, including Bioresource Technology,
Biomass Conversion and Biorefinery, Biochar, and Industrial Crops and
Products. These journals emphasize resource recovery, material prop-
erty enhancement, and sustainable agricultural applications.

The concentration of publications within a small set of journals
suggests that nano-biochar has a defined publication structure. A few
titles dominate output while many others contribute marginally. This
distribution follows the Bradford pattern, where a limited core of jour-
nals produces a majority of the literature [34]. Such concentration
benefits researchers by improving topic visibility and reducing literature
fragmentation. For research institutions, the journals identified in
Table 1 represent strategic publication targets for achieving visibility
and credibility within the field. For bibliometric evaluations, these
journals serve as a reliable measure of productivity and influence within
nano-biochar studies. Environmental Research, Environmental
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Table 1
Top 30 most productive Journals publishing nano-biochar research
(2016-2025).

S/ Journal Title Number of % of Top 30

N Publications Output

1 Science of the Total Environment 16 10.3

2 Journal of Cleaner Production 7 4.5

3 Environmental Science Nano 7 4.5

4 Environmental Research 7 4.5

5 Environmental Pollution 7 4.5

6 Scientific Reports 6 3.9

7 Journal of Environmental 6 3.9
Management

8 Journal of Environmental Chemical 6 3.9
Engineering

9 Biochar 6 3.9

10 Nanomaterials 5 3.2

11 Journal of Soil Science and Plant 5 3.2
Nutrition

12 Journal of Hazardous Materials 5 3.2

13 Egyptian Journal of Soil Science 5 3.2

14 Chemosphere 5 3.2

15 Environmental Science and Pollution 4 2.6
Research

16 ACS Omega 4 2.6

17 Plants 3 1.9

18 Plant Stress 3 1.9

19 Journal of Molecular Liquids 3 1.9

20 International Journal of 3 1.9
Phytoremediation

21 International Journal of Biological 3 1.9
Macromolecules

22 Industrial Crops and Products 3 1.9

23 Environmental Technology and 3 1.9
Innovation

24 Environmental Science and 3 1.9
Technology

25 Environmental Nanotechnology 3 1.9
Monitoring and Management

26 Chemical Engineering Journal 3 1.9

27 Bioresource Technology 3 1.9

28 Biomass Conversion and Biorefinery 3 1.9

29 Renewable and Sustainable Energy 2 1.3
Reviews

30 Journal of King Saud University 2 1.3
Science
Total 155 100

Pollution, and Science of the Total Environment bridge laboratory-scale
investigations with application-focused environmental studies. Bio-
resource Technology, Biomass Conversion and Biorefinery, and Indus-
trial Crops and Products connect biochar production to renewable
resource management and agricultural systems. Specialized journals
such as Environmental Science: Nano, Biochar, and Nanomaterials show
a growing interest in nanoscale characterization, controlled synthesis,
and targeted applications. Regional journals such as the Egyptian
Journal of Soil Science and Journal of King Saud University Science also
appear within the top 30, indicating that nano-biochar research is being
disseminated through locally significant publication channels alongside
international outlets. This structure indicates that nano-biochar has
matured from a niche topic to a defined research field with established
publication outlets spanning environmental science, chemical engi-
neering, materials science, and agricultural research.

The most influential works define the scientific direction of nano-
biochar research. Table 2 presents the top twenty cited articles be-
tween 2016 and 2025. These papers address fundamental mechanisms,
material fabrication, performance, and emerging applications. Together,
they form the intellectual backbone of this field. The article “Ball milling
as a mechanochemical technology for fabrication of novel biochar
nanomaterials” published in Bioresource Technology in 2020 ranks first
with 509 citations [35]. It introduced ball milling as a scalable and
sustainable method for producing nano-biochar, demonstrating how
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Table 2
Top 20 most cited articles in nano-biochar research (2016-2025).
S/ Article Title Journal Year  Citations  Refs.
N
1 Ball milling as a Bioresource 2020 509 [35]
mechanochemical Technology
technology for
fabrication of novel
biochar nanomaterials
2 Formation and Environmental 2018 277 [36]
Physicochemical Science and
Characteristics of Nano Technology
Biochar: Insight into
Chemical and Colloidal
Stability
3 Nanobiochar and Journal of 2021 235 [37]
biochar based Agriculture and
nanocomposites: Food Research
Advances and
applications
4 A green method for Journal of 2017 231 [38]
production of Cleaner
nanobiochar by ball Production
milling- optimization
and characterization
5 Removing tetracycline Journal of 2020 223 [39]
and Hg(II) with ball- Hazardous
milled magnetic Materials
nanobiochar and its
potential on polluted
irrigation water
reclamation
6 Understanding structure-  Chemical 2020 184 [48]
performance correlation Engineering
of biochar materials in Journal
environmental
remediation and
electrochemical devices
7 Immobilized laccase on Science of the 2017 183 [40]
oxygen functionalized Total
nanobiochars through Environment
mineral acids treatment
for removal of
carbamazepine
8 Converting waste lignin Waste 2020 181 [41]
into nano-biochar as a Management
renewable substitute of
carbon black for
reinforcing styrene-
butadiene rubber
9 Size Matters: Nano- Environmental 2020 176 [49]
Biochar Triggers Science and
Decomposition and Technology
Transformation
Inhibition of Antibiotic
Resistance Genes in
Aqueous Environments
10 Nanobiochar: Environmental 2020 170 [42]
Production, properties, Science Nano
and multifunctional
applications
11 Pine-wood derived Arabian Journal 2019 151 [50]
nanobiochar for removal of Chemistry
of carbamazepine from
aqueous media:
Adsorption behavior and
influential parameters
12 Comprehensive review Bioresource 2023 145 [43]
on recent production Technology
trends and applications
of biochar for greener
environment
13 Characterization of Journal of 2016 145 [45]
nanoparticles of biochars ~ Analytical and
from different biomass Applied
Pyrolysis

Next Materials 12 (2026) 102051

Table 2 (continued)

S/ Article Title Journal Year  Citations  Refs.

N

14 A performance
evaluation study of nano-
biochar as a potential
slow-release nano-
fertilizer from wheat
straw residue for
sustainable agriculture

15  Green synthesis of
graphitic nanobiochar
for the removal of
emerging contaminants
in aqueous media

16  The effectiveness of
nanobiochar for
reducing phytotoxicity
and improving soil
remediation in cadmium-

Chemosphere 2021 130 [51]

Science of the 2020 123 [52]
Total
Environment

Scientific 2020 121 [53]
Reports

contaminated soil

17  Waste-derived
nanobiochar: A new
avenue towards
sustainable agriculture,
environment, and
circular bioeconomy

18  Nano-biochar: A novel
solution for sustainable
agriculture and
environmental
remediation

19  Adsorption of negatively
charged food tartrazine
and sunset yellow dyes
onto positively charged
triethylenetetramine
biochar: Optimization,
kinetics and
thermodynamic study

20  Nanobiochar for the
remediation of
contaminated soil and
water: challenges and
opportunities

Science of the 2023 118 [44]
Total
Environment

Environmental 2022 116 [54]
Research

Journal of 2020 116 [55]
Molecular
Liquids

Biochar 2023 112 [56]

mechanical energy reduces particle size while enhancing surface reac-
tivity. Its influence comes from establishing a practical fabrication route
that has since been widely adopted in the field. The second most cited
study, “Formation and Physicochemical Characteristics of Nano Biochar:
Insight into Chemical and Colloidal Stability” with 277 citations,
focused on understanding how nano-biochar behaves in environmental
systems, including its aggregation, transport, and stability under varying
conditions [36]. This work provided essential knowledge for predicting
nano-biochar fate in soil and water environments.

A 2021 paper in the Journal of Agriculture and Food Research titled
“Nanobiochar and biochar based nanocomposites: Advances and appli-
cations” ranks third with 235 citations [37]. It synthesized progress on
composite materials, highlighting how nano-biochar can be integrated
with other nanomaterials to enhance functionality for agricultural and
environmental applications. “A green method for production of nano-
biochar by ball milling- optimization and characterization” ranks fourth
with 231 citations [38]. This study provided systematic optimization of
ball milling parameters and demonstrated the environmental benefits of
producing nano-biochar without chemical activation agents. “Removing
tetracycline and Hg(II) with ball-milled magnetic nanobiochar and its
potential on polluted irrigation water reclamation” with 223 citations
[39], combined ball milling with magnetic functionalization to create a
dual-purpose sorbent capable of removing both organic and inorganic
contaminants, showing the potential for practical water treatment
applications.

Several other papers explicitly addressed nano-biochar in their titles,
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showing its growing research importance. “Immobilized laccase on ox-
ygen functionalized nanobiochars through mineral acids treatment for
removal of carbamazepine” with 183 citations demonstrated the use of
nano-biochar as a support matrix for enzyme immobilization, expanding
the scope of nano-biochar applications to biocatalysis and emerging
contaminant degradation [40]. “Converting waste lignin into
nano-biochar as a renewable substitute of carbon black for reinforcing
styrene-butadiene rubber” with 181 citations illustrated the potential of
nano-biochar in materials science applications beyond environmental
remediation [41]. Among review papers, “Nanobiochar: Production,
properties, and multifunctional applications” with 170 citations [42],
“Comprehensive review on recent production trends and applications of
biochar for greener environment” with 145 citations [43], and
“Waste-derived nanobiochar: A new avenue towards sustainable agri-
culture, environment, and circular bioeconomy” with 118 citations [44]
consolidated progress across multiple studies and promoted the wide-
spread adoption of nano-biochar concepts. These reviews helped define
the field and establish its connections to broader sustainability frame-
works. A 2016 study, “Characterization of nanoparticles of biochars
from different biomass” (Journal of Analytical and Applied Pyrolysis)
with 145 citations, provided early foundational work on understanding
how feedstock selection influences the properties of nano-biochar par-
ticles [45].

To evaluate citation impact beyond raw counts and account for
disciplinary and temporal variations, field-weighted citation impact
(FWCI) scores were calculated for each of the top 20 articles. FWCI
compares the actual citations received by a publication with the ex-
pected average for similar documents, those published in the same year,
of the same document type, and within the same subject area [46,47].
An FWCI value greater than 1.00 indicates citation performance above
the global average. As presented in Table 2, the top 20 articles exhibited
FWCI values ranging from 2.1 to 15.3, with a mean FWCI of 6.8. This
indicates that, collectively, these influential works have received nearly
seven times more citations than the average for comparable publications
in their respective fields. The highest FWCI among the top 20 was
recorded for the top-ranked article (FWCI = 15.3), showing high impact
that places it in the top 1% of all Scopus-indexed publications in its
subject category. The second-ranked article achieved an FWCI of 8.9,
while the third-ranked attained 7.2. Also, review articles in the dataset
exhibited FWCI values ranging from 3.5 to 11.2, confirming that syn-
thesis and consolidation works have been disproportionately influential
in shaping the intellectual structure of the field. The elevated FWCI
scores across the top 20, particularly for articles published between
2017 and 2020, indicate that foundational papers have accumulated
citations at rates exceeding disciplinary norms, reinforcing the charac-
terization of nano-biochar as a rapidly emerging and highly impactful
research domain.

Across these works, Bioresource Technology, Science of the Total
Environment, Environmental Science and Technology, and Journal of
Hazardous Materials emerge as the primary publication venues. Their
repeated appearance in Table 2 indicates that nano-biochar research is
concentrated in journals emphasizing environmental remediation, ma-
terials science, and process engineering. The focus on ball milling syn-
thesis, magnetic functionalization, enzyme immobilization, and
material characterization shows the field’s progression from simple
biochar production toward nanoscale precision, controlled surface
chemistry, and multifunctional applications. The high citation counts for
review articles and method-defining papers indicates that the nano-
biochar community places significant value on works that synthesize
knowledge, establish standardized approaches, and demonstrate trans-
lational potential. This citation structure shows a field that is both
rapidly expanding and consolidating around core methodologies and
application domains.

Research on nano-biochar has received significant financial support
from national and international funding bodies. Funding trends show
that the majority of publications are supported by Chinese agencies,
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showing the country's leadership in biochar and environmental mate-
rials research. Table 3 presents the top twenty funding agencies
contributing to this field between 2016 and 2025. The National Natural
Science Foundation of China (NSFC) ranks first, supporting 58 studies
(representing 22.2% of all documents in the dataset). The NSFC's
continuous investment aligns with China's national priorities in envi-
ronmental remediation and sustainable materials. Following this, the
National Key Research and Development Program of China supported 13
studies, demonstrating the government's commitment to large-scale
research initiatives. The Fundamental Research Funds for the Central
Universities contributed 6 papers, supporting university-level basic
research and promoting academic-industry collaboration. The China
Postdoctoral Science Foundation, with 8 documents, plays an important
role in cultivating early-career researchers working on biochar modifi-
cation, adsorption mechanisms, and environmental performance. The
Natural Science Foundation of Jiangsu Province, with 6 studies, exem-
plifies the strong regional support for nano-biochar research within
China's provincial funding structures.

International participation is also evident. King Saud University (10
documents) and King Abdulaziz University (4 documents) appear
among the top twenty, indicating strong Middle Eastern engagement in
nano-biochar applications. Similarly, the Natural Sciences and Engi-
neering Research Council of Canada (6 documents), the European
Commission (3 documents), and Narodowe Centrum Nauki (the Na-
tional Science Centre of Poland) (5 documents) have provided consistent
support for nano-biochar research in their respective countries. The
presence of Chiang Mai University (3 documents) from Thailand and the
Ministry of Education and Science of the Russian Federation (3 docu-
ments) shows broadening geographic participation in the field. Addi-
tionally, international collaboration is fostered through the China
Scholarship Council (4 documents), which supports Chinese students

Table 3
Top 20 funding agencies supporting nano-biochar research (2016-2025).

Rank Funding Agencies Number of % of Total
Studies Documents
(n = 261)

1 National Natural Science 58 22.2
Foundation of China

2 National Key Research and 13 5.0
Development Program of China

3 King Saud University 10 3.8

4 China Postdoctoral Science 8 3.1
Foundation

5 Fundamental Research Funds for 6 2.3
the Central Universities

6 Natural Science Foundation of 6 2.3
Jiangsu Province

7 Natural Sciences and Engineering 6 2.3
Research Council of Canada

8 Narodowe Centrum Nauki 5 1.9

9 Prince Sattam bin Abdulaziz 5 1.9
University

10 Tanta University 5 1.9

11 China Scholarship Council 4 1.5

12 Deanship of Scientific Research, 4 1.5
Prince Sattam bin Abdulaziz
University

13 Jiangsu Agricultural Science and 4 1.5
Technology Innovation Fund

14 King Abdulaziz University 4 1.5

15 Priority Academic Program 4 1.5
Development of Jiangsu Higher
Education Institutions

16 Alexandria University 3 1.1

17 Chiang Mai University 3 1.1

18 European Commission 3 1.1

19 Ministry of Education and Science 3 1.1
of the Russian Federation

20 Ministry of Education of the 3 1.1

People's Republic of China
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and scholars conducting research abroad, thereby facilitating cross-
border knowledge exchange.

University-level funding sources play a suitable role beyond national
agencies. King Saud University, Prince Sattam bin Abdulaziz University
(5 documents), Tanta University (5 documents), Alexandria University
(3 documents), and King Abdulaziz University appear prominently,
indicating that institutional research funding is a key driver of nano-
biochar publications. The Deanship of Scientific Research at Prince
Sattam bin Abdulaziz University (4 documents) further shows the
importance of dedicated university research offices in supporting this
field. These institutional contributions suggest that nano-biochar
research benefits from targeted internal funding mechanisms that
complement national-level support.

The dominance of Chinese funding sources demonstrates a strong
national framework integrating biochar research into environmental
management and circular economy policies. The concentration of Chi-
nese funding shows the country's strategic investment in carbon-based
materials and pollution control technologies. However, the increasing
involvement of Canadian, Polish, Saudi, Egyptian, Thai, and Russian
funding bodies suggests a widening recognition of nano-biochar as a
viable tool for addressing global environmental challenges. The pres-
ence of multiple university-level and provincial funding sources in-
dicates that nano-biochar research is supported through a decentralized
funding architecture, where national agencies, regional governments,
and individual institutions collectively contribute to the field's growth.
This diversified funding base provides resilience and sustainability for
continued research advancement.

5. Intellectual and thematic structure of research

The keyword co-occurrence analysis provides insight into the the-
matic structure and research priorities within nano-biochar literature.
Following the procedures described in 2.3, plural forms were merged
into singular, and conceptually related terms were unified to provide a
clearer representation of the research scope. The Scopus file containing
the final dataset of 261 documents was exported into VOSviewer to
conduct co-occurrence analysis and to identify the prevailing thematic
clusters, as well as to suggest potential future research directions for
investigators in this domain. A total of 3092 keywords were initially
identified across the dataset prior to standardization. VOSviewer em-
ploys a thresholding mechanism that selects the most frequently
occurring keywords for network visualization. After applying this
functionality and subsequently re-labelling synonymic terms and phra-
ses, 839 keywords met the minimum occurrence threshold of two, 447
occurred at least three times, 296 occurred at least four times, and 221
occurred at least five times. The final threshold of five occurrences was
selected to balance network comprehensibility with the inclusion of
meaningful but less frequent terms. This threshold resulted in the in-
clusion of keywords that appear in at least 2% of the total documents,
providing a representative view of the field's core vocabulary. The final
set of keywords subjected to co-occurrence network analysis represents
the core conceptual vocabulary that defines the intellectual structure of
nano-biochar research.

The analysis of keyword frequency and total link strength shows the
dominant concepts, methodological approaches, and application do-
mains that shape the field. The top keywords ranked by occurrence
frequency, with conceptually related terms merged to show unified
themes. "Biochar" ranks first with 154 occurrences and a total link
strength of 3414, indicating its position as the foundational material in
this research domain. The term appears across studies addressing syn-
thesis, characterization, and application, serving as the central node
connecting diverse research themes. "Charcoal" ranks second with 74
occurrences and a total link strength of 2750. The presence of "charcoal"
among the top keywords is attributed to the fact that many early studies
and some indexing practices use "charcoal" as a broader category that
encompasses biochar, particularly in historical or general carbon
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materials literature. Additionally, some publications indexed under
"charcoal" describe materials that meet the definition of biochar, leading
to the term's frequent appearance in the dataset. This terminological
overlap between 'charcoal' and 'biochar' in indexing databases repre-
sents a potential source of noise in bibliometric searches and suggests
that the field of nano-biochar, despite its rapid growth, has not yet
achieved complete terminological standardization in its indexing. The
prominence of 'charcoal' serves as a reminder that the intellectual line-
age of nano-biochar is deeply rooted in the broader history of pyrogenic
carbon research, and future bibliometric studies may benefit from
incorporating such broader search terms to ensure comprehensive
retrieval.

"Adsorption" ranks third with 60 occurrences and a total link strength
of 1459, confirming that pollutant capture and surface interaction
constitute the dominant application theme in nano-biochar research.
The high link strength associated with "adsorption" indicates frequent
co-occurrence with keywords related to water treatment, heavy metals,
and mechanistic modelling. The terms "nano-biochar" and "nano-
biochar" were unified into a single term, which together represent 109
occurrences with a combined link strength of 1974, placing it among the
most frequently used concepts in the dataset. This confirms that the field
has established consistent terminology to describe nanoscale biochar
materials. Characterization techniques are represented by "Fourier
transform infrared spectroscopy" (28 occurrences, link strength 936),
indicating its routine use for functional group analysis. "Particle size"
appears 36 times with a link strength of 1302, showing the emphasis on
nanoscale characterization and the importance of particle dimensions in
determining material behaviour. Soil-related keywords were consoli-
dated following the standardization rules. The terms "soil" and "soils"
were merged into a unified "soil" term, resulting in 62 occurrences with a
combined link strength of 2275. Similarly, "soil pollution," "soil
pollutant," and "soil pollutants" were merged into a unified "soil pollu-
tion" term, resulting in 86 occurrences with a combined link strength of
3249. Together, these two unified terms represent one of the most
prominent thematic clusters in the dataset, indicating the strong
emphasis on terrestrial applications, soil remediation, and pollution
control within nano-biochar research.

"Pyrolysis" appears 35 times with a link strength of 997, confirming
its status as the dominant production method for biochar prior to
nanoscale modification. "Nanoparticle" (32 occurrences, link strength
948) represents the integration of nanotechnology concepts into biochar
research, indicating the extension of conventional biochar into engi-
neered nanoscale systems. "Heavy metals" (25 occurrences, link strength
811) is the only contaminant-specific term appearing among the top
keywords, suggesting that metal removal and immobilization represent
a major application focus within nano-biochar research. "Carbon" (24
occurrences, link strength 833) and "biomass" (24 occurrences, link
strength 695) appear with similar frequencies, showing the carbona-
ceous nature of the precursor materials and the final products. "Chem-
istry" (37 occurrences, link strength 1533) appears as a broad
disciplinary keyword, indicating the strong chemical orientation of
nano-biochar research. The high link strength associated with "chemis-
try" suggests frequent connections to characterization techniques, re-
action mechanisms, and material properties. "pH" (23 occurrences, link
strength 1100) and "remediation" (23 occurrences, link strength 742)
also appear among the top keywords, with "pH" showing the importance
of solution chemistry in determining material behaviour and "remedia-
tion" representing the overarching application goal. To assess network
centrality and identify the most influential keywords beyond frequency,
we calculated betweenness centrality scores for the top keywords.
"Biochar" exhibited the highest betweenness centrality (0.32), indicating
its role as a critical bridge connecting otherwise disparate thematic
clusters. "Adsorption" (0.24) and "soil pollution" (0.21) also showed high
centrality, confirming their function as integrative concepts linking
material development with application domains. These centrality met-
rics provide quantitative support for the qualitative interpretation of the
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field's intellectual structure.

Fig. 3 presents the density visualization of the keyword co-
occurrence network, illustrating the intensity of research activity and
thematic concentration within nano-biochar studies. In this knowledge
map, regions with warmer colours (yellow) represent areas of high
keyword frequency and strong co-occurrence linkages, whereas cooler
colours (green to blue) indicate lower research intensity and more pe-
ripheral themes. The density visualization serves to show the structural
organization of the field, revealing which concepts occupy central po-
sitions and which remain at the developing frontiers of inquiry. In this
visualization (Fig. 3), node size represents keyword occurrence fre-
quency, and the colour gradient indicates density, with yellow repre-
senting the highest concentration of co-occurrence links.

An evident high-density region is centered around the keywords
"biochar," "adsorption," "nano-biochar," and "charcoal," confirming that
the intellectual core of the field is strongly anchored in the development
of biochar-based materials and their application in adsorption-driven
processes. This central hotspot extends toward closely related terms
such as "pollutant removal," "wastewater treatment," "degradation," and
"efficiency," emphasizing that environmental remediation, particularly
contaminant removal from aqueous systems, remains the most exten-
sively investigated application domain within nano-biochar research.
The prominence of these terms shows the field's foundational emphasis
on understanding and optimizing the capacity of nanoscale biochar
materials to capture and immobilize diverse pollutants.

Surrounding this core, a secondary region of moderate-to-high den-
sity is observed around soil-related keywords, including "soil," "soil
remediation," "soil pollutants," "plant growth," and "soil health." The
relatively strong density in this area indicates that soil-based applica-
tions are not merely emerging but have become a significant and well-
established subfield within nano-biochar research. This thematic clus-
ter points to the translation of nano-biochar technologies from
laboratory-scale adsorption studies toward complex terrestrial systems
where interactions with soil matrices, plant roots, and edaphic factors
govern performance outcomes. Additionally, terms such as "microbial
community," "soil microflora," and "biodegradation" suggest increasing
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attention to biological interactions and ecosystem-level processes,
indicating that researchers are moving beyond purely physicochemical
assessments toward more holistic evaluations of nano-biochar behav-
iour in living systems.

Methodological and characterization-related terms form another
band of moderate density, including "pyrolysis," "surface area," "Fourier
transform infrared spectroscopy," "particle size," "zeta potential," and
"chemical analysis." This distribution shows the continued importance of
synthesis routes, structural characterization, and physicochemical
property evaluation as foundational components supporting
application-oriented studies. The presence of these terms within the
moderate-density region shows that rigorous material characterization
remains indispensable to advancing the field, as the functional perfor-
mance of nano-biochar is intrinsically linked to its nanoscale properties
and surface chemistry.

In contrast, lower-density regions (green to blue) appear around
terms such as "sustainable agriculture," "carbon sequestration," "soil
fertility," and "ecosystems." The relatively diffuse nature of these areas
suggests that, although these topics are gaining attention within the
broader biochar literature, they are still less developed within the spe-
cific context of nano-biochar research compared to the dominant
adsorption and remediation themes. Similarly, concepts such as
"immobilization," "nanocomposite," and "reaction kinetics" occupy pe-
ripheral positions, indicating more specialized or niche research di-
rections that may represent emerging frontiers for future investigation.
The density map thus reveals a field characterized by a well-established
core focused on adsorption and environmental remediation, a consoli-
dating secondary cluster centered on soil applications, and a periphery
of developing themes that signal potential directions for the continued
evolution of nano-biochar research.

The thematic structure of nano-biochar research from 2016 to 2025
shows six dominant clusters. Fig. 4 presents these clusters, which define
the intellectual and technical boundaries of the field. Each cluster rep-
resents a focused area of study where keywords are linked by shared
concepts and research methods. The clusters were generated using the
VOSviewer default clustering algorithm (resolution = 1.00), which

"o

Fig. 3. Bibliometric knowledge map showing the density visualization of keyword co-occurrence. The high-density central core (yellow) indicates that 'adsorption’
and 'biochar' are the dominant and most interconnected themes, while peripheral themes (green/blue) represent emerging research frontiers.
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Fig. 4. Thematic clusters of nano-biochar research based on keyword co-occurrence (2016-2025). Each colour represents a distinct cluster generated by the
VOSviewer clustering algorithm. Node size represents keyword frequency, and link thickness represents co-occurrence strength.

groups keywords based on co-occurrence patterns. The cluster labels
were assigned qualitatively based on the most representative keywords
within each group after reviewing the constituent terms and their
interconnections.

Cluster 1 (Red) is the largest with 72 items. This cluster centres on
adsorption as its central topic. The choice of "adsorption" as the central
topic is justified by its position as the most frequently occurring keyword
within the cluster and its high total link strength, indicating strong
connections to other terms such as "wastewater treatment," "pollutant
removal," and "kinetics." Key terms include "adsorption," "wastewater
treatment," "water," "pollutant removal," and "phosphate." Character-
ization techniques such as "fourier transform infrared spectroscopy" and
"transmission electron microscopy" appear prominently, indicating the
importance of material analysis in understanding adsorption behavior.
The presence of "kinetics," "thermodynamics," "pH," "flow rate," and
"desorption" shows that studies in this cluster focus on the quantitative
modeling of adsorption processes and the experimental parameters that
influence performance. "Adsorption -capacities," "efficiency," and
"nanocomposite" appear frequently, pointing to efforts to optimize ma-
terial design for contaminant removal. "Carbonization" and "iron com-
pounds" link the synthesis and functionalization of nano-biochar to its
adsorptive properties. This cluster defines the application of nano-
biochar in water purification, with strong emphasis on mechanistic
understanding and performance optimization.

Cluster 2 (Green) contains 40 items and focuses on biological in-
teractions and environmental fate as its central theme. The choice of
this central topic is justified by the convergence of keywords related to
living organisms, microbial activity, and organism responses. Key terms
include "charcoal," "soil," "microbial community," "bacteria," "soil
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microflora," and "metabolism." The presence of "toxicity," "metabolites,"
"oxidative stress," and "antioxidant" indicates a focus on understanding
how nano-biochar interacts with living organisms and its potential
adverse effects. Plant-related terms such as "plant root," "physiology,"
"chlorophyll," "yield," and "salt stress" show that studies in this cluster
examine the effects of nano-biochar on plant growth and stress re-
sponses. "Contaminated soils," "soil microbiology," and "environmental
risk" appear alongside "particle size," suggesting that research addresses
both the beneficial applications and potential ecological risks of nano-
biochar in terrestrial environments. This cluster links nano-biochar to
soil biology, plant science, and environmental toxicology.

Cluster 3 (Blue) comprises 38 items and centres on sustainable
agriculture as its central topic. The choice of "sustainable agriculture" is
justified by the presence of agricultural and sustainability-oriented
keywords that collectively point to the application of nano-biochar in
farming systems. Key terms include "nano-biochar," "soil amendment,"
"soils," "soil fertility," "soil health," "soil quality," and "soil property."
Agricultural terms such as "fertilizers," "nutrients," "crop production,"
"sustainable agriculture," and "yield" appear prominently, showing the
focus on using nano-biochar to improve agricultural productivity.
"Sustainable development," "sustainability," "carbon sequestration,"
"climate change," and "environmental management' indicate that
research in this cluster connects nano-biochar to broader environmental
and policy goals. "Remediation," "waste management," "environmental
pollution," and "organic carbon" appear alongside "surface area," linking
material properties to environmental applications. This cluster defines
the role of nano-biochar in sustainable agriculture, soil health
improvement, and climate change mitigation.

Cluster 4 (Yellow) contains 36 items and centres on material
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synthesis and properties as its central topic. The choice of this central
topic is justified by the prominence of keywords related to production
methods and material characterization that form the foundation of
nano-biochar science. Key terms include "biochar," "nanoparticle,"
"nanoparticles," "nanomaterial," and "pyrolysis," showing the founda-
tional production methods and material forms. "Physical chemistry,"
"physicochemical properties," "morphology," and "performance" indicate
a focus on understanding structure-property relationships. "Catalysis,"
"ball milling," "waste," and "organics" appear alongside "risk assessment,"
suggesting that research in this cluster addresses both the engineering of
nano-biochar materials and the evaluation of their safety. The presence
of "straw" points to specific feedstocks used in production. This cluster
defines the material science foundation of nano-biochar research,
covering synthesis, characterization, and property optimization.

Cluster 5 (Purple) contains 34 items and centres on heavy metal
remediation as its central topic. The choice of "heavy metal remedia-
tion" is justified by the concentration of keywords related to specific
metals and immobilization processes that define this research area. Key
terms include "heavy metals," "heavy metal," "cadmium," "lead," and
"zinc," showing the specific contaminants of focus. "Contamination,"
"soil pollutants," "soil pollutant," and "environmental restoration" appear
alongside "ecosystem restoration," indicating the application context.
"Oxidation," "degradation," "precipitation," "iron," and "chemistry" point
to the chemical processes involved in contaminant immobilization.
"Procedures" appears as a general term, likely encompassing methodo-
logical approaches. This cluster defines the role of nano-biochar in
managing heavy metal contamination, with emphasis on chemical
mechanisms of immobilization and restoration of contaminated
environments.

Cluster 6 (Cyan) contains a single item: zeta potential. This isolated
keyword indicates that while surface charge characterization is recog-
nized as important in the literature, it does not form a cohesive thematic
cluster with other terms. The choice of "zeta potential" as the central
topic is straightforward as it is the only keyword in the cluster. Zeta
potential measurements are typically included in broader characteriza-
tion studies rather than constituting a distinct research theme. The
presence of this keyword as a singleton cluster may also reflect the
specificity of indexing practices, where surface charge characterization
is captured as a distinct

6. Authorship and institutional collaboration networks

The field of nano-biochar research has attracted contributions from a
diverse group of highly productive researchers across the globe. Leading
the field, Mahmoud, M.E. from Alexandria University, Egypt, has pub-
lished 11 nano-biochar articles, supported by a body of 283 total pub-
lications and an h-index of 55 (All h-index values reported are as per the
Scopus database as of March 2026), with research focused on adsorption
and wastewater treatment. He is closely followed by a cluster of authors
each with seven publications: Anwar, S. of Pakistan (118 total works, h-
index 31), who specializes in phytoremediation and plant physiology;
Mahmoud, E. of Egypt (59 total works, h-index 19), focusing on soil
quality and biochar amendments; Rajput, V.D. of Russia (613 total
works, h-index 67), a key figure in nanotechnology for agriculture; and
Vithanage, M. of Sri Lanka (429 total works, h-index 90), whose work
spans environmental remediation and emerging contaminants. Six au-
thors have contributed six publications each, including Brar, S.K. of
Canada (649 total works, h-index 82), Oleszczuk, P. of Poland (246 total
works, h-index 66), Wang, Z. of China (454 total works, h-index 76), and
the highly influential Xing, B. of the USA (1181 total works, h-index
150). The remaining authors, including Ok, Y.S. of South Korea (924
total works, h-index 174), Surampalli, R.Y. of the USA (625 total works,
h-index 71), and emerging researchers such as Raczkiewicz, M. (10 total
works, h-index 5), have each contributed five publications, collectively
demonstrating the growing engagement in nano-biochar research. To
assess collaboration intensity beyond raw co-authorship counts,
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collaboration strength metrics was calculated. The average number of
co-authors per document was 4.2, with 21% of documents involving
international co-authorship. The highest collaboration density was
observed among authors from China, the United States, and South
Korea, depicting strong trans-Asian network.

An examination of co-authorship patterns shows strong, inter-
connected collaborative networks that have shaped the direction of
nano-biochar research. A prominent North American cluster is centered
around Brar, S.K., Verma, M., Surampalli, R.Y., Naghdi, M., and
Taheran, M., who have collectively advanced the understanding of
nanobiochar as a support matrix for enzyme immobilization, particu-
larly laccase, for the degradation of emerging contaminants such as
pharmaceuticals. This group’s frequent co-authorship and shared insti-
tutional affiliations in Quebec, Canada, and Nebraska, USA, show a
tightly integrated research effort. Similarly, a European cluster based at
Maria Curie-Sktodowska University in Poland features Oleszczuk, P. and
the early-career researcher Raczkiewicz, M., whose collaboration has
produced critical insights into the ecotoxicological impacts of nano-
biochar and its application in soil remediation. An expansive trans-Asian
network links Xing, B. (USA), Wang, Z. (China), and Ok, Y.S. (South
Korea), forming a powerful triad that bridges institutions in Amherst,
Wuxi, and Seoul (Fig. 5). This collaboration leverages complementary
expertise in environmental biogeochemistry, plant-soil interactions, and
circular economy approaches to address fundamental and applied
questions in biochar and nanomaterial science.

The relationships among these authors extend beyond direct co-
authorship to reveal a cohesive research community with converging
interests. Also, Faizan, M. (India) collaborates extensively with Rajput,
V.D. (Russia), connecting the South Asian agricultural nanotechnology
network with the Eastern European soil science community. Further-
more, the Canadian cluster (Brar, Surampalli, Verma) and the Polish
group (Oleszczuk, Raczkiewicz) are indirectly linked through shared co-
authors such as Pan, B. and Xing, B., illustrating a web of cross-
continental scientific exchange. The high h-index values of senior au-
thors like Xing (150), Ok (174), Vithanage (90), Brar (82), and Sur-
ampalli (71) provide a strong foundational impact that elevates the
visibility and credibility of their co-authors, particularly early-career
researchers such as Raczkiewicz and Naghdi. This intergenerational
collaboration ensures the sustained growth and intellectual diversity of
the field.

The field of nano-biochar research is shaped by a diverse array of
academic institutions and research centres, with significant contribu-
tions emerging from Egypt, China, Pakistan, Saudi Arabia, Russia, and
Sri Lanka. An analysis of affiliation data shows that institutions with
strong foundations in agricultural sciences, environmental chemistry,
and materials science are at the forefront of this field. Among the 17
institutions that have published seven or more nano-biochar articles, a
clear pattern of regional collaboration and disciplinary specialization
emerges. Egyptian institutions dominate the top tier of contributors.
Alexandria University leads with 18 nano-biochar publications, driven
largely by the prolific work of Mahmoud, M.E. within its Faculty of
Science. The university’s strengths in chemistry, agricultural and bio-
logical sciences, and environmental science provide a robust foundation
for nano-biochar research focused on adsorption, wastewater treatment,
and nanocomposite development. Tanta University follows closely,
supported by its Faculty of Agriculture and Faculty of Science. Key re-
searchers Mahmoud, E. and Ibrahim, M. have contributed significantly
to research on soil amendments, biochar, and nanomaterial applications
in agriculture. The Agricultural Research Centre (7 publications),
Egypt’s premier government agricultural research institution, comple-
ments these university efforts with applied research on soil quality,
environmental science, and crop production. Together, these three
Egyptian institutions form a cohesive national network that accounts for
a substantial portion of the country’s nano-biochar output.

China’s contribution is led by Northwest A&F University with 17
publications, depicting its specialization in agricultural and biological
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Fig. 5. Network visualization of authors with minimum of 2 documents by total link strength in nano-biochar research (2016-2025). Node size represents the
number of publications, link thickness represents co-authorship strength, and colours represent collaborative clusters generated by the VOSviewer algorithm.

sciences, environmental science, and biochemistry. The university’s
focus on sustainable agriculture and soil health aligns closely with nano-
biochar applications in crop production and environmental remediation.
Jiangnan University (8 publications) contributes through its strengths in
engineering, chemistry, and materials science, with researcher Wang, Z.
playing a key role. Both institutions operate within China’s broader
research ecosystem supported by the Ministry of Education (14 publi-
cations) and the Ministry of Agriculture (9 publications). These gov-
ernment bodies oversee extensive research networks and funding
programs, including the National Natural Science Foundation of China
and the National Key Research and Development Program, which have
been instrumental in advancing nano-biochar research across Chinese
universities and research centres. Pakistan emerges as a significant
contributor through three institutions. The University of Lahore (11
publications) and the University of Agriculture, Faisalabad (9 publica-
tions) bring expertise in agricultural and biological sciences, environ-
mental science, and materials science. Government College Women
University Faisalabad (9 publications) stands out as a key hub for nano-
biochar research, with author Anwar, S. contributing seven publications
focused on phytoremediation, plant physiology, and heavy metal stress.
These Pakistani institutions demonstrate strong national collaboration
networks and a shared focus on applying nano-biochar technologies to
address agricultural and environmental challenges.

Saudi Arabia’s contribution is centered on King Saud University. The
university’s extensive research infrastructure in chemistry, materials
science, and environmental science supports nano-biochar in-
vestigations, while its funding mechanisms, including the Deanship of
Scientific Research, have facilitated numerous studies in collaboration
with Egyptian and Pakistani partners. King Abdulaziz University adds 7
publications, further consolidating Saudi Arabia’s role as a regional
leader in environmental nanotechnology research. Rounding out the top
institutions are Southern Federal University in Russia (7 publications),
where Rajput, V.D. leads research on nanotechnology in agriculture and
soil health, and the University of Sri Jayewardenepura in Sri Lanka (7
publications), where Vithanage, M. conducts work on environmental
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remediation, biochar, and emerging contaminants. These institutions,
though geographically distant, are connected through collaborative
networks that link researchers across Asia, Europe, and the Middle East.

The country collaboration network (Fig. 6) shows both the produc-
tivity and interconnections of research efforts in nano-biochar. A total of
58 countries contributed to the field, with 41, 31, 24, and 18 countries
publishing at least 2, 3, 4, and 5 documents, respectively, indicating a
moderately broad but uneven distribution of research activity. China
ranks as the leading contributor, with 112 publications and 4505 cita-
tions, alongside the highest total link strength (TLS) of 127, showing its
central role in both research output and international collaboration.
China’s dominance in nano-biochar research can be attributed to a
combination of structural, environmental, and policy-related factors.
First, China has made investments in research and development over the
past two decades, particularly in environmental materials and sustain-
able technologies, which has significantly increased its scientific output.
Second, the country faces pressing environmental challenges, including
soil contamination, industrial wastewater discharge, and agricultural
sustainability issues, all of which align with the core applications of
nano-biochar such as pollutant removal and soil remediation. These
challenges have driven strong national interest in cost-effective and
scalable solutions based on biomass-derived materials. In addition,
China benefits from abundant agricultural residues, which serve as low-
cost feedstocks for nano-biochar production, thereby supporting exten-
sive experimental research. Government policies promoting waste
valorization, carbon neutrality, and circular economy practices have
also encouraged the development of nano-biochar-based technologies.
Furthermore, the presence of well-established research institutions and
extensive international collaboration networks enhances both the visi-
bility and impact of Chinese publications in this field.

In the network map, China occupies a highly connected position,
linking extensively with countries such as Australia, the United States,
and Pakistan. India follows with 59 publications and 2477 citations,
showing strong productivity and a well-developed collaboration
network (TLS = 87), particularly with countries in the Middle East and
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Fig. 6. Bibliometric knowledge map of country-level collaboration network in nano-biochar research based on co-authorship analysis. Node size represents the
number of publications, link thickness represents co-authorship strength, and colours represent collaborative clusters generated by the VOSviewer algorithm.

Europe. Egypt (40 publications, 1011 citations) and Saudi Arabia (32
publications, 776 citations) are major contributors from the Middle East
and North Africa region. Saudi Arabia shows a high total link strength
(91), indicating extensive collaboration despite having fewer publica-
tions than India. The United States, with 32 publications and 2631 ci-
tations, demonstrates strong citation impact, although its total link
strength (50) indicates a comparatively moderate level of collaboration
within this research area. Pakistan (30 publications, TLS = 69) also plays
an important collaborative role, acting as a link between Asian and
Middle Eastern research clusters, as seen in the visualization. Australia
(18 publications, TLS = 48) contributes to connecting Asian research
hubs, particularly China and Southeast Asian countries such as
Indonesia and Thailand.

European countries show moderate contributions with a distributed
presence across the network. Turkey (16 publications), Poland (9), the
United Kingdom (9), Italy (9), and Germany (7) form smaller collabo-
rative clusters or maintain connections with major hubs such as China
and Saudi Arabia. South Korea (14 publications, 1765 citations) dem-
onstrates high citation impact relative to its publication count, indi-
cating strong research influence. Emerging contributors such as Iran (10
publications), Sri Lanka (7), Jordan (4), and Nigeria (as observed in the
network visualization) appear toward the periphery, indicating growing
but still limited participation. These countries tend to form regionally
focused collaborations, particularly within Asia and the Middle East,
with fewer direct connections to the major hubs.

7. Subject area and disciplinary distribution

The interdisciplinary nature of nano-biochar research is shown in the
range of subject areas contributing to the field. Analysis of Scopus
subject category data shows that nano-biochar research spans the nat-
ural sciences, engineering, and life sciences, with a clear concentration
in environmentally oriented disciplines. Environmental Science ranks as
the dominant subject area, accounting for 145 publications (55.6% of
total documents). This representation confirms that nano-biochar
research is primarily situated within environmental contexts, with

emphasis on pollution control, remediation technologies, and ecosystem
applications. The prominence of this category shows the field's foun-
dational concern with addressing environmental contamination through
carbon-based materials. Agricultural and Biological Sciences follows
with 63 publications (24.1%), indicating the significant role of nano-
biochar in soil health management, crop production, and sustainable
agriculture. This subject area captures research on plant growth re-
sponses, soil amendments, and the interactions between nano-biochar
and biological systems.

Materials Science (55 publications, 21.1%) and Chemistry (45 pub-
lications, 17.2%) represent the material-centric dimensions of the field.
These categories encompass research on synthesis methods, surface
functionalization, characterization techniques, and the physicochemical
properties that govern nano-biochar performance. Chemical Engineer-
ing (48 publications, 18.4%) and Engineering (30 publications, 11.5%)
further emphasize the process-oriented aspects, including reactor
design, scale-up considerations, and treatment system optimization.
Energy (26 publications, 10.0%) captures research on thermochemical
conversion conditions, energy recovery from biomass, and applications
of nano-biochar in energy storage and conversion devices. Biochemistry,
Genetics and Molecular Biology (16 publications, 6.1%) and Physics and
Astronomy (15 publications, 5.7%) represent more specialized contri-
butions, including mechanistic studies at the molecular level and in-
vestigations of nanoscale physical properties.

Smaller contributions appear across Medicine (12 publications),
Multidisciplinary (10 publications), and Pharmacology, Toxicology and
Pharmaceutics (10 publications), indicating emerging intersections with
biomedical applications and toxicological assessments. The presence of
Business, Management and Accounting (7 publications), Social Sciences
(6 publications), and Earth and Planetary Sciences (6 publications)
shows the broadening scope of nano-biochar research to include sus-
tainability assessments, economic considerations, and geochemical in-
teractions. Minor contributions from Immunology and Microbiology (4
publications), Computer Science (3 publications), and single publica-
tions in Health Professions, Mathematics, Psychology, and Veterinary
complete the disciplinary scope. The distribution of subject areas shows
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that nano-biochar research is fundamentally interdisciplinary, with
Environmental Science serving as the central hub connecting material
development, chemical characterization, agricultural application, and
engineering optimization. The concentration of publications in Envi-
ronmental Science, Agricultural and Biological Sciences, and Materials
Science confirms that the field's primary orientation remains at the
intersection of environmental remediation, sustainable agriculture, and
advanced material design.

8. Emerging trends and research frontiers

Nano-biochar research is shifting from descriptive characterization
to design-driven engineering. Early studies focused on understanding
surface chemistry and adsorption performance. Current research em-
phasizes how to control nanoscale structure for predictable perfor-
mance. Process optimization is becoming data-centric, with greater use
of modelling, simulation, and parameter integration. Future studies
should standardize production protocols that define relationships be-
tween feedstock type, temperature, and surface reactivity. Such uni-
formity will improve reproducibility and allow comparative analysis
across laboratories. There is a growing focus on functionalization stra-
tegies. Researchers are moving beyond unmodified biochar toward
chemically tailored surfaces that target specific pollutants or reactions.
Oxidation, sulphonation, metal doping, and polymer coating are now
routine approaches. These methods increase surface charge, hydrophi-
licity, and catalytic efficiency. Future research should expand toward
multi-functional materials that combine adsorption, redox activity, and
sensing in a single structure. Studies should also quantify how modifi-
cation affects stability, toxicity, and reusability under real environ-
mental conditions.

Hybridization with other nanomaterials is another clear direction.
Nano-biochar is being combined with graphene, silica, zeolite, and
metal oxides to improve mechanical strength and conductivity. Iron-
based hybrids dominate due to their redox versatility, but diversifica-
tion is underway. Copper, manganese, and titanium systems show
promise for specific catalytic or antimicrobial purposes. Research should
now address the long-term stability of these hybrids in complex matrices
such as wastewater and soil. Understanding interfacial interactions be-
tween biochar and non-carbon additives will define their reliability for
continuous operation. A strong trend toward quantitative modelling is
evident. The frequent study of adsorption kinetics, isotherms, and
thermodynamics shows an ongoing effort to predict behaviour mathe-
matically. Yet many models remain empirical. The next phase should
integrate mechanistic modelling with computational chemistry and
molecular dynamics. Predictive frameworks must link electronic struc-
ture with macroscopic adsorption or catalytic outcomes. This shift will
allow rapid material screening and reduce experimental redundancy.

Data-driven analytics are emerging as a decisive tool. Machine
learning and artificial intelligence are being introduced to predict syn-
thesis outcomes, optimize reaction conditions, and correlate material
descriptors with performance indicators. The field is moving toward
predictive synthesis rather than trial-and-error production. Creating
open-access datasets that combine structural, physicochemical, and
performance data will accelerate this transition. Such databases will also
facilitate the creation of digital twins for process simulation and opti-
mization. Sustainability is becoming a measurable objective. Earlier
studies focused on laboratory efficacy, while current research assesses
energy consumption, recyclability, and lifecycle impact. Feedstock
diversification supports this shift, with emphasis on agricultural and
municipal wastes as precursors. The goal is to achieve low-cost, low-
emission synthesis that supports circular economy principles. Future
studies should incorporate energy balances, carbon footprint analysis,
and post-use recovery rates into performance evaluation. The develop-
ment of biochar certification standards will depend on such quantitative
metrics. Toxicological evaluation represents a rising research frontier.
The term toxicity appears frequently but lacks systematic treatment.
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Studies must now address how nanoparticle size, surface charge, and
composition influence eco-toxicity. Standardized toxicity assays using
aquatic and terrestrial organisms are needed. Research should also
measure nanoparticle persistence, aggregation behaviour, and trans-
formation under realistic pH and ionic conditions. Risk assessment
models must be developed to guide regulatory frameworks and ensure
environmental safety during large-scale deployment.

The agricultural dimension of nano-biochar research is advancing
toward precision control. Early work focused on soil fertility improve-
ment, but the new emphasis lies in soil-microbe-nano-biochar in-
teractions. Studies now measure enzymatic responses, microbial
diversity, and nutrient mobility. The next step involves real-time
monitoring of soil processes using sensors and imaging tools. This will
provide data for modelling nutrient cycling and water retention. Long-
term field experiments are required to establish durability and repro-
ducibility under variable climate and soil conditions. In environmental
applications, the direction is toward multi-pollutant systems. Previous
studies targeted single contaminants under controlled conditions.
Research now addresses mixtures of organic and inorganic pollutants.
Understanding competitive adsorption, reaction selectivity, and sec-
ondary by-product formation is essential. Studies should also explore
dynamic flow conditions, scaling from batch experiments to continuous
treatment systems. This approach will bridge laboratory findings with
industrial feasibility. Energy applications are gaining momentum. Nano-
biochar is entering research on electrodes for batteries and super-
capacitors. Its conductivity, porosity, and surface functionality provide a
foundation for energy storage and conversion. Recent work demon-
strates high charge transfer efficiency and structural stability under
cycling. Expanding this research toward hybrid electrodes that integrate
metal oxides or conductive polymers will broaden its utility. Studies
should focus on improving energy density while maintaining sustain-
ability in raw material sourcing.

Integration with catalysis is accelerating. Nano-biochar-based cata-
lysts are being applied in advanced oxidation and reduction processes.
The emphasis is on selective degradation of persistent organic pollut-
ants. Redox-active composites combining iron, cobalt, or nickel with
biochar have shown high catalytic turnover. Future research should aim
to design recyclable catalytic systems that function under mild condi-
tions. Integration with solar-driven or electrochemical processes will
make nano-biochar catalysts more energy-efficient and adaptable to
decentralized treatment systems. There is increasing interest in the
structural evolution of nano-biochar under operational conditions.
Prolonged exposure to high temperature, radiation, or chemical re-
agents can alter morphology and surface chemistry. Understanding
degradation pathways will determine long-term performance. Studies
should employ in-situ characterization to track structural and functional
changes during adsorption or catalysis. This will improve understanding
of reusability limits and regeneration requirements.

Collaboration networks are expanding rapidly. Bibliometric data
show strong contributions from Asia, followed by Europe and North
America, with emerging participation from Africa and South America.
The future of the field depends on cross-continental collaboration link-
ing synthesis, modelling, and field validation. Establishing shared
experimental protocols and centralized data repositories will promote
comparability and reproducibility. International partnerships should
target thematic gaps such as toxicity, scalability, and standardization
rather than duplicate well-studied themes.

Methodological innovation is another visible trend. Researchers are
adopting micro-reactor systems, green solvents, and continuous-flow
setups for nano-biochar synthesis. Such methods improve control over
particle size and surface morphology while reducing emissions. The next
challenge is to develop modular systems that integrate synthesis, acti-
vation, and application within a single process chain. Automation and
real-time monitoring will enhance consistency and process trans-
parency. Standardization is becoming a central concern. The absence of
uniform terminology and metrics complicates data comparison.
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Establishing standards for pore volume, surface charge density, and
carbon crystallinity will improve scientific coherence. Benchmark ma-
terials with known physicochemical profiles should be developed as
references for inter-laboratory comparison. These standards will also
support industrial certification and facilitate policy adoption. Future
research should link nano-biochar design to measurable performance
indicators. Studies should quantify adsorption efficiency per unit surface
area, energy input per gram of product, and regeneration cycles before
performance decline. Such metrics will translate laboratory findings into
engineering benchmarks. The field will advance by combining experi-
mental precision, computational insight, and sustainability metrics
within unified research frameworks. Nano-biochar science is now
entering a stage of consolidation and refinement. The discipline has
moved from discovery to targeted design, from single-parameter opti-
mization to system-level integration, and from isolated experiments to
collaborative standardization. Progress will depend on developing pre-
dictive synthesis models, standardized safety protocols, and scalable
applications that combine environmental remediation with material
innovation. These directions define the next frontier of nano-biochar
research  between scientific advancement and sustainable
implementation.

9. Conclusion

This study presents a bibliometric analysis of nano-biochar research,
drawing on a dataset of 261 peer-reviewed documents retrieved from
the Scopus database to assess publication trends, identify leading con-
tributors, and analyze emerging research themes over the period
2016-2025. Annual publications increased from a single paper in
2016-75 in 2025. Correspondingly, annual citations rose from zero in
2016-2746 in 2025. Research output is concentrated in a defined set of
journals, with the top 30 most productive journals accounting for 59.4%
of all publications. The leading journals are Science of the Total Envi-
ronment (16 publications), followed by Journal of Cleaner Production,
Environmental Science: Nano, Environmental Research, and Environ-
mental Pollution (each with 7 publications). Funding analysis revealed
strong support from national and international agencies, with the Na-
tional Natural Science Foundation of China supporting the most studies
(58), while contributions from Canada, Poland, Saudi Arabia, Egypt, and
other nations support a growing research network. Keyword co-
occurrence and clustering analysis identified six thematic clusters.
Research leadership is concentrated among prolific authors and in-
stitutions, primarily in China, with collaborative networks extending to
India, the United States, Saudi Arabia, Pakistan, Egypt, and Russia.
Recent publications indicate a growing shift toward hybrid materials,
sustainability assessment, toxicity evaluation, and predictive modelling
approaches. The bibliometric patterns show that nano-biochar research
has evolved from descriptive material characterization toward
performance-driven engineering targeting multi-functionality, safety,
and scalability. This study provides a benchmark for understanding how
collaboration, thematic focus, and methodological precision shape
nano-biochar research. The field now stands at a transition point where
synthesis, function, and sustainability must align to deliver measurable
environmental and technological impact.

Despite its contributions, this study has several limitations that
should be acknowledged. First, the exclusive reliance on the Scopus
database, while justified by its broad coverage, introduces indexing
biases and may underrepresent research published in regional journals
or in languages other than English. Second, the restriction to English-
language publications, while necessary for consistent analysis, ex-
cludes potentially valuable non-English research. Third, the search
strategy, despite iterative refinement, may have inadvertently excluded
relevant documents using alternative terminology not captured by the
selected keywords. Fourth, author and institutional name disambigua-
tion remains challenging in bibliometric analyses, and some residual
errors may persist despite manual standardization. Fifth, the manual
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screening process, while guided by explicit decision rules, involves
subjective judgments that may affect the final dataset composition.
These limitations suggest that the findings should be interpreted as
representative of nano-biochar research as indexed in Scopus, rather
than an exhaustive account of all global research activity.

The patterns observed in this analysis suggest several implications
for future research and policy. For researchers, the identification of six
thematic clusters provides a roadmap for positioning new contributions
within the existing intellectual structure, with opportunities for cross-
cluster integration (e.g., combining material synthesis advances with
biological interaction assessments). For funding agencies, the concen-
tration of research in adsorption and remediation themes, contrasted
with the relative underdevelopment of energy applications and toxicity
evaluations, highlights areas where strategic investment could accel-
erate field development. For international collaboration, the network
analysis reveals both established partnerships (e.g., China-United States-
South Korea) and emerging contributors (e.g., Nigeria, Jordan) that
represent opportunities for capacity building and knowledge exchange.
Future bibliometric studies in this field would benefit from incorpo-
rating multiple databases (e.g., Web of Science, Dimensions) to enable
cross-validation, applying more advanced analytical techniques such as
natural language processing for deeper thematic analysis, and extending
temporal coverage to capture ongoing developments.

CRediT authorship contribution statement

Kingsley O. Iwuozor: Conceptualization, Data curation, Formal
analysis, Investigation, Methodology, Validation, Visualization, Writing
— original draft, Writing — review & editing. Hussein Kehinde Okoro:
Conceptualization, Supervision, Validation, Visualization, Writing —
original draft, Writing — review & editing. Adewale George Adeniyi:
Conceptualization, Investigation, Methodology, Project administration,
Supervision, Validation, Visualization, Writing — original draft, Writing
— review & editing.

Consent for publication

The authors have unanimously decided that this manuscript be sent
for possible publication.

Funding

This work received no external funding.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

References

[1] O.R. Ayanwusi, S.A. Abdulkareem, K.T. Micheal, K.O. Iwuozor, E.C. Emenike, E.
O. Babatunde, A.G. Adeniyi, Influence of varying aluminum-based combustion
compartment sizes on groundnut shell biochar properties, Biofuels 16 (1) (2025)
65-76.

H.U. Hambali, M.K. Temitope, M.A. Olowookere, M.A. Amoloye, K.O. Iwuozor, E.
C. Emenike, K.P. Odimayomi, A.G. Adeniyi, Evaluation of the structural and
crystalline properties of hybrid biochar derived from co-carbonized polyethylene
and soybean pod waste, Biofuels (2025) 1-17 (In Print).

T.L. Adewoye, S.E. Sunday, E.C. Emenike, K.O. Iwuozor, E. Baba, H.U. Hambali, H.
B. Saka, M.A. Amoloye, A.G. Adeniyi, Dual-phase valorization of chicken feathers
and Delonix regia biomass into biochar and pozzolan using a top-lit updraft
gasifier, Biofuels 16 (10) (2025) 1205-1217.

H.K. Okoro, E.C. Emenike, K.O. Iwuozor, A. Egbemhenghe, M.T. Bello-Hassan, A.
0. Adu, J.O. Ighalo, P.E. Omuku, A.G. Adeniyi, Industrial waste biochar for heavy
metal and dye remediation in wastewater: an overview, Water Practice &
Technology, 2025, p. wpt2025037 (In Press).

J. Ramontja, K.O. Iwuozor, E.C. Emenike, C.J. Okorie, H.B. Saka, A.O. Ezzat, J.
A. Adeleke, O.D. Saliu, A.G. Adeniyi, From tobacco to biochar: a review of

[2]

[3]

[4]

[5

—


http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref1
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref1
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref1
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref1
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref2
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref2
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref2
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref2
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref3
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref3
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref3
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref3
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref4
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref4
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref4
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref4
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref5
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref5

K.O.

[6]

[7]

[8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Iwuozor et al.

production processes, properties, and applications, Biofuels Bioprod. Bioref. 19 (3)
(2025) 911-928.

A.G. Adeniyi, K.O. Iwuozor, M.A. Ajala, E.C. Emenike, M.A. Amoloye, F.

A. Aderibigbe, K.B. Muritala, O.D. Saliu, Teak leaf biochar production for
sustainable forest waste management at low temperatures, Biofuels 16 (1) (2025)
56-64.

E.C. Emenike, H.K. Okoro, K.O. Iwuozor, A.U. Egbemhenghe, K.C. Okwu, A.

G. Adeniyi, S. Paul, K. Akshaya, R. Selvasembian, Biowaste-derived biochars for
treatment of wastewater contaminated by dyes. Biochar for Environmental
Remediation, Elsevier, 2025, pp. 191-213.

E.C. Emenike, J.A. Adeleke, K.O. Iwuozor, A. Egbemhenghe, M.T. Bello-Hassan, A.
0. Adu, H.K. Okoro, O.A. Eletta, A.G. Adeniyi, Application of rice husks-based
biochar for removal of pollutants from water and wastewater, Sep. Purif. Rev.
(2025) 1-22 (In Print).

K.O. Iwuozor, E.C. Emenike, R. Luque, A.G. Adeniyi, Biochar research in Africa:
Bibliometric study, current trends, challenges, and the way forward, Bioresour.
Technol. Rep. 31 (2025) 102225.

M. Cui, J. Zhang, C. Huang, S. Xu, B. Czech, J. Han, Y. Shen, X. Zhan, The role of
nano-biochar reduces the impact of phenanthrene on wheat photosynthesis,
Environmental Science Nano 12 (3) (2025) 1881-1895.

S. Agrawal, P. Kumar, R. Das, A.K. Singh, P.K. Shukla, P. Verma, V.D. Rajput,

1. Bhattacharya, S.K. Mishra, K.N. Tiwari, Application of Nano-Biochar to Improve
Soil Quality and Sustainability. Nano-Biochar and Nanoparticles for Soil Health
Improvement, Apple Academic Press., 2025, pp. 33-58.

B. Song, X. Cao, W. Gao, S. Aziz, S. Gao, C.-H. Lam, R. Lin, Preparation of nano-
biochar from conventional biorefineries for high-value applications, Renew.
Sustain. Energy Rev. 157 (2022) 112057.

G. Bhandari, S. Gangola, A. Dhasmana, V. Rajput, S. Gupta, S. Malik, P. Slama,
Nano-biochar: recent progress, challenges, and opportunities for sustainable
environmental remediation, Front. Microbiol. 14 (2023) 1214870.

J. Puri, U.P. Dhuldhaj, A. Shaikh, Nano-biochar production and its characteristics:
overview, Int. J. Adv. Biol. Biomed. Res. 11 (4) (2023) 206-220.

R. Ahuja, A. Kalia, R. Sikka, C. P, Nano modifications of biochar to enhance heavy
metal adsorption from wastewaters: a review. ACS Omega 7 (50) (2022)
45825-45836.

M. Salaria, S. Shobhna, T. Sharma, D. Banik, C.M. Mehta, A. Assouguem, R. Lahlali,
Nanobiochar application and its impact on sustainable agriculture: a concise
review, CABI Rev. 19 (1) (2024).

AK. Chaubey, T. Pratap, B. Preetiva, M. Patel, J.S. Singsit, C.U. Pittman Jr,

D. Mohan, Definitive review of nanobiochar, ACS Omega 9 (11) (2024)
12331-12379.

S.I. Abdelwahab, M.M.E. Taha, A. Farasani, S.M. Abdullah, J.M. Moshi, A.

F. Alshahrani, N.A. Khamjan, Z.A. Khired, A. Assiri, A.M. Algassmi, Bibliometric
analysis: a few suggestions (Part Two), Curr. Probl. Cardiol. (2025) 102982.

M.S. Alam, F. Tahriri, G. Chen, Trends, challenges, and research pathways in
emerging contaminants: a comprehensive bibliometric analysis, Integr. Environ.
Assess. Manag. (2025) 1-11.

J.M. Veiga-del-Bano, G. Pérez-Lucas, P. Andreo-Martinez, S. Navarro, Bibliometric
analysis on graphitic carbon nitride (g-C3N4) as photocatalyst for the remediation
of water polluted with contaminants of emerging concern, Catalysts 15 (2) (2025)
115.

C. Olisah, A.O. Adeola, K.O. Iwuozor, K. Akopmie, J. Conradie, K.A. Adegoke, K.
0. Oyedotun, J.O. Ighalo, J.F. Amaku, A bibliometric analysis of pre-and post-
Stockholm Convention research publications on the Dirty Dozen Chemicals (DDCs)
in the African environment, Chemosphere 308 (2022) 136371.

C. Liu, G. Crini, L.D. Wilson, P. Balasubramanian, F. Li, Removal of contaminants
present in water and wastewater by cyclodextrin-based adsorbents: a bibliometric
review from 1993 to 2022, Environ. Pollut. 348 (2024) 123815.

C. Liu, Z. Zhang, F. Li, P. Balasubramanian, F. Mulimbayan, J. An, P. Zhang,
Insights into the fate of per-and polyfluoroalkyl substances (PFASs) in drinking
water based on bibliometric analysis: research hot spots, challenges, and trends,
Water Ecol. (2025) 100017.

C. Liu, G. Crini, E. Lichtfouse, L.D. Wilson, L.A. Picos-Corrales,

P. Balasubramanian, F. Li, Chitosan-based materials for emerging contaminants
removal: Bibliometric analysis, research progress, and directions, J. Water Process
Eng. 71 (2025) 107327.

P. Wu, B.P. Singh, H. Wang, Z. Jia, Y. Wang, W. Chen, Bibliometric analysis of
biochar research in 2021: a critical review for development, hotspots and trend
directions, Biochar 5 (1) (2023) 6.

L. Zeng, J. Ma, J. Yang, J. Yang, X. Zeng, Y. Zhou, Ball milling nano-sized biochar:
bibliometrics, preparation, and environmental application, Environ. Sci. Pollut.
Res. 31 (40) (2024) 52724-52739.

V. Nagendran, L.C. Goveas, R. Vinayagam, T. Varadavenkatesan, R. Selvaraj,
Nanozymes in environmental remediation: A bibliometric and comprehensive
review of their oxidoreductase-mimicking capabilities, Microchem. J. 207 (2024)
111748.

A.G. Adeniyi, K.O. Iwuozor, E.C. Emenike, M.Q. Ali, A.U. Egbemhenghe,

A bibliometric analysis of biomimetic and bioinspired materials for innovative
solutions. Biomimetic and Bioinspired Materials: Design, Synthesis, and Emerging
Applications, CRC Press, Boca Raton, 2025, p. 26.

K.O. Iwuozor, H.K. Okoro, A.G. Adeniyi, C. Zvinowanda, J.C. Ngila, E.C. Emenike,
Sugarcane Bagasse Adsorbents: Bibliometric Insights and the Influence of Chemical
Treatment on Adsorption Performance in Aqueous Solution, Sugar Tech. 26 (2024)
333-351.

T. Ojeyemi, K.O. Iwuozor, E.C. Emenike, A.U. Egbemhenghe, J.O. Ighalo, A.

G. Adeniyi, Microplastics Research in Africa: A Bibliometric Exploration of Trends,

16

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Next Materials 12 (2026) 102051

Influencers, and Influential Themes. Microplastics in African and Asian
Environments: The Influencers, Challenges, and Solutions, Springer, Cham, 2024,
pp. 53-72.

A.G. Adeniyi, K.O. Iwuozor, E.C. Emenike, U.D. Inyang, M.Q. Ali, C.A. Adeyanju,
O. Samuel, A.A. Baba, Materials science research integrity: a bibliometric study of
retracted articles, J. Acad. Ethics 24 (1) (2026) 47.

R. Vinayagam, T. Varadavenkatesan, R. Selvaraj, Tetracycline adsorption research
(2015-2025): a bibliometric analysis of trends, challenges, and future directions,
Results Eng. (2025) 106383.

D. Moher, A. Liberati, J. Tetzlaff, D.G. Altman, Preferred reporting items for
systematic reviews and meta-analyses: the PRISMA statement, Bmj 339 (2009).
D.J. Borgohain, M.K. Verma, M. Nazim, M. Sarkar, Application of Bradford’s law of
scattering and Leimkuhler model to information science literature, COLLNET J.
Scientometr. Inf. Manag. 15 (1) (2021) 197-212.

M. Kumar, X. Xiong, Z. Wan, Y. Sun, D.C. Tsang, J. Gupta, B. Gao, X. Cao, J. Tang,
Y.S. Ok, Ball milling as a mechanochemical technology for fabrication of novel
biochar nanomaterials, Bioresour. Technol. 312 (2020) 123613.

G. Liu, H. Zheng, Z. Jiang, J. Zhao, Z. Wang, B. Pan, B. Xing, Formation and
physicochemical characteristics of nano biochar: insight into chemical and
colloidal stability, Environ. Sci. & Technol. 52 (18) (2018) 10369-10379.

N. Chausali, J. Saxena, R. Prasad, Nanobiochar and biochar based nanocomposites:
advances and applications, J. Agric. Food Res. 5 (2021) 100191.

M. Naghdi, M. Taheran, S.K. Brar, T. Rouissi, M. Verma, R.Y. Surampalli, J.

R. Valero, A green method for production of nanobiochar by ball milling-
optimization and characterization, J. Clean. Prod. 164 (2017) 1394-1405.

R. Li, Y. Zhang, H. Deng, Z. Zhang, J.J. Wang, S.M. Shaheen, R. Xiao, J. Rinklebe,
B. Xi, X. He, Removing tetracycline and Hg (II) with ball-milled magnetic
nanobiochar and its potential on polluted irrigation water reclamation, J. Hazard.
Mater. 384 (2020) 121095.

M. Naghdi, M. Taheran, S.K. Brar, A. Kermanshahi-Pour, M. Verma, R.

Y. Surampalli, Immobilized laccase on oxygen functionalized nanobiochars
through mineral acids treatment for removal of carbamazepine, Sci. Total Environ.
584 (2017) 393-401.

C. Jiang, J. Bo, X. Xiao, S. Zhang, Z. Wang, G. Yan, Y. Wu, C. Wong, H. He,
Converting waste lignin into nano-biochar as a renewable substitute of carbon
black for reinforcing styrene-butadiene rubber, Waste Manag. 102 (2020)
732-742.

S. Ramanayaka, M. Vithanage, D.S. Alessi, W.-J. Liu, A.C. Jayasundera, Y.S. Ok,
Nanobiochar: production, properties, and multifunctional applications, Environ.
Sci. Nano 7 (11) (2020) 3279-3302.

S. Manikandan, S. Vickram, R. Subbaiya, N. Karmegam, S.W. Chang, B. Ravindran,
M.K. Awasthi, Comprehensive review on recent production trends and applications
of biochar for greener environment, Bioresour. Technol. 388 (2023) 129725.
M.N.H. Sani, M. Amin, A.B. Siddique, S.O. Nasif, B.B. Ghaley, L. Ge, F. Wang, J.W.
H. Yong, Waste-derived nanobiochar: a new avenue towards sustainable
agriculture, environment, and circular bioeconomy, Sci. Total Environ. 905 (2023)
166881.

P. Oleszczuk, W. Cwikla-Bundyra, A. Bogusz, E. Skwarek, Y.S. Ok, Characterization
of nanoparticles of biochars from different biomass, J. Anal. Appl. Pyrolysis 121
(2016) 165-172.

H. Fujiwara, Bibliometric benchmarking across astronomy journals:
knowledge-use cycle and PASJ in the global landscape, Publ. Astron. Soc. (2026)
psaf149.

V. Steffen, M. Schmidt de Oliveira, E. Antonio da Silva, Mathematical Modeling of
Biomass Pyrolysis in Fixed-Bed Reactors: A Systematic Review of Trends,
Challenges, and Perspectives, Chem & Bio Engineering, 2026.

C. Qin, H. Wang, X. Yuan, T. Xiong, J. Zhang, J. Zhang, Understanding structure-
performance correlation of biochar materials in environmental remediation and
electrochemical devices, Chem. Eng. J. 382 (2020) 122977.

F. Lian, W. Yu, Q. Zhou, S. Gu, Z. Wang, B. Xing, Size matters: nano-biochar
triggers decomposition and transformation inhibition of antibiotic resistance genes
in aqueous environments, Environ. Sci. & Technol. 54 (14) (2020) 8821-8829.
M. Naghdi, M. Taheran, R. Pulicharla, T. Rouissi, S.K. Brar, M. Verma, R.

Y. Surampalli, Pine-wood derived nanobiochar for removal of carbamazepine from
aqueous media: adsorption behavior and influential parameters, Arab. J. Chem. 12
(8) (2019) 5292-5301.

H.A. Khan, S.R. Naqvi, M.T. Mehran, A.H. Khoja, M.B.K. Niazi, D. Juchelkova,

A. Atabani, A performance evaluation study of nano-biochar as a potential slow-
release nano-fertilizer from wheat straw residue for sustainable agriculture,
Chemosphere 285 (2021) 131382.

S. Ramanayaka, D.C. Tsang, D. Hou, Y.S. Ok, M. Vithanage, Green synthesis of
graphitic nanobiochar for the removal of emerging contaminants in aqueous
media, Sci. Total Environ. 706 (2020) 135725.

W. Liu, Y. Li, Y. Feng, J. Qiao, H. Zhao, J. Xie, Y. Fang, S. Shen, S. Liang, The
effectiveness of nanobiochar for reducing phytotoxicity and improving soil
remediation in cadmium-contaminated soil, Sci. Rep. 10 (1) (2020) 858.

V.D. Rajput, T. Minkina, B. Ahmed, V.K. Singh, S. Mandzhieva, S. Sushkova,

T. Bauer, K.K. Verma, S. Shan, E.D. van Hullebusch, Nano-biochar: a novel solution


http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref5
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref5
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref6
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref6
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref6
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref6
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref7
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref7
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref7
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref7
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref8
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref8
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref8
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref8
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref9
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref9
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref9
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref10
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref10
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref10
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref11
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref11
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref11
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref11
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref12
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref12
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref12
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref13
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref13
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref13
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref14
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref14
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref15
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref15
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref15
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref16
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref16
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref16
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref17
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref17
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref17
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref18
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref18
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref18
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref19
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref19
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref19
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref20
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref20
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref20
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref20
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref21
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref21
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref21
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref21
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref22
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref22
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref22
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref23
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref23
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref23
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref23
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref24
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref24
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref24
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref24
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref25
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref25
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref25
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref26
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref26
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref26
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref27
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref27
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref27
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref27
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref28
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref28
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref28
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref28
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref29
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref29
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref29
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref29
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref30
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref30
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref30
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref30
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref30
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref31
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref31
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref31
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref32
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref32
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref32
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref33
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref33
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref34
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref34
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref34
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref35
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref35
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref35
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref36
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref36
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref36
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref37
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref37
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref38
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref38
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref38
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref39
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref39
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref39
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref39
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref40
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref40
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref40
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref40
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref41
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref41
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref41
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref41
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref42
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref42
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref42
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref43
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref43
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref43
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref44
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref44
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref44
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref44
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref45
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref45
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref45
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref46
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref46
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref46
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref47
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref47
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref47
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref48
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref48
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref48
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref49
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref49
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref49
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref50
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref50
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref50
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref50
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref51
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref51
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref51
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref51
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref52
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref52
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref52
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref53
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref53
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref53
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref54
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref54

K.O. Iwuozor et al.

for sustainable agriculture and environmental remediation, Environ. Res. 210
(2022) 112891.

[55] M.E. Mahmoud, A.M. Abdelfattah, R.M. Tharwat, G.M. Nabil, Adsorption of
negatively charged food tartrazine and sunset yellow dyes onto positively charged

17

[56]

Next Materials 12 (2026) 102051

triethylenetetramine biochar: optimization, kinetics and thermodynamic study,

J. Mol. Liq. 318 (2020) 114297.

M. Jiang, L. He, N.K. Niazi, H. Wang, W. Gustave, M. Vithanage, K. Geng, H. Shang,
X. Zhang, Z. Wang, Nanobiochar for the remediation of contaminated soil and
water: challenges and opportunities, Biochar 5 (1) (2023) 2.


http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref54
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref54
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref55
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref55
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref55
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref55
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref56
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref56
http://refhub.elsevier.com/S2949-8228(26)00468-5/sbref56

	Nano-biochar research: A scopus-based bibliometric analysis of the 2016–2025 period
	1 Introduction
	2 Methodology
	2.1 Data source and search strategy
	2.2 Data Screening, Selection, and Processing
	2.3 Bibliometric mapping and network visualization

	3 Publication and citation trends
	4 Core sources and influential contributions
	5 Intellectual and thematic structure of research
	6 Authorship and institutional collaboration networks
	7 Subject area and disciplinary distribution
	8 Emerging trends and research frontiers
	9 Conclusion
	CRediT authorship contribution statement
	Consent for publication
	Funding
	Declaration of Competing Interest
	References


