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Soil contamination caused by heavy metals, organic pollutants, and emerging 
contaminants (ECs) represents a critical environmental challenge that threatens 
soil quality, agricultural productivity, and human health. In recent years, biochar 
and its engineered nanoscale derivative—nano-biochar (NBC)—have emerged as 
promising, cost-effective amendments for soil remediation. This study conducted 
a comprehensive scientometric analysis of NBC research applied to soils from 
2012 to 2025 using CiteSpace, VOSviewer, and Bibliometrix. The methodology 
combined co-occurrence mapping, thematic evolution, citation burst detection, 
and an author-level productivity assessment through h-index, g-index, and 
m-index evaluation. Additionally, the scientometric analysis was complemented 
by a focused mini-review addressing three conceptually relevant domains 
identified in the keyword clusters: adsorption mechanisms, biochar–microbial 
community interactions, and ecotoxicological risk assessment. Results reveal 
three distinct developmental phases: (i) an exploratory period (2012–2016) 
dominated by adsorption and physicochemical optimization; (ii) an expansion 
phase (2017–2021) integrating nanoparticles, microbial communities, and 
phytoremediation; and (iii) a recent consolidation (2022–2025) characterized 
by engineered nanocomposites, multifunctional NBC systems, and the 
emergence of risk assessment frameworks as a structurally relevant theme. 
Current hotspots converge on adsorption, microbial-driven remediation, and 
toxicity reduction, while emerging directions highlight machine-learning- 
assisted modeling and NBC–microbe interactions. Importantly, findings 
indicate that risk assessment is transitioning toward a Motor Theme, 
underscoring the urgent need for deeper ecotoxicological research and the 
incorporation of NBC within regulatory and policy frameworks that govern soil 
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remediation and sustainable resource management. It is hoped that this work will 
guide future research trajectories and inform evidence-based decision making for 
the safe and scalable implementation of NBC technologies.

KEYWORDS

adsorption, bibliometrix, nano-biochar, scientometric research, soil applications, soil 
remediation

1 Introduction

Widespread industrialization, urban expansion, and the 
adoption of intensive agricultural practices have led to the 
accumulation of numerous toxic substances—including pesticides 
(Rajak et al., 2023), pharmaceuticals (Nand et al., 2025) and personal 
care products (Liu et al., 2023), organic and nanomaterials, 
endocrine-disrupting compounds (Cardoso et al., 2025), steroids 
(Merlo et al., 2024), surfactants and their metabolites, industrial 
additives, heavy metals (Das et al., 2025; Nuñez-Bustamante et al., 
2025; Virú-Vasquez et al., 2025), and microplastics (Zhou et al., 
2019; Virú-Vásquez et al., 2024). Collectively, these substances are 
referred to as Emerging Contaminants (ECs) due to their increasing 
detection in environmental matrices (Bhatt et al., 2021; Gangola 
et al., 2022) and potential risks to human and ecological health, 
threatening aquatic and terrestrial ecosystems (Jiang et al., 2023b).

The mixed matrix of pollutants in soil poses significant risks to 
soil health and agricultural productivity, complicating remediation 
efforts (Maddela et al., 2022). Furthermore, soil pollution by the 
emerging contaminants (ECs) deserves attention worldwide because 
of their toxic health effects and the need for developing regulatory 
guidelines. The ECs alter not only soil functionalities, also they affect 
the health of plants (Correia and Rasteiro, 2025) and animals (Liu 
et al., 2024b). Even at concentrations ranging from nmol to μmol 
levels, these substances exhibit toxic effects in cell cultures 
(Emmanuel et al., 2025) and experimental animals. Moreover, 
ECs tend to accumulate primarily in root vegetables (Zaman 
et al., 2024), posing a significant risk to human health (Maddela 
et al., 2022). Understanding the environmental context of the area 
and the potential dynamics of these contaminants is essential to 
comprehend the mechanisms governing their interactions. Cross- 
contamination in soils may occur (Wei et al., 2025), leading to 
complex and difficult-to-predict effects. Therefore, a proper 
understanding of these processes is critical for selecting the most 
effective soil remediation treatments.

Biochar is the product of the thermochemical conversion of 
biomasses without oxygen or under limited oxygen availability 
(Rajput et al., 2022). In recent years, biochar has gained 
considerable interest as a cost-effective and efficient external 
amendment for different applications in soil (Elad et al., 2010; 
Dutta et al., 2017; Jiang et al., 2019), water (Liao et al., 2022; 
Syarifuddin et al., 2024a), environmental management and others 
(Ye et al., 2019). It has evolved to be an effective instrument to 
address environmental and industrial challenges, thanks to its 
unique characteristics (Curcio et al., 2025).

With the advancement of nanotechnology, it became possible to 
further reduce the size of biochar particles to the nanoscale 
(Ramanayaka et al., 2020), thereby enhancing their physical 
properties and biological efficacy, knowing this product as nano- 
biochar (NBC), which raw materials used for fabrication include 

animal waste (Sani et al., 2023), municipal waste (Bhandari et al., 
2023), lignocellulosic agricultural residues (such as grass, palm, 
peanut shells, rice husks and straw, sugarcane bagasse, bamboo, 
and soybean stover), woody forest by-products, and sewage sludge 
(Bhandari et al., 2023).

NBC exhibits particles ranging from 1 to 100 nm in at least one 
dimension (Ramanayaka et al., 2020; Raczkiewicz and Oleszczuk, 
2025). Various methods have been developed for its synthesis 
(Chaubey et al., 2023; Deepshikaa et al., 2024) (Figure 1). These 
methods can generally be classified into two main approaches: 
bottom-up and top-down. The bottom-up approach involves the 
self-assembly of atomic or molecular components into organized 
nanostructures (Curcio et al., 2025). Examples of this method 
include chemical precipitation and microwave pyrolysis (Curcio 
et al., 2025). In contrast, the top-down approach involves 
obtaining smaller structures from a larger piece (Wallace 
et al., 2019).

Unlike bulk biochar, NBC exhibits enhanced physicochemical 
features, including elevated catalytic performance (Adam et al., 
2021), distinctive nanostructures, much-elevated surface area-to- 
mass ratio (5.6–364 m2g–1) (Jiang et al., 2023b), significantly superior 
adsorption capacity (Zhang, 2025), and improved mobility within 
soil systems (Sani et al., 2023), and others as seen in Figure 1. These 
properties position NBC as a highly promising material for 
environmental pollution remediation in the soil and water 
environments (Jiang et al., 2023b). NBC offers multiple potential 
applications in soil systems, yet remediation remains one of its most 
compelling and impactful uses due to its ability to immobilize, 
retain, or transform contaminants directly within the soil matrix 
(Jiang et al., 2023b; Jadhav et al., 2025; Raczkiewicz et al., 2025). This 
relevance becomes particularly evident when compared with 
conventional soil treatment technologies—such as excavation, 
thermal processing, and chemical treatments—which, although 
effective, are frequently costly, energy-intensive, and highly 
disruptive to soil structure and ecosystem function (Nwaichi 
et al., 2022; Xu et al., 2023; Mystrioti and Papassiopi, 2024). 
These limitations have driven increasing interest in lower-cost, 
in-situ alternatives, including phytoremediation and amendment- 
assisted stabilization (Kafle et al., 2022; Oubohssaine and Dahmani, 
2024; Nuñez-Bustamante et al., 2025; Virú-Vasquez et al., 2025). 
Furthermore, techno-economic assessments show that 
phytoremediation can cost approximately US$2,500–15,000 per 
hectare—substantially less than excavation-based strategies, which 
range from US$40,500 to 48,600 per hectare for contaminants such 
as Pb (Islam et al., 2024). When combined with soil amendments 
like biochar, overall project budgets remain manageable. Typical 
biochar application rates of 10–20 t/ha add roughly 
US$4,000–8,000 per hectare at ~ US$400/t while 
simultaneously enhancing metal immobilization capacity and soil 
quality (Tamma et al., 2025).
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FIGURE 1 
Production techniques and key properties of NBC.

FIGURE 2 
Schematic illustration of nano-biochar adsorption and remediation mechanisms in soils.
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A key reason behind the enhanced performance of NBC in soil 
remediation is the wide range of physicochemical mechanisms 
through which it interacts with contaminants as shown in 
Figure 2. Depending on its composition and surface chemistry, 
NBC can function as an adsorbent, or biochar composite, each role 
associated with distinct mechanistic pathways. As an adsorbent, 
NBC immobilizes pollutants through physical or chemical sorption 
mechanisms, including physical adsorption driven by its high 
specific surface area and porosity (Pathak et al., 2024); ion 
exchange with surface functional groups and soil cations such as 
Pb2+, Cd2+, or NH4

+ (Abhishek et al., 2022; Xing et al., 2025); π–π 
interactions important for aromatic contaminants and 
pharmaceuticals (Xing et al., 2025); hydrogen bonding with polar 
organic molecules (Jiang et al., 2023b; Emamverdian et al., 2025); 
surface complexation forming inner- and outer-sphere complexes 
with metals and oxyanions; electrostatic attraction modulated by 
surface charge and soil pH; and pore filling of small or hydrophobic 
emerging contaminants (Wei et al., 2025).

Adsorption is widely recognized as one of the primary 
mechanisms through which NBC achieve soil and water 
remediation (Xia et al., 2023; Syarifuddin et al., 2024b). 
Additional evidence from recent studies further reinforces this: 
NBC strongly influences contaminant transport and 
environmental risk in soils (Zhang, 2025), modulates pollutant 
interactions within the rhizosphere (Sarma et al., 2024), drives 
the removal of heavy metals and emerging contaminants through 
adsorption-based mechanisms (Pathak et al., 2024), and enhances 
nutrient adsorption such as nitrate in soil systems (Xing et al., 2025). 
Together, these findings confirm that adsorption is the dominant 
pathway underpinning nano-biochar’s remediation performance.

Although the environmental benefits of NBC in soils are 
increasingly documented, important uncertainties remain 
regarding its risk assessment across the full application cycle 
(Dong et al., 2025; Omokaro et al., 2025; Zhang, 2025). Recent 
evidence indicates that biochar and NBC can carry both endogenous 
contaminants (derived from feedstock and pyrolysis conditions) and 
exogenous pollutants adsorbed during soil interactions, which may 
introduce unintended ecological and human-health risks if not 
properly evaluated (Dong et al., 2025). These include the 
potential release of heavy metals, polycyclic aromatic 
hydrocarbons (PAHs), and environmentally persistent free 
radicals (EPFRs), as well as the formation of nanoscale particles 
through weathering and aging processes that enhance mobility and 
transport to groundwater or plant tissues. Studies also show that 
NBC may induce oxidative stress in plants, alter microbial 
community structure, and facilitate co-transport of contaminants 
in soil–water systems (Ni et al., 2021). Despite these concerns, 
comprehensive risk-assessment frameworks for NBC in soils 
remain scarce, and no standardized protocols currently exist for 
evaluating its long-term ecotoxicological behavior, bioavailability 
dynamics, or fate and transformation in real soil environments. This 
gap highlights the urgent need for robust, multi-tiered ecological 
risk assessment approaches—including cellular bioreporters, soil 
ecotoxicity assays, bioavailability indicators, and long-term 
mesocosm evaluations—to ensure the safe and sustainable use of 
NBC in soil remediation.

Scientometrics, defined as the quantitative study of scientific 
communication and the dynamics of science and technology 

(Leydesdorff, 2001), provides valuable tools to map research 
trends, assess productivity, and identify gaps within a scientific 
domain. These techniques enable the systematic evaluation of 
large volumes of scholarly data, offering insights into how 
research outputs are distributed across disciplines, geographic 
regions, and publication venues (Rodríguez-Aburto et al., 2025). 
Although several scientometric or review studies have begun to map 
the global evolution of NBC research, these analyses remain 
predominantly focused on synthesis routes, methods (Zeng et al., 
2024), and applications in water treatment or adsorption systems, 
(Liu et al., 2024c; Syarifuddin et al., 2024a). A few studies have 
touched on soil-related applications of NBC (Brar et al., 2024; Sultan 
et al., 2024). Given the growing scientific interest in NBC for 
contaminant immobilization, soil quality enhancement, and 
plant–soil dynamics, the absence of a focused scientometric 
perspective limits our understanding of how this research 
domain is emerging. Therefore, a domain-specific scientometric 
mapping is urgently needed to identify current trends, structural 
patterns, research gaps, and future directions for NBC applications 
in soil environments.

2 Materials and methods

The scientometric analysis was conducted in four main stages, as 
shown in Figure 3. It shows the overall workflow used for the 
scientometric and mini-review analysis of NBC research in 
soil systems.

First, the process begins with the Database Selection and Search 
Strategy, where a structured query was applied in Scopus using 
TITLE-ABS-KEY terms related to nano-biochar, biochar, 
nanoparticles, and soil, yielding 427 records. Scopus was selected 
as the primary data source since it is one of the largest and most 
comprehensive bibliographic databases, offering broad coverage of 
peer-reviewed journals and extensive citation metadata (Visser et al., 
2021). This database was chosen because it provides wide access to 
scholarly documents with a high level of reference and citation 
connectivity, ensuring reliable representation of scientific output in 
the environmental sciences.

In the Screening and Inclusion Criteria stage, all retrieved 
documents were limited to those published up to 6 September 
2025 and written in English (n = 427). To ensure the robustness 
and reliability of the results, a multi-database validation was 
conducted by comparing the Scopus dataset with records 
retrieved from the Web of Science (n = 780). Although Web of 
Science presented a higher number of records, Scopus was 
preferred because the scientometric analysis aimed to 
exclusively consider author keywords rather than Keyword Plus, 
thereby maintaining greater control over the conceptual accuracy 
of the retrieved terms. This cross-validation revealed consistent 
keyword co-occurrence structures and thematic clusters across 
both databases, confirming the stability of the observed research 
trends (see Supplementary, Supplementary Figure S1; 
Supplementary Table S1). Such validation also demonstrates 
that similar analyses can be effectively replicated in alternative 
databases, reinforcing the methodological soundness of the study. 
In this stage the information was prepared for conducting the 
scientometric analysis.
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The workflow then branches into two complementary 
pathways, scientometric analysis, performed on the full set of 
427 records, and Mini-review, synthesizing qualitative evidence 
from the 22 screened papers based on different criteria like 
keywords “adsorption”, “microbial community” and “risk 
assessment”. For the scientometric analysis, in the Data 
Extraction and Tools Used section the data were exported in 
multiple formats—CSV files for VOSviewer 1.6.20 (Van Eck 
and Waltman, 2010) and Bibliometrix in R Studio 2024.12.1 + 
563 (Aria and Cuccurullo, 2017), and BibTeX files for CiteSpace 
6.3. R1 (Chen, 2016).

The analytical framework applied in this research integrates 
three complementary dimensions to characterize the 
intellectual and thematic structure of the field. First, general 
aspects and keyword analysis—including co-occurrence 
networks, density and cluster maps, and timeline-based 
cluster evolution—were used to identify core concepts and 
their temporal dynamics. Second, citation-based analysis, 
through strongest citation burst detection and the 
identification of most-cited research articles, allowed us to 
determine influential works and emerging high-impact 
topics. Finally, thematic analysis, based on thematic maps 
and thematic evolution mapping, provided insights into the 
maturity, relevance, and evolution of research themes. 
Together, these analytical components offer a comprehensive 
scientometric overview of how the field has developed, 
interconnected, and shifted over time.

3 Results

3.1 General aspects and keyword analysis

Figure 4 illustrates the annual evolution of scientific publications 
on NBC applied to soil systems from 2012 to 2025. The green bars 
represent the number of research articles published each year (N), 
while the red line shows the mean total citations per year (Mean TC 
per Year). The dotted trend line demonstrates a strong positive 
growth trajectory in publication output over time, supported by a 
high goodness-of-fit value (R2 = 0.8499), indicating a consistent and 
accelerating increase in research interest. During the early period 
(2012–2016), publication activity remained low, with fewer than 
10 articles per year. However, beginning in 2017, output increased 
steadily, reaching a notable rise between 2020 and 2024, when 
annual publications surpassed 40 articles and peaked at more 
than 100 in 2024. This surge aligns with the expanding 
recognition of NBC as a promising tool for soil remediation, 
pollutant immobilization, and soil quality enhancement. The red 
citation curve shows fluctuations in research impact, with several 
peaks—particularly in 2013, 2016, 2019, and 2022—suggesting the 
emergence of influential studies that shaped the field. A gradual 
decline in mean citations is observed after 2022, likely reflecting the 
high volume of recent publications that have not yet 
accumulated citations.

Figure 5 shows a timeline-based cluster visualization generated 
using CiteSpace, which maps the evolution of research themes in the 

FIGURE 3 
Methods to carry out the scientometric research.
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field of NBC and its environmental applications, particularly in soil 
remediation. Each colored line represents a thematic cluster, 
identified through co-citation or keyword analysis, with the 
cluster labels on the right. The horizontal timeline spans from 
2012 to 2025, and the arcs connecting terms reflect the citation 
or keyword relationships across time, helping track how knowledge 
domains have evolved and interconnected.

The structural metrics analysis demonstrate that the knowledge 
domain of NBC research exhibits a robust and interpretable 
intellectual organization since the modularity score (Q = 0.49) 
indicates a moderately strong community structure (Newman 
and Girvan, 2004; Blondel et al., 2008) suggesting that the field is 

divided into several coherent thematic clusters that nonetheless 
maintain meaningful interconnections—an expected pattern for 
an emerging and interdisciplinary research area. This is 
reinforced by the very high weighted mean silhouette value (S = 
0.88), which reflects excellent internal consistency and clear 
separation among clusters (Rousseeuw, 1987), ensuring that each 
thematic group is topically homogeneous and analytically reliable. 
Additionally, the network’s harmonic mean (Q, S) of 0.63 further 
confirms the overall robustness and stability of the cluster 
configuration (Chen, 2006). The largest connected component, 
encompassing 72% of all nodes, highlights the high degree of 
conceptual integration within the field, indicating that most 

FIGURE 4 
Temporal evolution of nano-biochar research output and citation impact (2012–2025).

FIGURE 5 
Timeline-based cluster visualization for keywords using CiteSpace.
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research efforts converge around shared core themes such as soil 
remediation, heavy metals, adsorption processes, and engineered 
biochar materials. Although the overall network density is low 
(0.032), this is typical of scientometric maps and reflects a 
diversified and expanding research landscape rather than 
structural fragmentation. Collectively, these metrics validate the 
reliability of the scientometric mapping and support the use of 
cluster-based analyses to interpret how NBC research is evolving 
within soil science and environmental remediation. Respect to 
clusters, cluster #0“soil health” and cluster #1“heavy metal” show 
continuous activity and connection over the years, indicating their 
foundational importance and sustained interest in biochar studies. 
Moreover, cluster #2“particle size” and #4“bacteria” have emerged 
more recently, suggesting a shift toward understanding the 
mechanistic and microbiological effects of biochar at finer 
scales—possibly influenced by advances in nanotechnology and 
microbial ecology. The prominence of keywords such as 
“adsorption,” “pyrolysis,” and “bioremediation” reflects core 
processes and applications associated with biochar. The 
emergence of “acidic soil” (cluster #5) also suggests a recent 
niche focusing on agronomic implications. This time map 
provides a retrospective view of the thematic landscape, and also 
forecasts future directions, as seen in the extended trajectories of 
certain clusters reaching into 2025.

Figure 6 represents a keyword cluster network generated using 
CiteSpace. In this visualization, clusters of keywords are grouped 
and color-coded using the Louvain or LLR (log-likelihood ratio) 
algorithm, which allows for the identification of thematic groupings 
(Zang et al., 2022). Each cluster—numbered and labeled (e.g., #0 soil 

amendment, #1 soil remediation, #2 cation exchange capacity)—is 
composed of closely related terms that frequently co-occur in the 
same articles, indicating a shared research focus. The proximity of 
the nodes and the thickness of the connecting lines (edges) represent 
the strength of the co-occurrence relationships among the keywords. 
Cluster #0, labeled “soil amendment”, emerges as a central and 
foundational topic in biochar-related research, reflecting its broad 
application in improving soil quality (Zhang, 2025). Similarly, 
cluster #1 “soil remediation” and cluster #3 “plant growth” are 
also prominently placed, indicating their significance in both 
environmental and agricultural contexts (Rajput et al., 2022; 
Raczkiewicz et al., 2025). On the other hand, cluster #4 
“hexavalent chromium” and cluster #2 “cation exchange capacity” 
reflect more specific mechanisms and contaminants that have 
garnered attention in recent years, suggesting a growing 
specialization in the field. The presence of cluster #6 “wheat”, 
which lies somewhat isolated in the upper-right section, signifies 
the increasing interest in crop-specific responses to biochar and 
nanoparticles under stress conditions like salinity or oxidative 
damage (Muhammad Mehmood et al., 2024; Shani et al., 2024). 
Such niche themes show the expanding interdisciplinary nature of 
biochar research—bridging soil science, plant physiology, and 
nanotechnology.

Figure 7 shows the Top 15 keywords with the strongest citation 
bursts generated in CiteSpace. A citation burst indicates a sudden 
increase in the frequency of a keyword within a specific time 
window, suggesting heightened scholarly attention. The red bars 
in the timeline (2011–2025) mark the active burst period, while the 
light blue segments indicate the rest of the time range (Baca-Neglia 

FIGURE 6 
Keyword Co-occurrence cluster map.
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et al., 2025). These keywords are thus considered influential within 
their respective burst windows. The strongest burst was observed for 
the keyword “heavy metals” with a strength of 5.32, beginning in 
2021 and continuing beyond 2025 (word: “heavy metal”, 
highlighting the recent and ongoing interest in this area—likely 
in connection with environmental remediation using nanomaterial. 
Similarly, emerging topics such as “soil health” (2023–2025) and 
“sustainable agriculture” (2023–2025) show high burst strengths 
(2.86 and 2.48, respectively), indicating a shift toward holistic and 
sustainability-oriented research themes in recent years. These newer 
bursts suggest that the current frontier in biochar or environmental 
studies is increasingly focused on ecosystem services and soil 
function enhancement, in line with global sustainability goals 
(e.g., SDG 15: Life on Land). Earlier bursts such as “adsorption 
mechanisms” (2011–2018), “Cr (VI)-contaminated soil” 
(2016–2018), and “in situ remediation” (2016–2019) reflect 
foundational research that laid the groundwork for pollutant 
removal techniques. The mid-phase keywords like “electron 
transfer” (2019–2020) and “magnetic biochar” (2021–2023) 
denote a transition to more advanced materials and mechanisms. 
The continuity of certain themes (e.g., “biochar”, “bacterial 
community”, “hexavalent chromium”) reflects a sustained 
research interest, while the rise of new terms highlights the 
dynamic and interdisciplinary nature of the field. These insights 
allow researchers and decision-makers to identify past research 
hotspots and align future investigations with growing 
thematic areas.

Table 1 summarizes the journals that have contributed most 
actively to NBC research, highlighting their bibliometric 

performance indicators such as h-index, g-index and m-index 
(Hirsch, 2005; Egghe, 2013), total citations and publication 
volume. High-impact multidisciplinary environmental 
journals—including Science of the Total Environment, 
Chemosphere, and the Journal of Hazardous Materials—lead the 
field, which aligns with their long-standing reputation for publishing 
research on environmental remediation, nanomaterials, and soil 
pollution. These journals also show the highest citation counts, 
reflecting their central role in disseminating cutting-edge studies on 
NBC synthesis, characterization, and performance. Also, in Table 2
presents the top contributing authors in the field, revealing a 
research landscape led by influential scientists with consistent 
publication trajectories and strong citation performance. Authors 
such as Li Y, Wang Y, and Zhang Y show high h-, g-, and m-index 
values, suggesting both productivity and sustained scientific 
influence within NBC research.

3.2 Period analysis

Figure 8 illustrates the evolution of NBC research from 2012 to 
2025 through a thematic map, revealing a clear trajectory from 
foundational studies to increasingly specialized and technologically 
advanced themes. In the first period (2012–2016), the field was in its 
formative stage, focusing on core concepts such as adsorption, 
sorption, and remediation—laying the groundwork for 
environmental applications, particularly soil detoxification. 
General topics are common to find in the initial periods 
(Rodríguez-Aburto et al., 2024; 2025; Baca-Neglia et al., 2025). 

FIGURE 7 
Top 15 keywords with the Strongest Citation Bursts.
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Themes were broad and general, with limited development and 
centrality, reflecting an exploratory phase with modest innovation. 
By the second period (2017–2021), the research landscape 
diversified significantly. New keywords like magnetic biochar, 
microwave, graphene oxide, and plastic particles appeared, 
showing the field’s expansion into advanced material engineering 
and broader environmental concerns such as organic pollutant 
removal and electron transfer mechanisms. In the most recent 
period (2022–2025), the field has reached a stage of high 
thematic maturity and specialization. Dominant themes now 
include biochar nanoparticles, aging, and biochar composites, 
reflecting a shift toward engineered NBC with controlled 
properties. There is a clear trend toward nano-enabled 
agriculture, nutrient management, and interactions with the 
microbial community, pointing to precision applications in agri- 
environmental systems. Furthermore, the appearance of terms like 
oxidant enzymes, stabilization, and environmental risk illustrates 
not only advanced functionalization techniques but also a growing 
interest in assessing the environmental safety and long-term 
behavior of these materials. This third period marks a 

technological consolidation, with NBC research now embracing 
molecular-level functionality and risk evaluation, signifying a 
matured and multidisciplinary research frontier.

In Table 3, the titles were grouped by periods (I, II, and III), and 
trends were inferred from their thematic focus and citation behavior. 
In period I, the most cited papers are characterized by relatively 
lower average citation years (between 26.46 and 29.80), indicating 
older publications that have accumulated considerable attention 
over time. The normalized citation values range from 1.93 to 3.60, 
suggesting foundational contributions with growing relevance. 
These studies predominantly explore the development and 
physicochemical optimization of biochar-based materials, with a 
strong emphasis on enhancing adsorption capabilities and 
integrating nanostructures. The topics revolve around the 
synthesis of composite materials and their potential use in 
contaminant removal, reflecting a research phase focused on 
material innovation and laboratory-scale testing. The second 
period includes works with higher normalized citation values 
(from 3.41 to 4.14) and total citations surpassing 330 in all cases. 
With average citation years between 41.75 and 61.00, these 

TABLE 1 Top contributing journals in nano-biochar research and their bibliometric indicators.

Source h-index g-index m-index Total citations Number of publications PY_start

Science of the total environment 32 50 3.556 2729 50 2017

Chemosphere 21 31 2.333 1524 31 2017

Journal of hazardous materials 19 24 1.9 2663 24 2016

Environmental pollution 14 17 1.4 1564 17 2016

Journal of environmental management 9 15 0.9 801 15 2016

Ecotoxicology and environmental safety 8 12 0.8 472 12 2016

Environmental research 8 11 1.333 260 11 2020

Environmental science and pollution research 8 14 0.8 555 14 2016

Scientific reports 8 12 0.889 225 12 2017

Agronomy 6 6 1 239 6 2020

TABLE 2 Top contributing authors in nano-biochar research and their bibliometric indicators.

Author h-index g-index m-index TC Number of publications PY_start

LI Y 13 23 1.3 699 23 2016

WANG Y 11 15 1.222 811 15 2017

ZHANG Y 11 22 1.375 853 22 2018

FANG Z 10 10 1 1128 10 2016

LI J 10 15 1.667 475 15 2020

LI H 9 16 1 263 17 2017

WANG H 9 13 0.9 432 13 2016

WANG X 9 10 1.286 902 10 2019

ALI S 8 9 1.143 748 9 2019

ZHANG H 8 8 0.8 362 8 2016
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FIGURE 8 
Clusters of keywords for different research periods.
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publications are more recent and have shown rapid citation growth, 
indicating significant impact in a shorter time. Research during this 
phase concentrates on combining biochar with other reactive agents 
such as zero-valent iron and applying these combinations to complex 
contamination scenarios, including multi-metal polluted soils and 
aquatic systems. There is a clear shift toward application-oriented 
studies, often involving synergistic remediation mechanisms and 
biological interactions. Additionally, the inclusion of systematic 
reviews reflects the need to consolidate findings and propose 
standardized approaches. The most recent period is marked by the 
presence of highly normalized citation scores (ranging from 4.25 to 
4.46) despite slightly lower total citation counts, which is expected due 
to their recency (average citation years between 45.00 and 47.25). These 

works focus primarily on reviews and analyses of functionalized or 
magnetic biochars, emphasizing not only removal efficiency but also 
reusability and environmental safety. The high normalized impact 
suggests increasing scholarly attention to the refinement and practical 
deployment of biochar technologies. There is a notable emphasis on 
systematic evaluation, practical challenges, and the need for scaling up 
successful remediation strategies.

3.3 Research trends

Figure 9 shows a timeline-based cluster visualization for 
keywords conducted with VOSviewer, revealing the evolution of 

TABLE 3 Most cited articles.

Period DOI TC TC per year NTC Reference

I 10.4155/cmt.13.23 344 26.46 1.93 Joseph et al. (2013)

10.1016/j.cej.2013.09.074 338 28.17 3.60 Inyang et al. (2014)

10.1016/j.jhazmat.2016.07.039 298 29.80 2.48 Su et al. (2016)

II 10.1016/j.jhazmat.2019.03.080 427 61.00 3.89 Wang et al. (2019)

10.1016/j.envint.2019.105281 336 56.00 4.14 Wang et al. (2020)

10.1016/j.chemosphere.2017.12.081 334 41.75 3.41 Qiao et al. (2018)

III 10.1016/j.jhazmat.2022.128668 189 47.25 4.46 Gong et al. (2022)

10.1016/j.jhazmat.2022.128841 187 46.75 4.41 Qu et al. (2022)

10.1016/j.jhazmat.2021.127993 180 45.00 4.25 Liang et al. (2022)

FIGURE 9 
Timeline-based cluster visualization for keywords.
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scientific research on NBC applications in soil remediation across 
three distinct periods. Each visual cluster represents co-occurring 
keywords derived from published literature, allowing the 
identification of major research trends and thematic shifts over time.

In Period I (2012–2016), the research landscape was dominated 
by foundational studies focusing on the physicochemical properties 
of biochar. Keywords such as sorption, adsorption, dye, and 
remediation reflect the early interest in using biochar as a simple 
adsorbent for removing contaminants like Cd and Cr (VI) from 
polluted soils. The network is relatively simple and compact, 
indicating that research during this time was still emerging and 
largely focus on material behavior and pollutant immobilization in 
controlled settings.

As research advanced into Period II (2017–2021), the network 
became denser and more diverse. New keywords 
appeared—nanoparticles, zero-valent iron (nZVI), cadmium, 
phytoremediation, bacterial community—reflecting the growing 
complexity of remediation approaches. During this phase, 
researchers began combining biochar with nanomaterials and 
biological strategies, exploring their synergistic effects on 
contaminant stabilization and soil health. This period marked a 
shift toward more interdisciplinary approaches, integrating 
knowledge from environmental chemistry, microbiology, and 
plant sciences.

During Period III (2022–2025), the research field had matured 
significantly. The visual network displays high complexity, with 
numerous interconnected clusters and topics such as soil 
remediation, microbial community, antioxidant enzymes, abiotic 
stress, and nano-biochar. The literature expanded to include 
ecotoxicological assessment, crop performance, soil-plant-microbe 
interactions, and human health risks. This evolution indicates a 
transition from purely technical remediation methods to more 
holistic frameworks, emphasizing environmental sustainability, 
food security, and systemic resilience.

Across the three periods, clear structural changes can be observed 
in the keyword co-occurrence networks. In Period I, the network 
displays only six clusters—groups of keywords that represent distinct 
thematic areas—and a limited number of links (112), which indicate 
how often keywords co-occur and therefore how strongly topics are 
conceptually connected. The low Total Link Strength (TLS = 116), a 
metric that captures the overall intensity of these connections, reflects 
a field that was still emerging and thematically fragmented. In Period 
II, the number of clusters increases to 11 and link density nearly 
doubles (235 links; TLS = 333), showing greater diversification of 
topics and stronger interconnections among them. By Period III, the 
network reaches 16 clusters with very high connectivity (656 links; 
TLS = 875), revealing a mature and well-integrated research 
landscape in which NBC and soil-related themes are strongly 
interlinked across publications.

4 Discussion

Time-line based cluster visualization for keywords are key to 
better understand the main topics in cluster categories. As Wei et al. 
(2021) points out, a combination of keywords and time can help to 
accurately reveal the trend of research. Similar research had divided 
timeline for analyzing each one (Rodríguez-Aburto et al., 2024; 

2025; Baca-Neglia et al., 2025). On the other hand, scientometric 
studies on NBC are scarce (Zeng et al., 2024), most have focused on 
understanding the general aspects of biochar (Fikri et al., 2025; 
Iwuozor et al., 2025) and remediation (Jiang et al., 2023a; Liu et al., 
2024c; Phiri et al., 2024). Therefore, future scientometric analyses 
could adopt a more specific focus on NBC, enabling the 
identification of key research gaps and the projection of scientific 
directions with potential global relevance.

The analysis of keyword trends reveals that adsorption has 
consistently served as the foundational concept driving early 
research on NBC applications. Its sustained prominence in the 
literature across different time periods reflects a strong research 
focus on emerging and conventional soil contaminants (Syarifuddin 
et al., 2024a; Wang et al., 2024), including heavy metals such as 
cadmium (Cd) (Yue et al., 2019; Liu et al., 2020), arsenic (As) 
(Ghassemi-Golezani and Rahimzadeh, 2024), and organic pollutants 
like PFAS (Hassan et al., 2025) and tylosin (Guo et al., 2016). Table 4
shows different studies for adsorption processes and key parameters 
and description in research periods. In Period I, research concentrated 
on organic pollutants (antibiotics, phenols, dyes) and already achieved 
strong removals using surface-engineered biochars (Ghaffar and 
Younis, 2014; Ying et al., 2015a; Guo et al., 2016). In this research 
period, materials operated primarily through adsorption, a process 
dominated by physical or chemical interactions—such as π–π 
interactions, hydrogen bonding, and electrostatic 
attraction—without altering the chemical structure of the pollutant.

In contrast, Period II marks a transition toward the use of NBC 
engineered with nanomaterials such as zero-valent iron (nZVI) (Fan 
et al., 2020), calcium polysulfide (CPS) (Hou et al., 2021), or 
modified through high-temperature treatments (e.g., CB900) 
(Guaya et al., 2025). These materials were increasingly applied to 
more complex or emerging soil contaminants, including heavy 
metals (As, Cr(VI)) and notably microplastics, which did not 
appear in the previous period. While NBC showed promising 
removal efficiencies—often exceeding 90%—several studies in this 
phase did not report adsorption kinetics or isotherm models and 
instead focused on overall reduction percentages. This may indicate 
a shift in research priorities, emphasizing practical effectiveness over 
mechanistic modelling.

Thus, Period II illustrates both the technological advancement in 
material design and the methodological divergence from earlier 
model-driven approaches. In Period III, research on biochar 
adsorption advances toward multifunctional and nanostructured 
materials, such as trimetallic and magnetic biochars. Studies target 
emerging contaminants like phosphate, ammonium, and complex 
mixtures of PFAS, using advanced materials like coffee-ground- 
derived biochar and magnetic sugarcane bagasse biochar. While 
traditional kinetic and isotherm models are still applied in some 
cases, others adopt machine learning regressions to model 
adsorption behavior—marking a shift toward data-driven 
approaches. This period reflects a growing emphasis on tailored 
NBC design, complex pollutant removal, and integration of novel 
analytical tools in adsorption studies.

Although the keyword “nanoparticle catalysts”, does not 
explicitly appear in the scientometric analysis results (Figure 9), 
it is important to highlight that such terms were indeed found in the 
database. This reflects emerging research directions, such as the use 
of cobalt-based nanoparticles embedded in doped biochar to 
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TABLE 4 Representative studies on biochar adsorption: Key parameters and models across research periods.

Period Author Type of biochar Pollutants Doses/ 
Conditions

Parameters Removal 
mechanism

Interaction Kinetic models Isotherm 
models

I Guo et al. 
(2016)

Goethite (α-FeOOH) 
nanoparticles coated on 

biochar (BCF)

Tylosin 0.5–50 mg/L Kd = 8132.89 L/kg 
(R2 = 94%)

Adsorption Electrostatics, H-bonding, 
π–π, EDA, Cation 

exchange

Pseudo-first order, 
pseudo-second order, 

Elovich

Henry and 
Freundlich

Kf = 5386.76 
(R2 = 99%)

I Ying et al. 
(2015b)

Mixture of biochar with 
nanoscale zero-valent iron 

(nFe0)

2,4- 
dichlorophenoxyacetic

Soil +0.5% 
Biochar

KL = 3.41 (R2 = 94%) Adsorption + Reductive 
Degradation 

(Dechlorination)

Adsorption: π–π stacking, 
electrostatic attraction, 

H-bonding, Fe–O surface 
complexation 

Degradation: reductive 
dechlorination, Fe–C 

micro-electrolysis, 
electron transfer

Time-course 
degradation; no 

formal kinetic fit 
reported

Langmuir, 
Freundlich, 

Redlich-PetersonKf = 32.76 (R2 = 98%)

b = 13.06 (R2 = 98%)

I Ghaffar and 
Younis 
(2014)

Graphene-coated peanut- 
shell biochar (BG500)

Phenol and Methylene 
Blue (MB)

1–50 mg/L Phenol Adsorption π–π stacking with 
graphene sheets; 

electrostatic attraction 
(MB); hydrogen bonding 

(phenol); surface 
complexation

Time-dependent 
removal; no formal 

kinetic model fit 
reported

Langmuir and 
Freundlich

Kf = 31.87 
(R2 = 99.7%)

KL = 1.79 
(R2 = 84.3%)

Methylente

Kf = 19.81 
(R2 = 97.1%)

KL = 4.96 
(R2 = 98.4%)

II Fan et al. 
(2020)

One-pot nZVI-embedded 
biochar (nZVI/BC)

As nZVI/BC (5%) 93.7% reduction of 
As labile IN Gx soil

Adsorption + Co- 
precipitation + Reductive 

Transformation

Adsorption onto FeOOH; 
inner-sphere 

complexation; Fe–As co- 
precipitation 

(Fe–Ca–As–O or 
Fe–Al–As–O); redox 
conversion As(V)→ 

As(III)

Not reported Not reported

II Hou et al. 
(2021)

Plant-stalk biochar combined 
with calcium polysulfide (BC 

+ CPS)

Hexavalent chromium, 
Cr (VI)

2% BC(w/w) 87%–93% reduction Reductive transformation 
+ adsorption + 

precipitation

Reductive Cr(VI)→ 
Cr(III); adsorption onto 
BC; complexation with S 
species; precipitation as 
Cr(III)-S and Cr(III)-O

Not reported Not reported

3:1 (CPS:Cr (VI)) 
molar ratio

(Continued on following page)
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TABLE 4 (Continued) Representative studies on biochar adsorption: Key parameters and models across research periods.

Period Author Type of biochar Pollutants Doses/ 
Conditions

Parameters Removal 
mechanism

Interaction Kinetic models Isotherm 
models

II Abdoul 
Magid et al. 

(2021)

Corncob Biochar (CB900) Polystyrene nanoplastics CB900 20 g/L KL = 0.426 L/mg 
(R2 = 98%)

Adsorption Hydrophobic interactions 
with aromatic domains of 

biochar 
π–π interactions between 

biochar surface and 
polystyrene nanoplastics 

Van der Waals forces 
(dominant for nonpolar 

plastics) 
Pore-filling/size exclusion 

into micro–mesopores 
No chemical 

transformation or 
degradation of 

nanoplastics

Pseudo-first-order and 
pseudo-second-order

Langmuir and 
Freundlich

Kf = 0.82 mg/g 
(R2 = 93%)

III Guaya et al. 
(2025)

Trimetallic Fe–Zn–Mn (oxy) 
hydroxide–enhanced coffee- 

grounds biochar (CB–M)

Phosphate (PO4
3-) and 

ammonium (NH4
+)

8 g/L CB–M PO4
3- Adsorption Phosphate (PO4

3-): 
Inner-sphere 
complexation 

Ligand exchange with 
–OH groups 

Metal–phosphate 
coordination (Fe–O–P/ 

Mn–O–P/Zn–O–P) 
Ammonium (NH4

+): 
Electrostatic attraction 

Ion exchange 
Weak physisorption

pseudo-first-order 
pseudo-second-order

Langmuir and 
Freundlich

KL = 6.7 × 10–3 (L/g) 
(R2 = 92%)

Kf = 5.6 mg/g 
(R2 = 86%)

NH4
+

2.8 × 10–2 
(R2 = 80%)

Kf = 0.16 mg/g 
(R2 = 95%)

(Continued on following page)
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TABLE 4 (Continued) Representative studies on biochar adsorption: Key parameters and models across research periods.

Period Author Type of biochar Pollutants Doses/ 
Conditions

Parameters Removal 
mechanism

Interaction Kinetic models Isotherm 
models

III Hassan et al. 
(2025)

Colloidal Magnetic Biochar 
from

Mixture of 30 PFAS 4 g/L 87.39% Hydrophobic partitioning 
+ electrostatic attraction + 
pore-filling + host–guest 

complexation + ionic 
interaction

Hydrophobic interactions 
dominate long-chain 

PFAS 
Electrostatic attraction 

between negatively 
charged PFAS and surface 
functional groups (Fe-OH, 

Al-OH, Si-OH) 
Pore filling in micro- and 

mesopores 
(biochar <1 nm; HNTs 

6–7 nm) van der Waals + 
π–π for aromatic domains 
Host–guest inclusion with 

β-cyclodextrin 
Magnetic nanoparticle- 
enhanced complexation 

(Fe2O3, NiZnFe4O4)

Not reported; instead, 
machine-learning 

regressions (efficient 
linear least squares, 

Gaussian process 
regression, stepwise 

linear regression) used 
to model removal vs. 
adsorbent properties 

and PFAS chain length

-

Sugarcane bagasse (SB) + 
iron oxide nanoparticles 

(Fe2O3)

20 g/L 88.79%

Kd: It is the distribution coefficient of solute between water (Guo et al., 2016); Kf (µg/g)/(mg/L): It is the capacity affinity (Guo et al., 2016), b: It is a constant related to adsorption heat (Ying et al., 2015b); KL (mg/L): It is the Langmuir model adsorption coefficient (Fan 
et al., 2020).
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activate oxidants like peroxymonosulfate (PMS) (Liu et al., 2022). 
These types of catalysts have demonstrated high efficiency in the 
degradation of persistent organic pollutants, including PCB28 and 
bisphenol A (BPA) (Yang et al., 2024). Recent studies are exploring 
the interaction between NBC and enzymes for potential applications 
in PET degradation (Han et al., 2024). Although no current studies 
directly combine NBC and enzymes for PET degradation, this gap 
highlights a promising research frontier. Considering NBC´s high 
surface area, functional groups, and biocompatibility, it stands as a 
strong candidate for future enzyme immobilization strategies aimed 

at plastic biodegradation, particularly in the context of circular bio- 
based remediation technologies (Jia et al., 2021; Sui et al., 2023).

An interesting aspect observed during periods II and III is the 
emergence of the keywords “bacterial community” and “microbial 
community”, respectively (see Figure 9), which reflects growing 
interest in the role of microorganisms in environmental remediation 
strategies. This conceptual trend is supported by recent 
experimental findings on the use of biochar—particularly in its 
modified forms such as magnetic biochar and biochar enriched with 
microbial consortia—as an effective tool for the degradation of 

TABLE 5 Research on effects on microbial communities applying NBC.

NBC type NBC prod Dose Species Soil type Exp. Setup Effects on 
microbial 

communities

Ref.

TiO2-doped 
biochar (BN)

TiO2 doping and 
pyrolysis

0.50% Pak choi Cultivated soil 
(Cd-spiked)

Greenhouse pot 
experiment 
(2 seasons)

Increased enzyme activity 
(urease, catalase), improved 

microbial cooperation, 
stimulation of C and N 

cycling, and production of 
microbial metabolites for Cd 

tolerance

Liu et al. 
(2024a)

Nano-biochar 
(wood and pig 

manure-derived) + 
compost

Pyrolysis of wood 
and pig manure, 
then ball milling 

Nano-biochar 
(wood and pig 

manure-derived) 
+ compost

Nano-WCbiochar 
+1,2000 kg ha-1 

Compost (Nano- 
WCCM)

Lactuca 
sativa

Field soil 
(Fluvent, Cd- 
contaminated)

Field experiment 
(Zhejiang, China, 

90 days)

Enhanced bacterial diversity 
and abundance of keystone 

taxa in the rhizosphere, 
improved microbial 

functions related to N, P, and 
C cycling

Liu et al. 
(2024d)

Biochar + 
nanoparticles 
(nZVI or nH)

Conventional 
pyrolysis + 
synthesis of 

nZVI/nH

Biochar (3%–5%), 
NPs (2%)

Perennial 
ryegrass

Post-mining soil 
(As, Cu, Zn, Se)

Greenhouse pot 
experiment (45 days)

Boosted enzymatic activity 
(dehydrogenase, 

glucosidase), improved 
nutrient cycling and soil 

fertility, reduction of metal 
uptake in plants

Forján et al. 
(2024)

Corn straw biochar 
+ nano- 

hydroxyapatite 
(nHAP)

Corn straw 
pyrolysis + 

nanoparticle 
mixing

Biochar (2% and 
5%), nHAP (0.5%)

Glycine max Tailings soil (As, 
Cd, Co, Cr, Cu, 

Pb, Zn, etc.)

Pot experiment 
(sterilized and 

unsterilized soils, 
28 days incubation 
+4 weeks growth)

Improved rhizosphere 
bacterial structure, reduced 
metal migration into plants, 

urease, OM, TN, TP 
identified as key factors 

affecting bacterial 
communities

Geng et al. 
(2024)

BC/nZVI 
composite

Co-precipitation 
of Fe with biochar

1% w/w Zea mays Cd-contaminated 
agricultural soil

Pot experiment 
(28 days incubation, 

4 weeks growth)

Increased dehydrogenase 
and phosphatase activity; 

improved nutrient 
availability and Cd 

immobilization

Yasin et al. 
(2025)

nZVI@BC Impregnation of 
nZVI into biochar 

matrix

2% w/w Raphanus 
sativus

Soil artificially 
contaminated 

with 
phenanthrene 

(Phe)

Pot experiment 
(growth phase not 

clearly detailed)

Enhanced soil enzyme 
activity (urease, catalase), 

improved microbial 
community structure and 

biomass

Shen et al. 
(2025)

FW_BC (Food 
waste biochar)

Slow pyrolysis of 
food waste

0.5%–1.0% w/w Spinacia 
oleracea

Cd-contaminated 
soil from a mining 

area

Pot experiment under 
greenhouse 
conditions

Alteration in microbial 
community structure, shift in 
dominant phyla, increased 

organic matter and nitrogen 
cycling activity

Niu et al. 
(2025)

nZVI-BC 
composite (rice 
straw biochar)

Ball milling with 
nZVI and rice 
straw biochar

1% w/w (nZVI at 
0.5%–2%)

Triticum 
aestivum

Pb-spiked 
agricultural soil

Pot experiment 
(ambient conditions, 

70 days)

Enhanced catalase, urease 
and acid phosphatase activity 

in soil; increased 
photosynthetic and 

antioxidant enzymes in 
plants

Nauman 
Mahamood 
et al. (2023)

Ref.: reference, NBC, prod.: NBC, production, Exp. Setup: Experimental Setup.
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microplastics and other soil contaminants. For instance, in 
waterlogged soils contaminated with polyethylene and PVC 
microplastics, magnetic biochar has been shown to promote 
advanced oxidation processes, which not only increased organic 
matter and the accumulation of humified compounds, but also 
facilitated the cooperation of microbial species such as Nocardioides 
and Rhizobium in plastic degradation (Ji et al., 2023). This biochemical 
and microbial interaction was also observed with biochars derived 
from poultry manure and wood waste, which significantly accelerated 
the degradation of polylactic acid (PLA) microplastics through 
combined mechanisms of oxidation, aminolysis, and microbial 
activity, all of which were influenced by the specific type of biochar 
used (Zou et al., 2024). Additionally, the integration of biochar with a 
bacterial consortium (QY2Y) showed high efficiency in degrading 
persistent organic pollutants such as BDE-47, while enhancing soil 
enzymatic activity, improving physicochemical properties, and 
fostering key symbiotic interactions within the 
microbiota—demonstrating how microbial immobilization on 
biochar can optimize remediation efforts in contaminated soils 
(Guo et al., 2024). Additionally, research on the application of NBC 
in soil and its effects on microbial communities are shown in Table 5.

The thematic evolution across the three periods shows a remarkable 
shift in the role of risk assessment within NBC research. In Period II 
(2017–2021), risk assessment appears as an Emerging or Declining 
Theme, indicating that although studies had begun to address ecological 
and toxicological implications of NBC, the topic had not yet achieved 
strong conceptual or structural centrality in the field. This status reflects 
early concerns about the release of nanoparticles, potential soil–plant 
transfer pathways, and uncertainties regarding environmental fate. 
However, by Period III (2022–2025), environmental risk transitions 
into a Niche Theme, characterized by both high development and high 
relevance. This shift suggests that the field now recognizes NBC safety 
evaluation as fundamental for scaling environmental applications, 
regulatory acceptance, and environmental engineering 
implementation. Risk assessment is not limited to a single type of 
pollutant; rather, it can be applied across various contamination 
scenarios—including microplastics, organic pollutants, and heavy 
metals. Its limited presence in keyword frequency may reflect a lag 

between conceptual relevance and bibliometric visibility, suggesting that 
this topic could gain greater prominence in future research trends. In 
particular, soil contamination by heavy metals and metalloids such as 
arsenic (As), cadmium (Cd), chromium (Cr), and lead (Pb) pose a 
major environmental and public health concern due to their 
persistence, non-degradability, and potential bioaccumulation in the 
food chain (Mitra et al., 2022; Yin et al., 2024; Abdelmonem et al., 2025). 
In this context, ecotoxicological risk assessment (ERA) has become 
essential to evaluate not only the concentrations of pollutants in soils, 
but also their bioavailability, plant uptake, and subsequent impacts on 
food safety and human exposure (Schaap et al., 2025). Indicators such as 
Residual Soil Availability (RSA), Relative Plant Bioaccumulation (RPB), 
and Risk Reduction (RR) have been increasingly adopted to quantify the 
effectiveness of remediation strategies—particularly those using 
biochar, magnetic biochar, and engineered nanocomposites, which 
can immobilize contaminants and mitigate their transfer to crops.

These indicators offer an integrated framework to assess how 
soil amendments contribute to reducing both carcinogenic and non- 
carcinogenic risks, effectively linking soil geochemistry, plant 
physiology, and human health outcomes (Ngole-Jeme and 
Fantke, 2017). As shown in Table 6, recent studies have applied 
these ecotoxicological tools to assess the impact of NBC-based 
amendments in soils contaminated with heavy metals such as Cd, 
As, Cr, Ni, Cu, and Pb. The results demonstrate that engineered 
biochars—including magnetic NBC (nZVI-BC), silicon-doped 
biochar (nano-Si–BC), and ZnO-based nanocomposites—can 
significantly reduce metal bioavailability in both soils and crops. 
Removal efficiencies (RSA, RPB) are often accompanied by 
reductions in toxicological risk indicators such as Hazard 
Quotient (HQ), Health Risk Index (HRI), or cancer risk thresholds.

NBC contributes to the development of Circular Bioeconomy and 
despite these scientific advances, a critical gap becomes evident when 
examining the thematic evolution, there is almost no discussion of 
policy frameworks, governance instruments, or regulatory inclusion of 
NBC technologies (Sani et al., 2023; Velasquez-Pinas et al., 2025). This 
omission is significant because the transition of “environmental risk” 
from an emerging theme in Period II to a niche and highly developed 
theme in Period III suggests that risk assessment maturity is increasing 

TABLE 6 Risk assessment research with the application of NBC in soils.

Contaminants Dose (%) RSA (%) RPB (%) RR (%) TRA R

Cd, As 1.00% 
nZVI-BC

Cd: 34.93% 
As: 32.64%

Cd: 23.63%–36.48%; As: 
43.09%–45.10%

38.19%–42.93% Carcinogenic risk via vegetable intake Yang et al. 
(2021)

As, Cr, Pb, Cd 1.5% IO-BC As: 78%; Cr: 58% 
Pb: 46%; Cd: 50%

- H1 < 1 Non-carcinogenic human health risk Naeem et al. 
(2022)

Cd, As 5.00% biochar - - 1.36 to 
0.33 (↓75.7%)

Non-carcinogenic risk Wang et al. 
(2023)

Cu, Ni, Cr 2% BC + 
1% ZVI

Cu: ↓64.2%; Ni: 
↓59.7% 

Cr: ↓16.7%

2% BC + 1% ZVI lowest with 2% BC 
+ 1% ZVI

Ecotoxicological and plant-based 
comprehensive risk

Li et al. 
(2023)

As 2.00% nano- 
Si-BC

Water-soluble 
NaHCO3- 
As: ↓76%

Shoot 
As: ↓71%

HQ < 1 
POD ↑92%, 
APX ↑46%

Non-carcinogenic health risk; plant 
phytotoxicity

Naeem et al. 
(2024)

Cr(VI), CrT 2 mg/kg 
nFe-ZnO

Cr(VI): ↓95% 
CrT: ↓95.4%

Cr(VI) uptake ↓89.2% 
; CrT ↓78%

HRI <1 Non-carcinogenic health risk via leafy 
vegetable (Trifolium)

Jehan et al. 
(2024)

RSA: residual soil availability; RR: risk reduction; TRA: target risk assessment; Ref.: reference.
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scientifically, but its translation into environmental policy, national soil 
quality standards, or technology certification frameworks remains 
underdeveloped.

Although NBC exhibits promising performance at laboratory 
scale, its practical deployment requires a broader evaluation of 
scalability, cost, and environmental risks. The production of 
modified or doped NBC often involves high-temperature 
pyrolysis, chemical activation, or incorporation of metals (e.g., Fe, 
Zn, Co), all of which increase energy demand, reagent use, and 
operational complexity (Gallego-Ramírez et al., 2023; Saraugi et al., 
2025; Zhang et al., 2025). These steps raise the overall production 
cost compared with bulk biochar, limiting feasibility for large-scale 
soil remediation unless optimized through waste-derived feedstocks 
or low-energy synthesis routes. Life cycle assessments (LCA) 
performed for biochar systems indicate that pyrolysis and post- 
modification stages are the largest contributors to environmental 
footprint, largely due to electricity use, transport of biomass, and 
emissions associated with activation processes (Goswami et al., 2022; 
Zhang et al., 2025). Recent studies demonstrate that although NBC 
offers significant potential for environmental remediation, its true 
sustainability must be assessed through Life Cycle Assessment 
(LCA), covering production, modification, use, and end-of-life 
phases. For example, a full cradle-to-grave LCA of potassium- 
ferrate-modified biochar shows that chemical activation, energy 
consumption, and modifying agents (e.g., K2FeO4) represent 
major contributors to carbon emissions and system costs, even 
though reusing the material for multiple treatment cycles 
substantially reduces both environmental impacts and operational 
expenses (Zhang et al., 2025). Additional LCA comparisons highlight 
that metal-modified biochars introduce extra burdens linked to iron 
extraction, reagent consumption, and wastewater generation, 
emphasizing the need for cleaner synthesis routes and greater 
resource efficiency (Gallego-Ramírez et al., 2023). Despite its 
strong performance, the industrial scalability of NBC remains 
constrained by economic and technological barriers or emerging 
applications such as NBC-assisted anaerobic digestion 
(Gamaralalage et al., 2025), authors highlight that robust techno- 
economic analysis (TEA) and integrated LCA (Gamaralalage et al., 
2025; Koné et al., 2025; Trollip and Merckel, 2025) studies are still 
lacking to determine whether large-scale production can maintain 
cost-effectiveness and sustainability.

Despite the burgeoning interest in NBC for soil amendment, very 
few empirical studies have tracked its functional performance across 
multiple soil treatment cycles or seasons. Recent works such as (Saini 
et al., 2025) demonstrate that nitrogen-fortified NBC improves soil 
moisture retention, nutrient availability and crop yield in a single 
season, yet they stop short of evaluating whether such benefits persist 
beyond one crop cycle or through soil ageing processes. Similarly, 
(Faisal et al., 2025), show NBC ameliorating arsenic toxicity in 
soybean, but the study does not explore how the NBC behaves in 
situ over successive plantings or under repeated stress exposure. 
Furthermore, the review by Kumar et al. (2025) highlights that 
although NBC offers enhanced surface area, nutrient-retention 
capacity and remediation potential, there is a critical lack of long- 
term soil field trials assessing how N ages, degrades, or loses 
effectiveness. Moreover (Zhang, 2025), raises concerns about the 
mobility and negative environmental risks of BC in soil meshes, 
signalling that long-term stability and fate remain under-explored.

5 Conclusion

The temporal evolution of NBC research shows a clear shift from 
purely adsorption-driven mechanisms toward multifunctional 
materials capable of simultaneously enabling adsorption, redox- 
based degradation, catalytic activation, and microbially mediated 
transformations. Early studies (Period I) were dominated by π–π 
interactions, hydrogen bonding, and electrostatic adsorption, but 
Periods II–III reveal the emergence of nanostructured NBC (e.g., 
nZVI-BC, CPS-BC, magnetic biochars) capable of degrading 
pollutants such as Cr(VI), PFAS, and microplastics—reflecting a 
diversification of mechanisms and contaminant types.

The thematic progression from basic adsorption concepts to 
complex topics such as microbial community dynamics and 
environmental risk assessment demonstrates a maturing research 
landscape that increasingly integrates ecological, biochemical, and 
health-oriented perspectives. The appearance of “bacterial 
community,” “microbial community,” and the transition of “risk 
assessment” from an emerging theme (Period II) to a niche/high- 
development theme (Period III) indicate that scientific priorities are 
moving beyond removal efficiency toward understanding long-term soil 
interactions, pollutant fate, and implications for ecosystem functioning.

Despite significant advances in NBC engineering and pollutant 
removal performance, substantial methodological and scalability gaps 
persist—particularly regarding life-cycle sustainability, long-term stability, 
and techno-economic feasibility. Current evidence shows that high- 
temperature modifications, metal doping, and chemical activation 
improve NBC reactivity but also increase environmental footprint and 
production cost. Life Cycle Assessment (LCA) and Techno-Economic 
Analysis (TEA) remain underdeveloped, making it difficult to determine 
whether NBC can be sustainably deployed at industrial or field scales.

Long-term soil behavior, ageing effects, and repeated-cycle 
performance of NBC represent major unresolved challenges that 
require urgent experimental attention before NBC can transition 
from laboratory innovation to real-world soil remediation 
technology. The absence of multi-season field trials, limited 
understanding of NBC mobility in soil matrices, and insufficient 
evaluation of post-application transformations (e.g., dissolution, 
aggregation, loss of active sites) highlight critical knowledge gaps. 
Addressing these issues will be essential for ensuring environmental 
safety, regulatory approval, and durable remediation outcomes.
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