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Abstract. The progress, trends and hotspots of global antimony research knowledge have not been
systematically analyzed using bibliometric methods over the past few decades. This study performed
bibliometric analyses to evaluate the evolution of the biogeochemical processes of antimony in terms of the
article, author, source, country, and topic dimensions from 1985 to 2025, based on 1089 articles from the
Web of Science, with VOSviewer and Citespace. It was concluded firstly, that article publications and
citations have grown rapidly since 2000, respectively, peaking in 2022. Secondly, the majority of
researchers are primarily affiliated with China, the United States, and Germany, and they lead research
teams with distinct directions and priorities. Meanwhile, co-occurrence and burst keyword analyses
revealed the research progress, hotspot changes, and trends. Four primary themes were identified by co-
occurrence keyword analysis: water pollution mechanism, adsorption/oxidation technology, speciation
analysis and bioavailability, and environmental factor regulation. Burst keywords analysis showed that the
focus of research has gradually shifted from early morphological detection to multimedia interaction and
micro-scale interface mechanism. The research and development of remediation materials, the interaction
between microorganisms and antimony, and the remediation of mining pollution have become emerging
hot spots. Finally, suggestions for further research were put forward.
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Introduction

Antimony (Sb) is one of the metals widely distributed in terrestrial ecosystems
(Okkenhaug et al., 2011). According to the report of the United States Geological Survey
(2024), the global Sb reserves in 2024 exceed 2 million tons, while China’s Sb reserves are
640,000 tons, accounting for over 30% and ranking first in the world. At the same time,
China is also the world’s largest producer of Sb, accounting for approximately 48% of the
global Sb mining output. From 2019 to 2022, 63% of the Sb and its oxides imported by the
United States originated from China. Sb is widely used in electronics, chemicals,
construction, automobiles, and other industries (Liu et al., 2019; Filella et al., 2020; Hu et
al., 2021), and the continuous increase in the demand for Sb in these industries has
indirectly driven exploitation of Sb ore resources. However, Sb is regarded as a non-
essential toxic element for the human body and a suspected carcinogen, and it has been
classified as a priority control pollutant by the United States Environmental Protection
Agency (USEPA) and the European Union (EU) (Herath et al., 2017). Sb in different
environmental media can enter the human body through breathing, the food chain, and even
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skin contact, causing damage to the human nervous system, immune system, and genome.
Furthermore, due to the influence of natural activities and human factors, the pollution of
Sb in the mining area environment is inevitable (He et al., 2019; Li et al., 2018). Therefore,
studying the biogeochemical behavior of Sb migration and transformation in the
environment is of great significance for understanding its fate and risk.

Previous studies have shown that the biogeochemical processes of Sb involve various
complex processes such as dissolution and precipitation, adsorption and desorption,
oxidation and reduction, and microbial transformation (He et al., 2019). A series of
mechanisms related to the sources, distribution, forms, migration and transformation, as
well as removal of Sb have been investigated by researchers (Li et al., 2018; Wen et al.,
2023a). Currently, the mechanism of Sb release from host mineral phases and its
migration and transformation processes in different environmental media still lack in-
depth understanding. Although there are many review-type literature that have elaborated
on the biogeochemistry of Sb and the processes of mobility, fate and transport included,
and have proposed the current limitations and the gap between current and future studies
based on existing technologies (Herath et al., 2017; Bolan et al., 2022; Fu et al., 2023).
However, these conclusions or viewpoints are all the results of the conventional review
and summary of historical documents, and do not involve any concepts from
bibliometrics. Consequently, it is urgent to conduct a systematic analysis based on
bibliometrics to understand the research trends, knowledge evolution paths, and regional
differences of Sb in the global environment, in order to provide new insights for the study
of the Sb biogeochemical processes.

Bibliometrics, a branch of information science, employs mathematical and statistical
methods to describe, evaluate, and predict the current status and future trends of science
and technology, utilizing the quantitative characteristics of literature (Xie et al., 2022).
According to statistics, currently only two articles have adopted this method to study the
trends of environmental risks and water quality criteria related to Sb pollution, and there
is a lack of information on the research frontier of Sb biogeochemical processes. In this
study, the VOSviewer and CiteSpace software are used to analysis the papers related to
biogeochemical processes of Sb in the Web of Science (WoS) core collection from 1985
to 2025 to form visualization network maps, including years, countries, authors,
institution, journals, references, and keywords. Through the national and institutional
cooperation network, co-cited references, co-cited journals, the co-occurrence of high-
frequency keywords, the detection of burst words, and other methods, the global research
power distribution, the evolution of themes, and research hotspots are systematically
analyzed, aiming to achieve the following research objectives: (1) identify the most
influential journals, countries, institutions and authors in this research field, and analyze
their research priorities; (2) clarify the changes and differences in research content among
different teams and institutions; (3) interpret the basic knowledge and research frontiers
related to this research field; (4) determine the research focus and future research trends
in different periods. The results of this study aim to provide new insights for future
exploration of the biogeochemical processes of Sb in water, soil, and sediments.

Methodology
Data source and search criteria

In this study, we selected Web of Science Core Collection as the data source. The
setting conditions were as follows: Citation index = ”Science Citation Index Expanded”;
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TI (Title) = (Antimony OR Sb OR “Antimony compounds” OR Antimon* OR Stibium
OR Sb(Il) OR Sb(V) OR Antimonate OR Antimonite) AND TS (Topic
Search) = ((Release OR Mobilization OR Leaching OR Migration OR Desorption OR
Solubility OR Dissolution OR Transport OR Liberation OR Leach* OR Mobiliz* OR
biogeochemistry) AND (Soil OR Sediment OR Water OR Groundwater OR “Surface
Water” OR “Riverine Environment” OR “Lake Water”). The data and materials included
author lists, abstracts, references, citation counts, institutions, journal impact factors,
countries and other information. Afterwards, we conducted a preliminary screening of the
data collected from 1985 to May 2025, resulting in 1138 articles. Excluding irrelevant
research fields such as architecture, nutrition, and mechanics, we obtained 1089 articles.
After removing duplicates from the 1089 papers retrieved using CiteSpace, the effective
number of papers was 1089, which served as the original data source for this study. This
study does not contain any studies with human participants or animals performed by any
of the authors. Therefore, ethical approval and informed consent were not required for
this research.

Analysis method

The 1089 papers downloaded from the WoS database were subjected to the following
analysis: (1) Microsoft Excel 2021 and Origin 2025 software were used for statistical
analysis and plotting the graph of the number of papers per year, subject distribution,
and number of cited. (2) SCImago Graphica (Bate 1.0.49) was used to conduct
geographic visualization of the number of papers and cooperative relationships in the
main participating countries (Huang et al., 2023). (3) CiteSpace (version 6.3.R3) and
VOSviewer (version 1.6.20) software were used to analyze authors, institution,
journals, references, and keywords in publications, forming visualization network maps
to obtain the research status, hotspots, and future development trends in this field (Li et
al., 2017).

These visualization network maps by VOSviewer include three parts: Nodes, lines,
and colors: 1) nodes represent authors, countries, literature, or keywords, and their size
indicates the number of articles published, the frequency of occurrence or the strength
of associations; 2) the line between two node indicates a correlation between them (such
as citation, collaboration, or co-occurrence), with thicker line indicating stronger
correlation; 3) nodes with the same color represent the same attributes, such as
belonging to the same research institution or team, belonging to the same research
direction, or belonging to the same time period. the connecting lines represent the
citation relationships among the authors; The node size represents the total citation
count of the author. The larger the node, the more citations the author has in the field
and the stronger the academic influence. The colors represent different clusters (Nees
Jan and Waltman, 2017).

Results and discussion
Number of papers and subject distribution

The number of papers published each year can reflect the trend of research direction
in a certain field (Chen et al., 2022). As shown in Figure I, the number of papers on the
study of Sb biogeochemical processes gradually increased from 1985 to 2025 and went
through three different periods.
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Figure 1. Annual number of papers and citations from 1985 to 2025

The first period (1985~2000): The concentration or content of Sb in different
environmental media and its distribution characteristics were preliminarily studied.
However, due to technical limitations, the number of relevant papers was at a relatively
low level, ranging from 0 to 7 papers per year, with an average of 3.3 papers per year.
The second period (2001~2012): The rapid increase in the number of papers was
attributed to the gradual exploration of the environmental and human health impacts of
Sb. The focus was on three aspects: 1) The optimization and improvement of Sb analysis
methods resulted in the emergence of highly sensitive and selective detection techniques
for Sb speciation analysis, such as high-performance liquid chromatography inductively
coupled plasma mass spectrometry (Krachler and Emons, 2001); 2) The migration and
transformation process of Sb in environmental media was identified with technological
innovation (Cutter et al., 2001); 3) Highly adsorptive materials for treating high
concentrations/contents of Sb were systematically studied, for example, over 95% of
Sb(III) in experimental solutions could be removed by hydroxyapatite (HAP) adsorption
within 30 min (Leyva et al., 2001). The third period (2012~2025): The number of papers
continued to grow and remained at a high level, mainly due to the more prominent
environmental problems of heavy metal Sb. During this period, the research entered a
more in-depth and detailed stage. In terms of environmental geochemistry and pollution
mechanisms, attention began to be paid to the influence of redox conditions on the
migration and transformation mechanism of Sb (Hockmann et al., 2014a, b). In terms of
pollution control, technologies such as adsorption material development (Alvarez-Ayuso

etal., 2013; Lu et al., 2015), electrochemical removal technology (Li et al., 2018; Luo et
al., 2025) and bioremediation were widely studied (Van et al., 2015; Rong et al., 2022).
In terms of environmental risk assessment, the transmission of Sb in the food chain,
human exposure risk and pollution traceability have become research focuses. Previous
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studies found that the accumulation of Sb in rice in the tin mine area of China was blocked
by iron (Fe) film, but Sb(V) could enter the plant through the root system, then enter the
human body through the food chain (Ren et al., 2014). Meanwhile, the influence of
microorganisms on the migration and transformation of Sb and the application of
emerging materials have become new research trends during this period. In addition,
compared with foreign countries, China’s research on the biogeochemical processes of
antimony started relatively late. From 1985 to 2001, there were almost no related papers
published. The rapid increase after 2002 was attributed to the high attention paid to the
environmental problems caused by antimony, which comes from the distribution analysis
of academic papers. Of course, the increase in the number of articles is also slightly
influenced by the rapid development of information technology. For example, the rise of
the open access (OA) model has given birth to a large number of new journals. The
establishment of these journals themselves contributes to the absolute growth in the
number of papers, but this part of the growth reflects the broadening of publishing
channels, and it does not necessarily equate to a substantial growth in scientific research
activities at the same rate.

In terms of citations of papers, the citations of papers before 2000 were very low. It
increased rapidly from 2000 to 2012, and the growth trend was the same as that of the
number of papers published. After 2012, the number of paper citations decreased
gradually each year, but maintained a high level. In general, the number of research papers
on biogeochemical processes of Sb has shown a clear growth trend over the past few
decades, especially after 2010, when the research enthusiasm has continued to increase,
reflecting the academic community’s continuing attention and attention to the issue of
biogeochemical processes of Sb.

Through the statistical function analysis of the WoS system, as shown in Figure 2,
the top 10 disciplines in terms of the number of papers in this field are environmental
science, engineering environment, analytical chemistry, geochemistry, water resources,
engineering chemistry, multidisciplinary materials science, multidisciplinary
chemistry, physical chemistry, and mineralogy. This shows that the research on
biogeochemical processes of Sb is a comprehensive issue involving multidisciplinary
intersections.

I Environmenial Sciences

I t:ngincering Environmental

I Chemistry Analytical

B Geochemistry Geophysics
Water Resources
Engineering Chemical
Materials Science Multidisciplinary
Chemistry Multidisciplinary
Chemistry Physical
Mineralogy
Soil Science

B Geosciences Multidisciplinary

[l Nanoscience Nanotechnology

I Physics Applied

I Toxicology

I Public Environmental Occupational Health

I Food Science Technology

I Mining Mineral Processing

B Spectroscopy

B Green Sustainable Science Technology
Energy Fuels
Meteorology Atmospheric Sciences
Biotechnology Applied Microbiology
Chemistry Applied
Metallurgy Metallurgical Engineering

7.3% 74%

Figure 2. The percentage of subject distribution of papers
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Overall, the number of papers on antimony biogeochemical processes has shown a
significant growth trend over the past few decades. Especially after 2001, the research
enthusiasm has been continuously increasing, reflecting the academic community’s
continuous attention and emphasis on the issue of antimony biogeochemical processes.

Main research forces
National and international cooperation

The amount of papers from different countries not only intuitively reveals their level
of activity in Sb research, but also helps researchers grasp the global distribution of Sb
research, which provides a reference for investigations and cooperation (Chen et al.,
2020). According to the analysis of the WoS database, it can be known that 71 countries
have conducted research on the biogeochemical process of Sb (Figs. 3 and 4). Among
them, the number of papers from China is 393, accounting for 35% of the total global
papers. The proportions of papers from the United States and Germany are 8.5% and
5.2%, respectively. This indicates that Chinese researchers pay extremely high attention
to scientific issues related to Sb.
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Figure 3. Geographical distribution of published papers by countries. (The connection
represents the cooperative relationship between the two countries)

The Scimago Graphica and VOSviewe were used to analyze and obtain the
visualization map of the cooperation network among countries (Fig. 5) and the
superimposed visualization map (Fig. 6). In Figure 5, the node size represents the number
of papers issued by a country. The lines connecting the nodes indicate that there is a
cooperative relationship between the two countries. The color of the element represents
the cluster to which it belongs. Different clusters are represented by different colors. This
view can be used to view each individual cluster. In Figure 6, different colors correspond
to the average start time of the study, with bluer colors indicating earlier study times and
yellower colors indicating later study times.
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Based on the analysis conducted using SCImago Graphica, countries can be
categorized into the following three groups according to the intensity of their cooperation
with other nations (Fig. 5): the first green cluster includes countries such as China, the
United States, Australia, Canada, Japan, and the United Kingdom; the second red cluster
includes countries such as Germany, the Czech Republic, the Slovak Republic, Belgium
and Finland; the third blue cluster includes countries such as France, Spain, Norway, and
Sweden. Countries within the same group may share similar research directions or have
deep collaborations. China is the country that has conducted the most cooperation with
other countries, followed by the United States, Germany, and Canada. Slovakia is also

active in this research field, but most of its published papers are authored domestically,
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with limited collaboration with other countries or regions. From the perspective of time
span, Chile, Japan and New Zealand conducted earlier research in the field of Sb,
followed by France, the United States and Germany, while China, South Korea and Italy
conducted the research relatively later (Fig. 6).

swéglen italy
chile
greece
br@zil
nogay. england poland
wgal ¢ W h tepubli
portuga frafice paitan czech republic
netheglands south korea
australia gefmeny canada
switzgfland china slovakia
turkey
e & india belgium saudiarabia
new z@aland japan
iran
i TS I
& VOSviewer ' — A
. 2012 2014 2016 2018

Figure 6. Visualization of time evolution of international cooperation

Focus analysis of main research institutions

Based on the collaborative research conducted by the organization, we can gain a
deeper understanding of the most influential institutions in the field of Sb biogeochemical
processes (Zhang et al., 2020). In VOSviewer, we set the analysis type as “Co-authorship”
and the node type as “Organizations”, and thus obtained the top 10 research institutions
that have published the most articles in domestic and foreign journals (7able I).

Table 1. Average number of citations per article for the top 10 research organizations in
terms of papers

Institutions Country Number .Tofal Number of c‘itations
of papers| citations per article
Chinese Academy of Sciences China 88 2768 31.45
Beijing Normal University China 35 2036 58.17
University of Chinese Academy of Sciences China 35 757 21.63
China University of Geosciences China 26 465 17.88
Guizhou University China 21 156 7.43
N Emonmentl Seinces China | 20 | 39 19.99
Comenius University in Bratislava Slovak Republic 19 642 33.79
Southern Cross University Australia 17 667 39.24
ETH Zurich Switzerland 16 1244 77.8
University of New England Australia 12 408 34
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Figure 7. (a) Author citation network mapping. (b) Author collaboration network mapping

Through analyzing the collaborative relationships among authors, it was found that
authors affiliated with the same institution have a higher frequency of collaboration,
indicating a high likelihood that they belong to the same research teams (Fig. 7a and b).

The larger the node, the more citations the author has in the field and the stronger the
academic influence (Fig. 7a). Different colors represent different clusters, which
indicates different research teams, and larger nodes suggest that the author is a major
contributor to the research field of their team (Fig. 7b). Six out of ten institutions are from
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China, representing China’s main research force in this field. In 7able 1, the Chinese
Academy of Sciences (CAS) has the highest number of papers and total citation
frequency, followed by Beijing Normal University (BNU). However, Swiss Federal
Institute of Technology in Zurich (ETH Zurich) has the highest average citation frequency
per article, indicating that the average level of articles published by ETH Zurich in this
field is relatively high. The author with the largest number of citations is He Mengchang
(BNU), followed by Hockmann, Kerstin (ETH Zurich) and Johnston, Scott G (ETH
Zurich), indicating that their study have important academic influence (Fig. 7a). Here,
we mainly identify three representative groups, and each group has one largest
contributor. The first group (green) is mainly a scientific research team composed of
researchers such as He Mengchang, Lin Chunye and Wang Xiangqin, affiliated with
BNU. The second group (red) is mainly a research team composed of researchers such as
Hockmann, Kerstin and Schulin, Rainer, affiliated with ETH Zurich. The third group
(blue) is mainly a research team composed of researchers such as Zhou Jianwei, Zhou
Aiguo and Wen Bing, affiliated with China University of Geosciences (CUG). The
biggest contributors of these three scientific research teams in the field of Sb research are
He Mengchang, Schulin, Rainer and Zhou Jianwei, respectively. Considering the number
of papers and average citation frequency per article, we selected CAS, ETH Zurich, BNU
and CUG as representative institutions, and analyzed their representative articles to
summarize the key research directions of these institutions.

The development of CAS in this research field can be divided into three stages,
reflecting a progressive innovation from basic science to multidisciplinary integration. In
the basic research stage, the institution mainly focused on the development of analytical
methods and material design at the laboratory level, laying the technical foundation for
the research. Yu et al. proposed the adsorption performance of thiol cotton fiber (TCF)
for Sb(II) and explored the adsorption kinetics and selective separation (Yu et al., 2002).
Zhang et al. developed electrochemical hydride generation atomic fluorescence
spectrometry (EHG-AFS) for high-sensitivity detection of arsenic (As) and Sb in
traditional Chinese medicine (Zhang et al., 2005). Zhang et al. studied the oxidation state
of antimony (Sb(IIT) and Sb(V)) in polyethylene terephthalate (PET) bottles by X-ray
absorption fine structure spectroscopy (XAFS) and found the chemical form change and
migration risk of Sb in polymer (Takahashi et al., 2008). In the mid-term stage,
institutional research expanded from the laboratory to the soil, plants and Sb mining
environment, and focused on the form transformation, toxic effects and adsorption
removal technology of Sb. Zhang et al. studied the migration law of Sb in mining
environment (water, sediment, soil) and revealed the release mechanism of Sb during the
extraction of gold by cyanide (Zhang et al., 2009). Xu et al. proposed the synergistic
mechanism of Fe-Mn binary oxide (FMBO) for the oxidation adsorption of Sb(III), which
became a classic material for efficient removal of Sb (Xu et al., 2011). Qi et al. found that
copper doping into magnetite (Cu-FesO4) can significantly improve the oxidation
adsorption capacity of Sb(III) (maximum adsorption capacity 43.55 mg/g) (Qi et al.,
2016). Lou et al. designed a three-dimensional reduced graphene oxide/MnsOa
(RGO/Mns04) composite material to achieve efficient removal of Sb(III) and Sb(V)
(maximum capacity 151.84 and 105.50 mg/g) (Zou et al., 2016). In the later stage, the
institution added interdisciplinary research such as isotope technology, microbiology and
molecular simulation. For instance, it focused on the effects of microorganisms (such as
sulfate-reducing bacteria and nitrate-reducing bacteria) on the oxidation-reduction,
methylation and sulfide precipitation of Sb, and also explored the mechanism of
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interaction between Sb and organic matter in complex environmental systems. Xiao et al.
analyzed the microbial community structure in antimony-contaminated soil and found the
correlation between specific bacterial communities and Sb forms, and proposed the
possibility of microbial driven oxidation reduction of Sb (Sun et al., 2017). Ye et al.
revealed that sulfate reducing bacteria promote the release of Sb through the formation of
thioantimonate, and underscore the significance of biological sulfide generated by sulfate-
reducing bacteria in determining the fate and migration of Sb (Ye et al., 2019). Zhang et
al. studied the possibility of nitrate-dependent Sb oxidation in antimony-contaminated
rice fields and identified nitrate-dependent Sb (III) oxidation bacteria (Zhang et al., 2021).
The Chinese Academy of Sciences has undergone an evolution in the field of Sb research,
from fundamental analysis to environmental behavior, and then to the innovation of
molecular mechanisms and remediation technologies. The research focus has gradually
shifted from the development of a single technology to the collaborative regulation of
multiple processes in complex environmental systems. By integrating materials science,
microbiology and geochemistry, it has promoted the development of research from the
laboratory to practical applications. The developed composite materials and other
technologies have international influence in the remediation of Sb pollution.

ETH Zurich mainly focuses on the adsorption, redox transformation and migration
mechanism of Sb in soil. Among the 16 papers published by the Institute, 13 papers were
on the migration and transformation of Sb in soil, accounting for 81.25%, and most of the
research objects were shooting ranges contaminated with Sb. The main research
directions include: 1) the effect of flooding on the dissolution, mobility and redox state
of Sb in soil; 2) The absorption of Sb with different valence state by plants under different
conditions. With the extension of flooding time, the environment in the soil will change
from oxidation condition to reduction condition, and Sb (V) in the soil will be reduced to
Sb (III), which will cause the change of valence state and reduce the solubility of sb, but
will cause the change of Sb absorption of plants, which will increase the risk of sb entering
the food chain from the soil (Wan et al., 2013a, b). Hydroxides of Fe and Mn are important
adsorbents for Sb in soils and sediments, but the mineral surface can also catalyze the
oxidation process, thereby activating Sb and increasing its mobility. It is difficult whether
goethite can fix Sb by adsorption or whether the adsorbed Sb (III) is oxidized to Sb (V)
and released. “Sorption of Sb(IIT) and Sb(V) to goethite: Influence on Sb(IIl) oxidation
and mobilization” (2006) has an impact factor (IF) of 10.8 and a citation frequency of
434. 1t is a representative article of the institution in this research field. Schulin, Rainer et
al. found that the mobilization of Sb(III) under Fe-reducing conditions may significantly
increase (eco)toxicological risks arising from Sb-contaminated soils that are prone to
flooding or waterlogging. Therefore, ETH Zurich’s research achievements have improved
the research on the migration and transformation of Sb in soil and the absorption of Sb
by plants, and have guiding significance for future researchers.

BNU ranks high in both the number of papers and the average citation per article. The
main research directions include: (1) migration and transformation of antimony in the
mining environment; (2) The change of antimony adsorption capacity under different
conditions. BNU has conducted relevant research in many river basins and mining areas
in China, such as Xikuangshan, Zijiang River and the Three Gorges Reservoir. Its research
results are rich and have further filled the gap in this field. It has made an in-depth study
on the form, distribution and geochemical behavior of Sb in rivers and soils in the
Xikuangsha. A systematic analysis of the morphological distribution of Sb in water bodies
and sediments in mining areas found that Sb is mainly Sb(V), and its migration is
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regulated by oxidation and adsorption processes (Guo et al., 2018). In addition, sediment
retention in reservoirs and dams near mining areas will lead to secondary release of Sb,
and iron/aluminum oxides in sediments play a dominant role in the solid phase adsorption
of Sb (Guo et al., 2018; Liu et al., 2023). Studies have shown that the release of Sb in
sediments is closely related to redox conditions, and the release amount under anaerobic
conditions is significantly higher than that in aerobic environments (Wang et al., 2011).
In cutting-edge research, researchers have found that Sb isotope analysis has great
potential for tracing the source of Sb and biogeochemical processes in the environment
(Liu et al., 2024). In terms of adsorption and fixation of antimony, it focuses on the
adsorption capacity of different substances for Sb under different environmental
conditions (such as Kaolinite, Iron (hydr)oxides, Goethit). The adsorption of Sb (V) by
kaolinite is closely related to pH, but it is not resistant to humic acid (Xi et al., 2010).
Some anions will affect the adsorption of sb, and there is a competitive relationship at the
adsorption point. PO4* significantly reduced the adsorption of Sb (III) by goethite, while
NO** and SO4* had no such effect (Xi et al., 2013). By studying the characteristics of
antimony migration, designing appropriate proportions of Fe-Mg modified biochar and
Fe-Al-Based Amendments will reduce the migration rate of antimony in contaminated
soil, play a fixed role, and play an important role in environmental governance (Jiao et
al., 2022; Wang et al., 2022). He Mengchang et al. mainly focus on studying the migration
and transformation mechanism of Sb in soil, water and sediment, focusing on its
occurrence form, bioavailability and geochemical cycle process in different
environmental media, revealing the impact of natural and human activities on the
distribution of Sb, and providing model support for clarifying the reaction kinetic
mechanism of Sb at the environmental interface (such as soil-water, mineral-organic
matter) and predicting its long-term environmental behavior. In recent years, Sb pollution
in Sb mining areas has attracted more and more attention in various countries. There is
often long-term mining in this area, which leads to serious Sb pollution. At the same time,
it involves the migration and transformation of Sb in different environmental media such
as water (surface water-groundwater), soil and sediment. There are many pollution
pathways and it is difficult to control, so it has become a key research area for researchers.
In addition, the research directions of their research team include: the kinetics and
mechanism of light-promoted Sb>O3 oxidation and dissolution, the adsorption capacity of
new materials for Sb, the Sb isotope composition and enrichment characteristics of water
sediments in mining areas, etc. (Hu et al., 2014; Jiao et al., 2022; Liu et al., 2024).

The papers of CUG are relatively few, and its research started relatively late, but it has
many latest research achievements. As early as 2016, Zhou Jianwei et al. began studying
the Hydrogeochemical Characteristics of Groundwater at the Xikuangshan Antimony Mine
in South China (Nyirenda et al., 2016). The research team used Sb isotope characteristics
to provide new insights into the source and geochemical processes of Sb in the Xikuangsha
(Wen et al., 2016, 2022, 2023b). Zhou Jianwei et al. focused on the occurrence form,
migration and transformation laws and driving factors of Sb in the mining area and
surrounding environment (soil, groundwater, surface water), studied the effects of natural
weathering, mining activities and anthropogenic emissions on the diffusion of Sb, and
revealed its geochemical cycle characteristics in a multimedia environment.

In summary, all three teams studied the migration and transformation of Sb, including
the effects of different factors (pH, temperature, ionic strength, light, etc.) on the
dissolution and release of Sb, the adsorption of Sb by different substances or materials,
and the mobility of Sb in different environmental media. He Mengchang et al. focused
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more on the adsorption capacity of different materials or minerals for Sb and related
influencing factors. Schulin, Rainer et al. release of antimony induced by redox changes,
laying the foundation for early research. However, they have not produced any latest
research findings in recent years. Zhou Jianwei et al. conducted more in-depth research
on the sources, migration and transformation of Sb pollution in Sb mining areas, and used
isotope characteristics to study the characteristics of Sb migration and transformation in
the mining area’s water systems. Although the research focus of each research team is
different, with the passage of time, the research has gradually deepened, carried out the
research on the migration and transformation of Sb in various Sb polluted environments,
actively explored the distribution, migration and transformation, repair and toxic effects
of Sb, and comprehensively promoted the research progress of Sb biogeochemical
processes by combining the research advantages and technologies of different disciplines.

Co-cited analysis
Co-cited analysis of references

When two articles are simultaneously cited by other articles, a co-cited relationship is
formed between them. The number of times they are co-cited is called the co-citation
strength. The greater the co-citation strength, the more similar the research topics and the
closer the research contents of the two articles. By constructing a co-citation network, the
thematic content relationships among articles can be visually displayed, helping
researchers identify the research frontiers and hotspots in a discipline. In Figure 8, larger
nodes indicate that the article has received a higher degree of approval. The paper entitled
“Antimony in the environment: a review focused on natural waters 1. Occurrence” by Dr.
Filella in 2002 has the highest co-citation frequency, with a total citation frequency of
266 times and co-citation frequency of 1192 times. This article reviews 420 papers on
freshwater, seawater, estuaries, soils and sediments, summarizes the distribution
characteristics and chemical behavior of Sb in the environment, and focuses on the
existence form and migration law in natural waters, soils and sediments (Filella et al.,
2002a). The paper entitled “Antimony in the environment: a review focused on natural
waters II. Relevant solution chemistry” by Dr. Filella in 2002 has a total citation
frequency of 175 times and co-citation frequency of 643 times. This article discusses the
main characteristics of Sb solution chemistry related to the behavior and fate of Sb in
natural waters (Filella et al., 2002b). The second is Professor Wilson SC’s 2010 paper
titled “The chemistry and behavior of antimony in the soil environment with comparisons
to arsenic: A critical review”, which has a total citation frequency of 204 times and co-
citation frequency of 772 times. This paper focuses on the environmental chemical
behavior of inorganic Sb in soil. Through a systematic comparison with arsenic, it reveals
the difference between the two in the soil system and their environmental significance
(Herath et al., 2017). Through the analysis of these three articles, it can be concluded that
Sb has a relatively low abundance in the Earth’s crust, but is significantly enriched due
to geological and human activities. It mainly exists as Sb(V) in an oxidizing environment,
and its chemical properties in different media are also affected by factors such as pH,
iron/manganese oxides, chlorides and sulfides. Further research is needed on the redox
kinetics of Sb, its methylation mechanism, its bioavailability in the environment, and the
influence of microorganisms and organic matter. Together, these papers provide a
comprehensive theoretical basis and research direction for the study of the environmental
behavior of Sb, which is of great guiding significance for subsequent research.
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Figure 8. Visual analysis of co-cited references (cited frequency > 65)

Co-cited analysis of journal

Journal analysis is a method for quantitative analysis of literature and is widely used in
various disciplines. By analyzing the source distribution of papers on the core data set,
researchers can quickly find literature (Han et al., 2006). The WoS database was analyzed
to obtain the top 5 journals in terms of the number of papers published in this research field
over the past 30 years from 1895 to 2025 (7able 2). It was found that total citations of the
top 5 journals with the most citations was 9403. These journals cover multiple disciplines
such as environmental science, environmental engineering, ecotoxicology, geochemistry,
chemistry, and materials, indicating that research in this field is popular and can be
published in mainstream journals in multiple fields. The journals with the largest number
of papers and the highest citation frequency per article are Science of The Total
Environment and Environmental Science & Technology, involving 56 and 30 articles
respectively (Table 2). The papers included in this journal include popular research
directions in this research field. In the papers related to this research field published in the
journal Environmental Science & Technology in the past 10 years, keywords show that 40%
of papers focus on the redox process of Sb (Leuz et al., 2006; Hu et al., 2014; Arsic et al.,
2018), 40% of papers focus on the relationship between microbial respiration and Sb (Wang
et al., 2018; Ye et al., 2022), and 20% of papers focus on the adsorption characteristics of
Sb (Okkenhaug et al., 2016; Yan et al.,, 2022). Based on the analysis of the citation
frequency per article and its research content, it can be known that the current focus of Sb
research still leans towards the study of the mechanism of Sb biogeochemical processes.

Keywords analysis of co-occurrence and burst
High frequency keywords co-occurrence analysis

The keywords co-occurrence graphs generated by CiteSpace and VOSviewer can be
summarized into 4 clusters (Fig. 9a and b). Cluster 1 (blue) includes the following key
words: environment, water, mine, As, groundwater, pollution, natural-waters, etc. This
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cluster mainly studies the pollution mechanism and ecological impact of Sb on the water
environment, and focuses on the migration behavior of Sb in environmental media (such as
dissolution and redox processes) and its potential risks to ecosystems and human health.
Cluster 2 (green) includes the following key words: adsorption, removal, oxidation,
mechanism, aqueous-solution, nanoparticles, etc. This cluster mainly studies the removal
mechanism of heavy metals and antimonates with adsorption (such as nanomaterials and
organic matter) and oxidation technology as the core, focusing on chemical processes and
technical optimization in wastewater treatment. Cluster 3 (red) includes the following key
words: speciation, soil, mobilization, metals, organic-matter, sediment, bioavailability, etc.
This cluster mainly reveals the occurrence forms, migration and transformation
mechanisms and bioavailability of Sb in soil/sediment, and emphasizes the risk assessment
and remediation of sites contaminated by Sb. Cluster 4 (yellow) includes the following key
words: temperature, drinking-water, selenium, release, pH, mobilization, etc. This cluster
mainly explores the influence of environmental conditions such as temperature and pH on
the release behavior of Sb in drinking water or sediments, focusing on the dynamic
migration of pollutants under extreme environments (such as high temperature and acidic
conditions) and their potential threats to human health. The pollutant removal technology
of cluster 1 and the environmental effect research of cluster 2 jointly support the pollution
control in mining areas; the morphological analysis of cluster 3 and the release mechanism
of cluster 4 provide a theoretical basis for risk assessment. The results of the four cluster
analyses indicate that the transformation of Sb forms in the environmental medium and its
biological availability are the key difficulties in cross-category research, and they need to
be comprehensively addressed by integrating geochemistry, environmental chemistry and
engineering technology.

Table 2. Impact factor of co-cited journals (Top 5)

Journal Number of articles Total citations IF (2023)
Environmental Science & Technology 30 2856 10.9
Science of The Total Environment 56 1972 8.2
Journal of Hazardous Materials 37 1621 12.2
Environmental Pollution 26 1512 7.6
Geochimica Et Cosmochimica Acta 14 1442 4.5

The overlay visualization map of keywords co-occurrence (Fig. 9c) can intuitively
observe the time points of keywords concentration, so as to analyze the research topics at
each stage and recent research hotspots, and provide reference for later scientific
researchers to choose research directions. Based on the summary of the keywords in
Figure 9c, Table 3 is drawn as a reference. From the key word information of the first period
(1985~2000), it can be identified that there are not many research directions for Sb. It
mainly focuses on the exploration of detection technology (Chattopadhyay et al., 2004) and
the mobility of Sb with other trace elements (selenium, bismuth) in the environment (Hou
et al., 2005). The terms “drinking water” and “toxicity” indicate that people began to pay
attention to the toxicity of Sb and the safety of drinking water during this period. In the
second period (2001~2012), the keyword nodes of “water”, “soil” and “sediment” are large,
which are the environmental media of most studies. From the perspective of node size, there
are more studies on the migration and transformation of Sb in the water environment,
followed by soil and sediment. Sb, As and Bi belong to the fifth group of elements in the
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periodic table and have relatively similar chemical properties. Researchers usually study
them together. The keywords “transport, oxide, reduction, adsorption, bioavailability”
indicate the main geochemical behavior of Sb in water-soil-sediment environmental media.
Organic matter, as one of the main influencing factors of Sb migration and transformation,
has received continuous attention from the scientific community in related research.
Interactions of Sb with natural organic matter also are important portion for the fate,
mobility and transformation of Sb in aquatic systems (Herath et al., 2017). Sb can be
combined with carboxylic acids, alcohols, phenols and amino acids in organic matter.
Common humic acids, such as humic acid, have high adsorption capacity for Sb (Pilarski
et al., 1995). In addition, humic acid can catalyze the oxidation of Sb (III) to Sb (V), which
affects the mobility of Sb in the surrounding environment. The influence of dissolved
organic matter (DOM) on the enrichment mechanism of Sb at the molecular level needs to
be further improved (Hao et al., 2024). In the third period (2012~2024), the keywords
“Xikuangshan, ferrihydrite, ground water, contaminated soil, microbial community” reveal
the important research objects in this research field in recent years. Xikuangshan is located
in the northeast of Lengshuijiang City, Hunan Province, and is the largest Sb deposit in the
world. Mining, mineral processing, smelting and other mining activities in the past century
have caused a series of mine geological environmental problems. Sb pollution in soil,
surface water and groundwater is particularly prominent, and has also become the key
research object of domestic researchers. Iron minerals are the most common minerals in
nature, with a wide variety, which will occur complex mineral phase transformation and
chemical reactions in the environment, and are important factors affecting the behavior of
Sb and other heavy metals in the environment. Microbial oxidation and reduction process
can directly affect the type, mobility and migration of Sb in the environment (Han and Park,
2020; Deng et al., 2021). In general, the research is changing from the past single
environmental medium research to the complex environment, and the research direction is
also changing from the simple chemical behavior of dissolution, adsorption and
precipitation to the complex chemical behavior of oxidation, reduction and transformation.
The influence of multiple factors on the migration and transformation of Sb is also one of
the focuses of future research.

Table 3. Summary of keywords in different periods

Periods Keywords
The first period Trace-element, Selenium, Bismuth, Hydride generation, Solubility,
(1985~2000) Environmental mobility, Drinking water, Toxicity
The second period Water, Soil, Sediment, Shooting range, Speciation, As, Transport, Oxide,
(2001~2012) Reduction, Adsorption, Pollution, Bioavailability, Organic-matter
The third period Behavior, Xikuangshan, Ferrihydrite, Ground water, Removal, Contaminated
(2012~2025) soil, Transformation, Microbial community

The density visualization map of keywords co-occurrence (Fig. 9d), showing the hot spot
intensity of different keywords. The warm red color represents the hot spot area, and the
cold blue color represents the cold area (Zhang et al., 2020). The keywords with high density
are: water, specialty, soil, metal, mobility, As, adsorption, oxide. It is worth noting that,
different from the previous analysis, the keywords “removal”, “Sb(III/V)”, “mechanism”,
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“aqueous-solution”, “waste-water”, “degradation” are relatively clustered, indicating that
the research on the removal technology of Sb pollution in water is a hot direction, including

the research and development of nano adsorbents and electrochemical degradation.
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Figure 9. (a) Visualization of keywords co-occurrence. (b) Visualization of keywords co-

occurrence. (c) The overlay visualization map of keywords co-occurrence (the colors represent

the time when the keyword appeared). (d) The density visualization map of keywords co-
occurrence. (The warm red color represents the hot spot area, and the cold blue color
represents the cold area)
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Burst keywords detection analysis

The high-frequency keywords time series analysis function of CiteSpace is mainly
used to track the changing trend of keywords in the research field over time, revealing the
evolution path of topic hotspots, the emergence of emerging directions and the decline of
traditional topics. By identifying keywords that surge in a short period of time, using burst
word detection analysis to observe rapidly growing topics, we can understand the changes
in topics in recent years. By constructing a keywords co-occurrence network for the study
of Sb biogeochemical processes from 1985 to 2025, the top 20 emergent keywords are
shown in Figure 10. This research has gone through decades of development, and its
research focus has been constantly evolving with technological progress and
environmental needs. It can be divided into three main stages.

Top 20 Keywords with the Strongest Citation Bursts

=1

transformation 2 721 2022

Keywords Year Strength Begin End 1985 - 2024

bismuth 1992 6.22 1902 2008

selenium 1993 428 1903 2003 ——————

hydride generation 1001 5.55 1000 2008 ——

environmental mobility 2007 3.88 2007 2009 —

speciation 1995 3.8 2007 2010 —

stability 2004 3.67 2000 2012 —

plants 2010 3.82 2013 2015 —

drinking water 1991 5.76 2015 2018 —

natural waters 1004 6.16 2016 2018 —

mineral water 2017 4.7 2017 2019 —

migration 2017 3.89 2017 2020 —

ron oxide 2017 3.65 2017 2019 —

oxide 2016 4.75 2019 2022 —

microbial community 2019 3.87 2019 2022 —

phosphate 2019 3.86 2019 2020 —

xikuangshan 020 5.62 2020 2022 —

risk assessment 020 5.43 1020 2022 —

ferrihydrite 5.62 2021 2024 —
202 —
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Figure 10. The top 20 keywords with the strongest citation bursts. (The red lines in the diagram
are heat bars, representing the time period with the strongest citation bursts; the green bars
were keywords cited infrequently)

The early stage (1992-2010) focused on analytical methods and basic mobility
research. “hydride generation” as a key technology for Sb detection, promotes the
morphological analysis of Sb and clarified the dominant role of chemical forms such as
Sb(IIT) and Sb(V) in its environmental behavior. In the early stage, there were many
researches on the distribution and detection technology of heavy metals such as “sb”,
“bismuth” and “selenium”, such as “hydride generation ICP-AES” (Morrow et al., 1997)
and “gas phase molecular absorption spectroscopy” (Cabredo et al., 1998). So these
keywords appeared more frequently in this period.

In the mid-term stage (2010-2017), the research scope expanded to multimedia
pollution and ecological risks. The emergence of “natural waters” and “drinking water”
reveal the threat of industrial emissions and geological enrichment to water safety, and
indicate that the research in this period mainly focused on the migration and
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transformation of Sb in water. The emergence of “plant” indicates that the study of plant
absorption mechanism focuses on the ecological risk of Sb transmission through the food
chain. This stage began to pay attention to multimedia interactions, but it is still mainly
based on phenomenon description and lacked microscopic mechanism support.

In the recent stage (2017-2025), the research turned to the microscopic mechanism and
interfacial process of Sb migration and transformation. The “iron oxide” and
“ferrihydrite” have become hot topics due to their efficient adsorption of Sb (Garau et al.,
2019). The emergence intensities of “phosphate” and “microbial community” represent
that the competitive adsorption of phosphate and the redox reaction driven by the
microbial community revealed the complex transformation pathways of the solid-liquid-
biological interface (Biver et al., 2011; Sun et al., 2017). The case of Xikuangshan, the
world’s largest Sb mining area, highlights the need for mining area restoration. The high
emergence intensities of “transformation” (7.21) and “behavior” (6.27) indicate that the
morphological dynamics and multimedia coupling effects of Sb have become cutting-
edge directions. The term “behavior” represents the migration and transformation of Sb
in different environmental media, including dissolution and precipitation, adsorption and
desorption, oxidation and reduction etc. It shows that more and more attention has been
paid to the study of the migration and transformation process of Sb.

Suggestions and prospects

Sb is an important participant in the geochemical cycle, and its geochemical process
involves multiple spheres such as atmosphere, water, rock and soil. In view of the fact
that studying the migration, transformation and enrichment of Sb in different media is
helpful to improve its environmental geochemical process, so as to effectively evaluate
the impact of Sb pollution on the ecological environment and provide a scientific basis
for the formulation of environmental quality standards and pollution prevention and
control measures, several suggestions are put forward for future research. First, the
current treatment methods for Sb pollution control are still immature. According to the
adsorption, desorption and redox characteristics of Sb in different media, new adsorbents
or remediation materials should be developed to remove Sb pollutants in the environment
and improve the efficiency and effect of pollution control. Second, the interaction
between Sb and microbial communities can affect its fate in the natural environment.
Microbial communities interact with the dissolution, oxidation, reduction, methylation,
bioaccumulation and mobility of Sb. In turn, Sb will have ecological effects on microbial
communities (such as biomass, basic respiration rate, enzyme activity, community
structure and biochemical processes). Under realistic environmental conditions, the
dissolution and redox reactions of Sb(III) may be caused by chemical and microbial
interactions. Therefore, the combined effects of these two factors should be considered.
Third, current research on Sb forms and their transformation laws is mainly based on
indoor simulations, but the ionic strength, impurities, pH and other conditions of natural
water bodies are more complex. The transformation laws of Sb forms in natural water
bodies need to be further verified, especially the mineral particles and natural organic
matter rich in natural water bodies interact with different forms of Sb, thereby affecting
its form, toxicity, migration and transformation, and biological effectiveness. These
mechanisms need to be further explored. Fourth, Sb isotopes are a powerful tool for
tracing Sb pollution sources and biogeochemical processes. To date, many studies have
reported the Sb isotope composition in different environments and anthropogenic
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samples, but few studies have reported the Sb isotope composition in mining water
environments where Sb pollution is ubiquitous. The composition and fractionation
mechanism of Sb isotopes in environmental systems need to be further clarified.

Conclusion

Based on 1089 articles in Web of Science, this study used Citespace and VOSviewer
to conduct a bibliometric analysis of the evolution and development of research on the
migration and transformation of Sb in water, soil and sediment. Based on the above
analysis, the following conclusions were drawn.

(1) The number of papers on Sb in China ranks first globally, but the number of highly
cited articles in these papers still lags behind that of the European Union and the United
States. Currently, China leads in terms of the number of papers and international
influence, which is based on the fact that China is a country with a large Sb reserve.
However, the highly cited research in this field still focuses on institutions in Europe and
America.

(2) In terms of research time, CAS and ETH are earlier than BNU and CUG. In terms
of research content, CAS is more comprehensive, ETH is more focused on the migration
and transformation of Sb in soil, while BNU and CUG are more concerned about it in
mining areas.

(3) The hot spots in each period are different, which is related to the research topics
and cognition of scholars on Sb in this period. The emergent words in each period can
clearly reflect the research direction and hot spots of that stage, and thus know the
development trend. At present, the emergent words such as “microorganism”,
“phosphate”, “ferrihydrite” and “iron oxide” indicate that the current research focus is
mainly on the influence of microorganisms on the speciation and mobility of Sb, the
competition of phosphate for Sb adsorption sites, the efficient adsorption of Sb by
ferrihydrite, and the phase change risk.

(4) The research focus has shifted from a single medium to multi-interface processes
such as soil-water and water-sediment. The migration and transformation of Sb in the
environment rarely occur in a single medium. For example, mining area pollution: Sb
bearing tailings are washed by rainwater, Sb migrates from soil to water, and
adsorption/desorption and oxidation-reduction reactions occur at the water sediment
interface. Agricultural activities: after fertilization of Sb containing sludge, Sb migrates
at the soil groundwater interface and may enter the food chain. The research focus from
single medium to multi-interface processes such as soil water and water sediment can
help to assess the risk more accurately and guide the design of efficient remediation
technology.

Acknowledgements. This work was supported by the Joint Research Program for Ecological Conservation
and High-Quality Development of the Yellow River Basin [grant number 2022-YRUC-01-0405].

REFERENCES

[1]  Alvarez-Ayuso, E., Otones, V., Murciego, A., Garcia-Sanchez, A. (2013): Evaluation of
different amendments to stabilize antimony in mining polluted soils. — Chemosphere 90:
2233-2239. https://doi.org/10.1016/j.chemosphere.2012.09.086.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 24(2):2701-2725.
http://www.aloki.hu @ ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOIL: http://dx.doi.org/10.15666/acer/2402_ 27012725
© 2026, ALOKI Kft., Budapest, Hungary



(2]

(4]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

Wang et al.: Global trends and prospects in the study of antimony biogeochemical processes: a bibliometric analysis
-2721 -

Arsic, M., Teasdale, P. R., Welsh, D. T., Johnston, S. G., Burton, E. D., Hockmann, K.,
Bennett, W. W. (2018): Diffusive gradients in thin films reveals differences in antimony
and arsenic mobility in a contaminated wetland sediment during an oxic-anoxic transition.
— Environmental Science & Technology 52: 1118-1127.
https://doi.org/10.1021/acs.est.7b03882.

Biver, M., Krachler, M., Shotyk, W. (2011): The desorption of antimony(V) from
sediments, hydrous oxides, and clay minerals by carbonate, phosphate, sulfate, nitrate, and
chloride. — Journal of Environmental Quality 40: 1143-1152.
https://doi.org/10.2134/jeq2010.0503.

Bolan, N., Kumar, M., Singh, E., Kumar, A., Singh, L., Kumar, S., Keerthanan, S., Hoang,
S. A., El-Naggar, A., Vithanage, M., Sarkar, B., Wijesekara, H., Diyabalanage, S.,
Sooriyakumar, P., Vinu, A., Wang, H., Kirkham, M. B., Shaheen, S. M., Rinklebe, J.,
Siddique, K. H. M. (2022): Antimony contamination and its risk management in complex
environmental settings: a review. — Environment International 158: 106908.
https://doi.org/10.1016/j.envint.2021.106908.

Cabredo, S., Galban, J., Sanz, J. (1998): Simultaneous determination of arsenic, antimony,
selenium and tin by gas phase molecular absorption spectrometry after two step hydride
generation and preconcentration in a cold trap system. — Talanta 46: 631-638.
https://doi.org/10.1016/S0039-9140(97)00308-1.

Chattopadhyay, P., Fisher, A. S., Henon, D. N., Hill, S. J. (2004): Matrix digestion of soil
and sediment samples for extraction of lead, cadmium and antimony and their direct
determination by inductively coupled plasma-mass spectrometry and atomic emission
spectrometry. — Microchimica Acta 144: 277-283. https://doi.org/10.1007/s00604-003-
0113-2.

Chen, L., Wei, Q., Li, J., Liao, D., Feng, D. (2020): A scientometric visualization analysis
for global toxicology and pharmacology research of natural products from 1962 to 2018. —
Phytomedicine 68: 153190. https://doi.org/10.1016/j.phymed.2020.153190.

Chen, Y., Lin, M., Zhuang, D. (2022): Wastewater treatment and emerging contaminants:
bibliometric analysis. — Chemosphere 297: 133932.
https://doi.org/10.1016/j.chemosphere.2022.133932.

Cutter, G. A., Cutter, L. S., Featherstone, A. M., Lohrenz, S. E. (2001): Antimony and
arsenic biogeochemistry in the western Atlantic Ocean. — Deep-Sea Research Part II 48:
2895-2915. https://doi.org/10.1016/S0967-0645(01)00023-6.

Deng, R., Chen, Y., Deng, X., Huang, Z., Zhou, S., Ren, B., Jin, G., Hursthouse, A. (2021):
A critical review of resistance and oxidation mechanisms of Sb-oxidizing bacteria for the
bioremediation of Sb(III) pollution. — Frontiers in Microbiology 12: 738596.
https://doi.org/10.3389/fmicb.2021.738596.

Filella, M., Hennebert, P., Okkenhaug, G., Turner, A. (2020): Occurrence and fate of
antimony in plastics. — Journal of Hazardous Materials 390: 121764.
https://doi.org/10.1016/j.jhazmat.2019.121764.

Filella, M., Belzile, N., Chen, Y.-W. (2002a): Antimony in the environment: a review
focused on natural waters: I. Occurrence. — Earth-Science Reviews 57: 125-176.
https://doi.org/10.1016/S0012-8252(01)00070-8.

Filella, M., Belzile, N., Chen, Y.-W. (2002b): Antimony in the environment: a review
focused on natural waters: II. Relevant solution chemistry. — Earth-Science Reviews 59:
265-285. https://doi.org/10.1016/S0012-8252(02)00089-2.

Fu, X., Xie, X., Charlet, L., He, J. (2023): A review on distribution, biogeochemistry of
antimony in water and its environmental risk. — Journal of Hydrology 625: 130043.
https://doi.org/10.1016/j.jhydrol.2023.130043.

Garau, G., Lauro, G. P., Diquattro, S., Garau, M., Castaldi, P. (2019): Sb(V) adsorption
and desorption onto ferrihydrite: influence of pH and competing organic and inorganic
anions. — Environmental Science and Pollution Research 26: 27268-27280.
https://doi.org/10.1007/s11356-019-05919-z.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 24(2):2701-2725.
http://www.aloki.hu @ ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOIL: http://dx.doi.org/10.15666/acer/2402_ 27012725
© 2026, ALOKI Kft., Budapest, Hungary



[16]

[18]

[19]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

Wang et al.: Global trends and prospects in the study of antimony biogeochemical processes: a bibliometric analysis
-2722 -

Guo, W., Fu, Z., Wang, H., Song, F., Wu, F., Giesy, J. P. (2018): Environmental
geochemical and spatial/temporal behavior of total and speciation of antimony in typical
contaminated aquatic environment from Xikuangshan, China. — Microchemical Journal
137: 181-189. https://doi.org/10.1016/j.microc.2017.10.010.

Han, Y. M., Du, P. X, Cao, J. J., Posmentier, E. S. (2006): Multivariate analysis of heavy
metal contamination in urban dusts of Xi’an, Central China. — Science of the Total
Environment 355: 176-186. https://doi.org/10.1016/j.scitotenv.2005.02.026.

Han, Y.-S., Park, J. H. (2020): Effect of redox variation on the geochemical behavior of Sb
in a vegetated Sb(V)-contaminated soil column. — Journal of Hazardous Materials 392:
122112. https://doi.org/10.1016/j.jhazmat.2020.122112.

Hao, C., Sun, Q., Sun, X., Li, Q. (2024): Novel insights into antimony mobilization in
different high- antimony aquifers from the molecular signatures of dissolved organic
matter. — Ecotoxicology and Environmental Safety 277: 116377.
https://doi.org/10.1016/j.ecoenv.2024.116377.

He, M., Wang, N., Long, X., Zhang, C., Ma, C., Zhong, Q., Wang, A., Wang, Y., Pervaiz,
A., Shan, J. (2019): Antimony speciation in the environment: recent advances in
understanding the biogeochemical processes and ecological effects. — Journal of
Environmental Sciences 75: 14-39. https://doi.org/10.1016/j.jes.2018.05.023.

Herath, 1., Vithanage, M., Bundschuh, J. (2017): Antimony as a global dilemma:
geochemistry, mobility, fate and transport. — Environmental Pollution 223: 545-559.
https://doi.org/10.1016/j.envpol.2017.01.057.

Hockmann, K., Lenz, M., Tandy, S., Nachtegaal, M., Janousch, M., Schulin, R. (2014a):
Release of antimony from contaminated soil induced by redox changes. — Journal of
Hazardous Materials 275: 215-221. https://doi.org/10.1016/j.jhazmat.2014.04.065.
Hockmann, K., Tandy, S., Lenz, M., Schulin, R. (2014b): Antimony leaching from
contaminated soil under manganese- and iron-reducing conditions: column experiments. —
Environmental Chemistry 11: 624-631. https://doi.org/10.1071/EN14123.

Hou, H., Takamatsu, T., Koshikawa, M. K., Hosomi, M. (2005): Migration of silver,
indium, tin, antimony, and bismuth and variations in their chemical fractions on addition
to uncontaminated soils. — Soil Science 170: 624.
https://doi.org/10.1097/01.ss.0000178205.35923.66.

Hu, L., Fu, J., Wang, S., Xiang, Y., Pan, X. (2021): Microplastics generated under
simulated fire scenarios: characteristics, antimony leaching, and toxicity. — Environment
Pollution 269: 115905. https://doi.org/10.1016/j.envpol.2020.115905.

Hu, X., Kong, L., He, M. (2014): Kinetics and mechanism of photopromoted oxidative
dissolution of antimony trioxide. — Environmental Science & Technology 48: 14266-
14272. https://doi.org/10.1021/es503245v.

Huang, P., Feng, Z., Shu, X., Wu, A., Wang, Z., Hu, T., Cao, Y., Tu, Y., Li, Z. (2023): A
bibliometric and visual analysis of publications on artificial intelligence in colorectal
cancer (2002-2022). — Frontiers in Oncology 13: 1077539.
https://doi.org/10.3389/fonc.2023.1077539.

Jiao, Y., Wang, T., He, M., Liu, X., Lin, C., Ouyang, W. (2022): Simultaneous stabilization
of Sb and As co-contaminated soil by FeMg modified biochar. — Science of the Total
Environment 830: 154831. https://doi.org/10.1016/j.scitotenv.2022.154831.

Krachler, M., Emons, H. (2001): Speciation analysis of antimony by high-performance
liquid chromatography inductively coupled plasma mass spectrometry using ultrasonic
nebulization. — Analytica Chimica Acta 429: 125-133. https://doi.org/10.1016/S0003-
2670(00)01252-6.

Leuz, A.-K., Moench, H., Johnson, C. A. (2006): Sorption of Sb(III) and Sb(V) to goethite:
influence on Sb(IIl) oxidation and mobilization. — Environmental Science & Technology
40: 7277-7282. https://doi.org/10.1021/es061284b.

Leyva, A. G., Marrero, J., Smichowski, P., Cicerone, D. (2001): Sorption of antimony onto
hydroxyapatite. — Environmental Science & Technology 35: 3669-3675.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 24(2):2701-2725.
http://www.aloki.hu @ ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOIL: http://dx.doi.org/10.15666/acer/2402_ 27012725
© 2026, ALOKI Kft., Budapest, Hungary



[41]

[42]

[43]

[44]

[45]

[46]

Wang et al.: Global trends and prospects in the study of antimony biogeochemical processes: a bibliometric analysis
-2723 -

https://doi.org/10.1021/es0009929.

Li, C., Wu, K., Wu, J. (2017): A bibliometric analysis of research on haze during 2000-
2016. — Environmental Science and Pollution Research 24: 24733-24742.
https://doi.org/10.1007/s11356-017-0440-1.

Li, J., Zheng, B., He, Y., Zhou, Y., Chen, X., Ruan, S., Yang, Y., Dai, C., Tang, L. (2018):
Antimony contamination, consequences and removal techniques: a review. —
Ecotoxicological and Environmental Safety 156: 125-134.
https://doi.org/10.1016/j.ecoenv.2018.03.024.

Liu, H., Zeng, W., He, M., Lin, C., Ouyang, W., Liu, X. (2023): Occurrence, distribution,
and migration of antimony in the Zijiang River around a superlarge antimony deposit zone.
— Environmental Pollution 316: 120520. https://doi.org/10.1016/j.envpol.2022.120520.
Liu, H., Sun, G., He, M., Feng, X., Lin, C., Ouyang, W., Liu, X. (2024): The composition
and differences of antimony isotopic in sediments affected by the world’s largest antimony
deposit zone. — Water Research 254: 121427.
https://doi.org/10.1016/j.watres.2024.121427.

Liu, Q., Fan, L., Chen, S., Su, S., Ma, R., Han, X., Lu, B. (2019): Antimony-graphite
composites for a high-performance potassium-ion battery. — Energy Technology 7:
1900634. https://doi.org/10.1002/ente.201900634.

Lu, H., Zhu, Z., Zhang, H., Zhu, J., Qiu, Y. (2015): Simultaneous removal of arsenate and
antimonate in simulated and practical water samples by adsorption onto Zn/Fe layered
double hydroxide. — Chemical Engineering Journal 276: 365-375.
https://doi.org/10.1016/j.cej.2015.04.095.

Luo, M., Tang, L., Fang, L., Zhou, Y., Zhang, Y. (2025): The effective removal of Sb(V)
by bio-electrochemical systems: performance and mechanism. — Journal of Water Process
Engineering 73: 107742. https://doi.org/10.1016/j.jwpe.2025.107742.

Morrow, A., Wiltshire, G., Hursthouse, A. (1997): An improved method for the
simultaneous determination of Sb, As, Bi, Ge, Se, and Te by hydride generation ICP-AES:
application to environmental samples. — Atomic Spectroscopy 18: 23-28.

Nees Jan, van E., Waltman, L. (2017): Citation-based clustering of publications using
CitNetExplorer and VOSviewer. — Scientometrics 111: 1053-1070.
https://doi.org/10.1007/s11192-017-2300-7.

Nyirenda, T. M., Zhou, J., Mapoma, H. W. T., Xie, L., Li, Y. (2016): Hydrogeochemical
characteristics of groundwater at the Xikuangshan antimony mine in south China. — Mine
Water and the Environment 35: 86-93. https://doi.org/10.1007/s10230-015-0341-9.
Okkenhaug, G., Zhu, Y.-G., Luo, L., Lei, M., Li, X., Mulder, J. (2011): Distribution,
speciation and availability of antimony (Sb) in soils and terrestrial plants from an active Sb
mining area. — Environmental Pollution 159: 2427-2434.
https://doi.org/10.1016/j.envpol.2011.06.028.

Okkenhaug, G., Gebhardt, K.-A. G., Amstaetter, K., Bue, H. L., Herzel, H., Mariussen, E.,
Almas, A. R., Cornelissen, G., Breedveld, G. D., Rasmussen, G., Mulder, J. (2016):
Antimony (Sb) and lead (Pb) in contaminated shooting range soils: Sb and Pb mobility and
immobilization by iron based sorbents, a field study. — Journal of Hazardous Materials 307:
336-343. https://doi.org/10.1016/j.jhazmat.2016.01.005.

Pilarski, J., Waller, P., Pickering, W. (1995): Sorption of antimony species by humic-acid.
— Water, Air and Soil Pollution 84: 51-59. https://doi.org/10.1007/BF00479588.

Qi, Z., Lan, H., Joshi, T. P., Liu, R., Liu, H., Qu, J. (2016): Enhanced oxidative and
adsorptive capability towards antimony by copper-doping into magnetite magnetic
particles. — RSC Advances 6: 66990-67001. https://doi.org/10.1039/c6ral3412b.

Ren, J.-H., Ma, L. Q., Sun, H.-J., Cai, F., Luo, J. (2014): Antimony uptake, translocation
and speciation in rice plants exposed to antimonite and antimonate. — Science of the Total
Environment 475: 83-89. https://doi.org/10.1016/j.scitotenv.2013.12.103.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 24(2):2701-2725.
http://www.aloki.hu @ ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOIL: http://dx.doi.org/10.15666/acer/2402_ 27012725
© 2026, ALOKI Kft., Budapest, Hungary



[47]

[48]

[51]

[52]

[57]

[58]

[59]

[60]

Wang et al.: Global trends and prospects in the study of antimony biogeochemical processes: a bibliometric analysis
-2724 -

Rong, Q., Ling, C., Lu, D., Zhang, C., Zhao, H., Zhong, K., Nong, X., Qin, X. (2022):
Sb(III) resistance mechanism and oxidation characteristics of Klebsiella aerogenes X. —
Chemosphere 293: 133453. https://doi.org/10.1016/j.chemosphere.2021.133453.

Sun, W., Xiao, E., Xiao, T., Krumins, V., Wang, Q., Haggblom, M., Dong, Y., Tang, S.,
Hu, M., Li, B., Xia, B., Liu, W. (2017): Response of soil microbial communities to elevated
antimony and arsenic contamination indicates the relationship between the innate
microbiota and contaminant fractions. — Environmental Science & Technology 51: 9165-
9175. https://doi.org/10.1021/acs.est.7b00294.

Takahashi, Y., Sakuma, K., Itai, T., Zheng, G., Mitsunobu, S. (2008): Speciation of
antimony in PET bottles produced in Japan and China by X-ray absorption fine structure
spectroscopy. — Environmental Science & Technology 42: 9045-9050.
https://doi.org/10.1021/es802073x.

Van, K. N., Tam, T., Han, H.-J., Lee, S.-H., Lee, J.-U. (2015): Possibility of bacterial
leaching of antimony, chromium, copper, manganese, nickel, and zinc from contaminated
sediment. — Journal of Geochemical Exploration 156: 153-161.
https://doi.org/10.1016/j.gexplo.2015.05.012.

Wan, X., Tandy, S., Hockmann, K., Schulin, R. (2013a): Effects of waterlogging on the
solubility and redox state of Sb in a shooting range soil and its uptake by grasses: a tank
experiment. — Plant Soil 371: 155-166. https://doi.org/10.1007/s11104-013-1684-2.

Wan, X., Tandy, S., Hockmann, K., Schulin, R. (2013b): Changes in Sb speciation with
waterlogging of shooting range soils and impacts on plant uptake. — Environmental
Pollution 172: 53-60. https://doi.org/10.1016/j.envpol.2012.08.010.

Wang, L., Ye, L., Yu, Y., Jing, C. (2018): Antimony redox biotransformation in the
subsurface: effect of indigenous Sb(V) respiring microbiota. — Environmental Science &
Technology 52: 1200-1207. https://doi.org/10.1021/acs.est.7b04624.

Wang, N., Jiang, Y., Xia, T., Xu, F., Zhang, C., Zhang, D., Wu, Z. (2022): Antimony
immobilization in primary-explosives-contaminated soils by Fe-Al-based amendments.
Int. — Journal of Environmental Research and Public Health 19: 1979.
https://doi.org/10.3390/ijerph19041979.

Wang, X., He, M., Xi, J., Lu, X. (2011): Antimony distribution and mobility in rivers
around the world’s largest antimony mine of Xikuangshan, Hunan Province, China. —
Microchemical Journal 97: 4-11. https://doi.org/10.1016/j.microc.2010.05.011.

Wen, B., Zhou, J., Zhou, A., Liu, C., Xie, L. (2016): Sources, migration and transformation
of antimony contamination in the water environment of Xikuangshan, China: evidence
from geochemical and stable isotope (S, Sr) signatures. — Science of the Total Environment
569: 114-122. https://doi.org/10.1016/j.scitotenv.2016.05.124.

Wen, B., Zhou, J., Jia, X., Zhou, W., Huang, Y. (2022): Attenuation of antimony in
groundwater from the Xikuangshan Antimony Mine, China: evidence from sulfur and
molybdenum isotope study. — Applied Geochemistry 146: 105429.
https://doi.org/10.1016/j.apgeochem.2022.105429.

Wen, B., Zhou, A., Zhou, J., Huang, J., Long, T., Jia, X., Zhou, W., Li, W. (2023a): Sources
of antimony contamination and its migration into water systems of Xikuangshan, China:
evidence from hydrogeochemical and stable isotope (H, O, S, and Sr) signatures. —
Environmental Pollution 337: 122381. https://doi.org/10.1016/j.envpol.2023.12238]1.
Wen, B., Zhou, J., Tang, P., Jia, X., Zhou, W., Huang, J. (2023b): Antimony (Sb) isotopic
signature in water systems from the world’s largest Sb mine, central China: novel insights
to trace Sb source and mobilization. — Journal of Hazardous Materials 446: 130622.
https://doi.org/10.1016/j.jhazmat.2022.130622.

Xi, J., He, M., Lin, C. (2010): Adsorption of antimony(V) on kaolinite as a function of pH,
ionic strength and humic acid. — Environmental Earth Sciences 60: 715-722.
https://doi.org/10.1007/s12665-009-0209-z.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 24(2):2701-2725.
http://www.aloki.hu @ ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOIL: http://dx.doi.org/10.15666/acer/2402_ 27012725
© 2026, ALOKI Kft., Budapest, Hungary



[61]

[62]

[63]

[64]

[67]

[68]

[69]

[70]

[71]

[72]

Wang et al.: Global trends and prospects in the study of antimony biogeochemical processes: a bibliometric analysis
-2725 -

Xi, J., He, M., Wang, K., Zhang, G. (2013): Adsorption of antimony(IIl) on goethite in the
presence of competitive anions. — Journal of Geochemical Exploration 132: 201-208.
https://doi.org/10.1016/j.gexplo.2013.07.004.

Xie, Z., Ye, C., Li, C., Shi, X., Shao, Y., Qi, W. (2022): The global progress on the non-
point source pollution research from 2012 to 2021: a bibliometric analysis. —
Environmental Sciences Europe 34: 121. https://doi.org/10.1186/s12302-022-00699-9.
Xu, W., Wang, H., Liu, R., Zhao, X., Qu, J. (2011): The mechanism of antimony(III)
removal and its reactions on the surfaces of Fe-Mn binary oxide. — Journal of Colloid and
Interface Science 363: 320-326. https://doi.org/10.1016/j.jcis.2011.07.026.

Yan, L., Chan, T., Jing, C. (2022): Mechanistic study for antimony adsorption and
precipitation on hematite facets. — Environmental Science & Technology 56: 3138-3146.
https://doi.org/10.1021/acs.est.1c07801.

Ye, L., Chen, H., Jing, C. (2019): Sulfate-reducing bacteria mobilize adsorbed antimonate
by thioantimonate formation. — Environmental Science & Technology Letters 6: 418-422.
https://doi.org/10.1021/acs.estlett.9b00353.

Ye, L., Zhong, W., Zhang, M., Jing, C. (2022): New mobilization pathway of antimonite:
thiolation and oxidation by dissimilatory metal-reducing bacteria via elemental sulfur
respiration. — Environmental Science & Technology 56: 652-659.
https://doi.org/10.1021/acs.est.1c05206.

Yu, M. Q., Sun, D. W., Tian, W., Wang, G. P., Shen, W. B., Xu, N. (2002): Systematic
studies on adsorption of trace elements Pt, pd, Au, Se, Te, As, Hg, Sb on thiol cotton fiber.
— Analytica Chimica Acta 456: 147-155. https://doi.org/10.1016/S0003-2670(02)00004-1.
Zhang, G., Liu, C.-Q., Liu, H., Hu, J., Han, G., Li, L. (2009): Mobilisation and transport of
arsenic and antimony in the adjacent environment of Yata Gold Mine, Guizhou Province,
China. — Journal of Environmental Management 11: 1570-1578.
https://doi.org/10.1039/b908612a.

Zhang, M., Li, Z., Haggblom, M. M., Young, L., Li, F., He, Z., Lu, G., Xu, R., Sun, X.,
Qiu, L., Sun, W. (2021): Bacteria responsible for nitrate-dependent antimonite oxidation in
antimony-contaminated paddy soil revealed by the combination of DNA-SIP and
metagenomics. — Soil Biology and Biochemistry 156: 108194.
https://doi.org/10.1016/].50i1b10.2021.108194.

Zhang, W. B., Gan, W. E., Lin, X. Q. (2005): Electrochemical hydride generation atomic
fluorescence spectrometry for the simultaneous determination of arsenic and antimony in
Chinese medicine samples. — Analytica Chimica Acta 539: 335-340.
https://doi.org/10.1016/j.aca.2005.03.050.

Zhang, Y., Pu, S., Lv, X., Gao, Y., Ge, L. (2020): Global trends and prospects in
microplastics research: a bibliometric analysis. — Journal of Hazardous Materials 400:
123110. https://doi.org/10.1016/j.jhazmat.2020.123110.

Zou, J.-P., Liu, H.-L., Luo, J., Xing, Q.-J., Du, H.-M., Jiang, X.-H., Luo, X.-B., Luo, S.-L.,
Suib, S. L. (2016): Three-dimensional reduced graphene oxide coupled with Mn304 for
highly efficient removal of Sb(Ill) and Sb(V) from water. — ACS Applied Materials &
Interfaces 8: 18140-18149. https://doi.org/10.1021/acsami.6b05895.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 24(2):2701-2725.
http://www.aloki.hu @ ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOIL: http://dx.doi.org/10.15666/acer/2402_ 27012725
© 2026, ALOKI Kft., Budapest, Hungary



