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ABSTRACT 

This article presents an analysis of research in the field of nanomaterials applied to environmental 

remediation processes of metal ions in aqueous media; Through a bibliometric study, trends in the area and 

development in recent years could be identified. Aspects were analyzed such as articles with the highest 

number of citations, countries with the highest production, representative institutions in the area, authors, 

and correlation of keywords. A correlational-descriptive methodology has been used, reviewing 

publications from 1997 to 2022 in the Scopus database. The trends identified showed a steady growth in 

research and an increase in collaborative networks between institutions and researchers. In the last 10 years 

(2012 - 2022), the growth curve has reached a growth rate of 24.75%. Countries like China, India and the 

United States represent 75% of the total publications. The most representative keywords were 

bioremediation, heavy metals, and metal removal with more than 600 connections. 

Keywords: Bioremediation; Nanomaterials; Metal ions; Environmental remediation; Aqueous media; 

Bibliometrics. 
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RESUMEN 

Este artículo presenta un análisis de las investigaciones en el campo de los nanomateriales aplicados a 

procesos de remediación ambiental de iones metálicos en medios acuosos; mediante un estudio 

bibliométrico, se pudieron identificar tendencias en el área y desarrollo en los últimos años.  Se analizaron 

aspectos como, artículos con mayor número de citaciones, países de mayor producción, instituciones 

representativas en el área, autores y correlación de palabras clave. Se utilizó una metodología correlacional-

descriptiva, revisando publicaciones desde 1997 hasta 2022 en la base de datos Scopus. Las tendencias 

identificadas mostraron un crecimiento constante de la investigación y un aumento de las redes de 

colaboración entre instituciones e investigadores. En los últimos 10 años (2012 - 2022), la curva de 

crecimiento ha alcanzado una tasa de crecimiento del 24,75%. Países como China, India y Estados Unidos 

representan el 75% del total de publicaciones. Las palabras clave más representativas fueron 

biorremediación, metales pesados y remoción de metales con más de 600 conexiones. 

Palabras Clave: Bioremediación; Nanomateriales; Iones metálicos; Remediación ambiental; Medio 

acuoso; Bibliometría. 

 

1. INTRODUCTION 

In recent decades, global warming has been one of the most critical environmental problems of humanity, 

but no less important, in recent years society has confronted one of the greatest damages caused by mankind 

to the planet and life, as is the case of pollution. Among the consequences of this phenomenon, we can find 

the affectation of water by contamination, which is mostly reflected in the seas, rivers, and other water 

sources [1].  

Wastewater is the result of domestic, industrial, livestock, and agricultural activities, among others, in which 

water is used for production, treatment, or conversion, including waste liquids, process water, and drainage 

water [2]. Wastewater contains toxic substances that are harmful to the health of aquatic and terrestrial 

ecosystems [3]. According to studies conducted by the National Center for Scientific Research in Cuba and 

the World Bank, approximately 1.8 billion people use water that is contaminated with various microbes and 

pathogens, exposing them to the risk of waterborne diseases such as typhoid, cholera, dysentery, polio, and 

others [3]. 

Wastewater can contain high concentrations of metal ions as well as non-biodegradable materials and 

organic contaminants. These contaminants have become a major challenge for sustainable industrial 

wastewater treatment. Elevated levels of metal ions are highly hazardous. Although they occur naturally in 

the earth's crust as minerals, salts, or other compounds, they cannot be degraded or destroyed naturally or 

biologically because they do not have specific metabolic functions for living organisms. High concentrations 

of metals can cause various diseases or pathologies and even death [4]. 

However, studies and research have been conducted to mitigate the effects of metal ion contamination in 

water. The use of natural components to synthesize nanomaterials and design environmentally friendly 

synthetic processes has been widely explored [5]. As global warming and climate change become more 

pressing concerns, nanotechnology has become an essential aspect of many scientific and engineering fields 

that address these issues [6].  

The use of nanotechnology has grown over the past few decades, and the results can be seen in many 

emerging industries [1]. One of the areas of success is the synthesis of metallic nanoparticles, useful in 

electronic and medical applications, using plant extracts as reducing agents [5], [7]. Industrial wastewater 

treatment, drinking water purification and biomedical engineering are areas where functionalized 

nanomaterials have found important applications today, with a focus on environmental remediation and 

drinking water treatment and industrial waste management [6]. 
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According to published studies, green and combined nanotechnology, may be the key to building an 

environmentally sustainable society in the 21st century [5]. In these modern times, it is necessary to focus 

on making process technology development environmentally friendly and economically viable [8]. 

Nanomaterials are environmentally friendly, highly selective, recyclable, and convenient to dispose of, 

making them an excellent adsorbent for water treatment. In addition, ecologically synthesized nanoparticles 

are increasingly being investigated, which would further reduce the negative environmental impact and 

make the application of nanoparticles more cost-effective [3]. Nanostructured materials, such as 

nanocomposites, functionalized nanomaterials, metal-organic materials, nano catalysts, carbonaceous 

materials, nano zeolites, nano silica, nano lubricants, and nano coatings, etc., have enormous potential for 

greenhouse gas sequestration and reduction, biofuel production, wastewater treatment and environmental 

remediation with a sustainable approach [9].  

Despite limited information available, interest in environmentally friendly nanomaterials is growing, as 

evidenced by the increasing number of research studies in this field and the recent initiative by the 

government and private sector to commercialize them [10], [11], [5]. The mechanical properties of 

nanoparticles make them a promising option for wastewater treatment [3]. In addition, it has opened new 

possibilities in the creation of sustainable tools with great potential to replace conventional tools in their 

respective fields [9]. The exceptional properties of nanomaterials, such as their unique structure and 

chemical resistance, as well as their easy availability and precise synthesis protocols, have attracted 

considerable attention from environmental science researchers in the field of bioremediation [12]. 

Environmental remediation is a set of techniques or activities aimed at eliminating polluting substances that 

have been discharged into a physical medium such as water, soil, or air, whether naturally preserved or 

modified by humans [13]. In addition, environmental remediation aims to reduce pollutants to a level that 

is safe for health and the environment or to prevent their dispersal in the environment without altering them, 

in accordance with the provisions of the current legal framework [14]. The solution to a contamination 

problem is so complex, and the cost of removing contaminants so high, that it is often difficult to carry out 

remediation. In such cases, the alternative is to take measures to prevent human exposure to the 

contaminants [15]. The remediation measures and treats technologies to be used depending on the risks 

identified and the future uses to be assigned to the areas to elect remediated. The term treatment technology 

refers to any unit operation or series of operations that, through chemical, physical, or biological action, 

alters the composition of a hazardous substance in such a way as to reduce the toxicity and/or mobility of a 

contaminant [16]. 

As a mitigation alternative, technologies have been developed in recent decades to contribute to the 

oxidation, degradation, transformation, and complete mineralization of these pollutants with less impact on 

the environment [17].  

Bibliometrics is the mathematical and statistical treatment of published scientific information [18]. This 

bibliometric approach to the analysis of variables has grown over the years, thanks to the accessibility and 

availability of data analysis software. This has given scientific scope to a large volume of data and has led 

to high-impact research [19]. One of the most useful methods of bibliometric analysis is citation analysis, 

which examines a network of published articles to assess the impact and influence of each article in its field 

[20]. 

This article analyzes the different types of nanomaterials used in the treatment of metal ions in 

environmental remediation processes, using a bibliometric approach. In this case, the current status of 

nanomaterials used in this treatment was reviewed, along with the analysis of the associated variables, 

examining relevant bibliometric indicators that reflect the current situation of these nanomaterials, to 

facilitate decision-making in research and innovation in this field. 
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2. METHODOLOGY  

The study of nanomaterials used in environmental remediation processes was developed in four phases. 

First, in order to know the current status of nanomaterials, a preliminary search for information was carried 

out using different databases such as PubMed, IEEE Xplore, Science Direct, Scopus, Web of Science, and 

Google Scholar. Articles related to the study of nanomaterials applied in environmental remediation 

technologies were reviewed and the variables present in these articles related to the removal of metal ions 

in aqueous media were analyzed. 

The second phase focused on keyword search and analysis. The search terms included all documentation 

with keywords such as: "environmental remediation", "bioremediation", "heavy metals", "nanoparticles OR 

nanostructures OR nanomaterials OR, nano*", with searches in sections such as title, abstract, and 

keywords. The search period started in 1996, when the first documents were found, and lasted until 2022 

when 1173 results were obtained. The database used was SCOPUS. 

Finally, the impact of bibliometric indicators in the study of nanomaterials used in environmental 

remediation processes was determined through the evolution of scientific production in the period 1997-

2022. The impact of the research was analyzed by country, outstanding authors in the field, analysis of the 

institutions with the highest production, and the study correlation of keywords obtained from scientific 

papers.  Indicators such as the Impact Factor and the h-index were used; bibliometric indicators for the 

analysis of journals were also included, such as the SCImago Journal Rank (SJR), which measures the 

impact, influence, or prestige of a journal based on the average number of citations received by each 

publication; and CiteScore Metrics, which defines the average number of citations received by the articles 

of a publication over a given period (3 years from its publication). 

In the analysis of articles, it is important to highlight articles with more than 50 citations, called key articles. 

The work of institutions is reflected by the degree of collaboration between authors, institutions, and 

countries, based on the following equation: 

𝐶𝐴𝑖 =
∑ ∝ 𝑗𝑁

𝑗=1

𝑁
; 𝐶𝐼𝑖 =

∑ 𝛽𝑗𝑁
𝑗=1

𝑁
; 𝐶𝐶𝑖 =

∑ 𝛾𝑗𝑁
𝑗=1

𝑁
        (1) 

where ∝ 𝑗, 𝛽𝑗, and 𝛾𝑗 are the number of authors, institutions, and countries for each article, respectively. N 

is the total number of publications, and 𝐶𝐴𝑖, 𝐶𝐼𝑖, and 𝐶𝐶𝑖 are the degrees of collaboration in a year i of authors, 

institutions, and countries, respectively. On the other hand, the author productivity index (PI) was evaluated 

using equation 2, where N is the number of published articles. If the index is zero (0), it is considered low 

productivity, a value of 0-1, medium productivity, and a value greater than 1 (greater than 10 papers), high 

productivity. 

𝑃𝐼 =  𝑙𝑜𝑔 𝑁   (2) 

Each analysis chapter not only shows the corresponding figures and data of the study but also discusses why 

these trends are generated and the incidence that they may have on the study of nanomaterials for 

remediation. Finally, a discussion of recent nanomaterials and technologies used in the treatment of metal 

ions has been included to help in the decision-making process in terms of research and innovation. 

 

3. RESULTS AND DISCUSSION 

3.1 Trends and Publication Analysis 

Currently, research in nanotechnology and nanomaterials is driven by scientific progress and innovation. 

The development of studies on the treatment of metal ions with nanomaterials in environmental remediation 

processes in the last 25 years is mainly due to 3 relevant factors: firstly, the environmental awareness that 
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society has adopted in recent years; secondly, the growing recognition of environmental problems and, 

finally, the need for sustainable solutions, which has driven research and development in this field [21]. 

Next, technological advances have allowed the creation of nanomaterials with unique properties that are 

particularly useful for environmental remediation, offering a sustainable alternative to remove persistent 

pollutants such as metal ions [22]. Similarly, the effectiveness that nanomaterials have demonstrated in 

removing metal ions from various sources, outperforming many traditional methods in terms of efficiency 

and recoverability, has contributed significantly to the continued development and growth of research in 

this area [23], [24]. 

Figure 1 shows the progress of publications in the study of nanomaterials for the treatment of metal ions in 

environmental remediation processes over the last 25 years. Although research was almost zero around the 

1990s, it is observed that the number of publications is higher than ten since 2009, showing an exponential 

behavior in the last 13 years. The revival of nuclear energy and the need to reduce CO2 emissions increased 

research in the first decade of the 21st century [25]. Advances in nuclear technology brought with them an 

increase in the production of radioactive waste, which prompted the development of alternatives for its 

treatment [26], [27].  

 

 

Figure 1. Annual growth of publications in the area of nanomaterials for environmental remediation, in 

the period 1997 – 2022 

 

In the last 10 years (2012 - 2022), the growth curve has reached a growth rate of 24.75%, mainly due to the 

impending need for environmental remediation processes. Pollution by metallic ions has become one of the 

major environmental problems, posing a serious threat to humans and ecosystems. These metallic ions 

represent a priority class of pollutants due to their persistence in the environment and their potential to 

bioaccumulate in biological systems [23]. 
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One of the benefits of nanomaterials is in water treatment. Due to their high specific surface area and 

adsorption capacity, nanomaterials can effectively remove undesirable metallic ions present in this medium 

[24]. In terms of research and development, numerous studies and experiments have been conducted in 

laboratories and pilot plants in the last decade (2012-2022). Among these investigations, green synthesis of 

metallic nanoparticles has gained popularity due to its efficacy in antimicrobial and anticancer treatment, 

reduction of metal toxicity, dye degradation, and wastewater treatment [28]. 

3.2 Leading Countries in the Area  

Figure 2 depicts the production of scientific publications by country in the field of nanomaterials used for 

environmental remediation. Among the countries leading research in nanomaterials for environmental 

remediation are China, India, and the United States. With a representation of approximately 75% of the total 

publications in the last 25 years, these three countries contribute studies, publications, and patents at a global 

level.  

 

 

Figure 2. Scientific publications by country in the field of nanomaterials for environmental remediation. 

 
 

China has significantly invested in scientific and technological research in recent decades as part of its 

strategic pursuit of global positioning [29]. Consequently, nanotechnology became a key focus area in 

China's medium and long-term scientific programs between 2006 and 2020. As evidence of this, in 2012, 

the country launched a Strategic Pioneer Program on Nanotechnology, with a budget of one billion yuan 
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(152 million dollars) over five years, led by the Chinese Academy of Sciences (CAS) in Beijing [30]. As a 

result of this long-term investment, China has become a major player in nanotechnology, ranking first 

globally in terms of the number of scientific articles and patents, as shown in Table 1. 

However, environmental and health needs have also played a fundamental role in scientific advancement. 

As one of the most populous countries undergoing rapid industrialization, China faces significant challenges 

in terms of water and soil pollution [29]. This has led to increased research into effective methods of 

environmental remediation. Additionally, nanomaterials are finding applications in areas such as drug 

delivery and clinical diagnosis [31], [32]. In addition, China has many research institutions and universities 

focused on nanotechnology and environmental remediation. For example, Guilin University of Technology 

and the Key Laboratory of Guangxi for Environmental Pollution Control are working on the application of 

nanomaterials to remove metal ions [33]. 

 

 

 

Table 1. Top 10 leading countries in the production of scientific publications by country in the area of 

nanomaterials for environmental remediation. 

  Total Articles Key  

No. Countries TA TC AC Citations-AC h-index 

1 China 430 24810 124 19865 79 

2 India 327 11398 59 8294 55 

3 United States 118 8816 41 7582 44 

4 Saudi Arabia 57 2919 12 2230 23 

5 South Korea 54 4715 21 4171 28 

6 Pakistan 51 2518 10 1980 20 

7 Australia 43 2870 16 2230 27 

8 United Kingdom 41 3534 13 2985 22 

9 Egypt 40 619 2 132 14 

10 Malaysia 36 2179 14 1770 22 

TA: Total articles; TC: Total citations; AC: Article key. 

India ranks second in the world for nanomaterials used to treat metal ions in environmental remediation 

processes. The country is home to numerous research institutions and universities focused on 

nanotechnology and environmental remediation. These fields offer solutions to India's growing needs for 

clean water, food, and low-cost rapid diagnostics. In India, as in many parts of the world, nanomaterials can 

be used for a wide range of purposes, from water purification to cancer treatment [34], [35]. 

It is also known that one of the major problems in 

 India is the pollution of its rivers. The Ganges River is contaminated with five heavy metals: chromium, 

copper, nickel, lead, and iron [36], [37]. In addition, a study conducted by the Central Water Commission 

of India found that 42 rivers in India have at least two toxic heavy metals above the permissible limit [38], 

[39]. 

Efforts to promote nanotechnology research in India began in the early 2000s. In 2007, the government 

launched a 5-year program called the "Nano Mission" with broader objectives and increased funding of 

$250 million. These efforts have yielded good results. India has published more than 23,000 articles in 
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nanoscience in the last 5 years, of which 327 are related to the treatment of metallic ions, as shown in Table 

1 [40]. 

Finally, discoveries through nanoscience have brought socio-economic benefits that contribute significantly 

to the Sustainable Development Goals (SDGs) in India. The Indian government has placed a high value on 

the role of science and technology in nation-building. The historical image of India as a country that can 

achieve modernity and development through engagement with modern science and technology, has 

supported increased funding for nanotechnology research [41], [42]. The United States is the third leading 

country in the world, with just over 10% of the total publications on nanomaterials for the treatment of 

metallic ions in environmental remediation processes. Despite not holding the top position, the United States 

remains the world leader in terms of the volume of government investment in nanotechnology [43]. As a 

result, it has numerous research institutions and universities focused on the field, as well as environmental 

remediation [44], a example to this is the National Nanotechnology Initiative (NNI). The NNI is a 

government initiative in the United States that provides a long-term vision of the importance of nanoscience, 

engineering, and technology. This investment is expanding the frontiers of nanoscience, supporting 

nanotechnology research infrastructure, and advancing education and workforce development efforts. The 

United States, ranked third among the leading countries, is researching nanomaterials, as are China and 

India. According to the U.S. Environmental Protection Agency (EPA), scientific methods are being 

developed to study and evaluate the unique properties of nanomaterials, how they behave during 

manufacturing, product use, and end-of-life disposal. Significant advances have been made in the synthesis 

of nanomaterials, which can exhibit exceptional magnetic, electrical, optical, mechanical, and catalytic 

properties that differ significantly from their bulk counterparts. These properties can be tailored as desired 

through precise control of size, shape, synthesis conditions, and appropriate functionalization [44].  

Despite this progress, there are still limitations and gaps in the research on nanomaterials for the treatment 

of metallic ions in environmental remediation processes that could affect the position of the United States. 

For example, it is critical to map the environmental fate of nanomaterials due to the uncertainty surrounding 

their unique properties and potential uses and effects [24]. Another example is the characterization of 

nanomaterials, which remains challenging due to their small size and the variety of shapes and structures 

they can assume [44]. In addition, there is considerable uncertainty in the United States about how 

nanomaterials behave in the environment. As particle size decreases, as in the case of nanoparticles, the 

likelihood of misidentification increases, leading to ongoing research in this area [45]. 

3.3 Leading Journals in the Area 

During the last decade, there has been a noticeable interest and need to find sustainable ways to treat metallic 

ions that are environmentally friendly. This need has led to an increase in publications in the field and, 

consequently, in the leading journals. Table 2 presents the top 10 leading journals worldwide in the research 

area of nanomaterials for environmental remediation processes.  

 

Table 2.  Leading journals in the production of publications on nanomaterials in environmental 

remediation processes.  

  Total Relative   

Journals TA TC 
% 

TA 

% 

TC 
h-index h-index* SJR 

Publishing 

Country 

Journal of Hazardous 

Materials 84 7402 7.16 12.89 44 329 2.57 Netherlands 

Chemosphere 72 2698 6.14 4.70 30 288 1.73 United Kingdom 
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Science of the Total 

Environment 54 3328 4.60 5.79 29 317 1.95 Netherlands 

Journal of 

Environmental 

Management 26 1740 2.22 3.03 18 218 1.68 United States 

Environmental 

Pollution 20 1821 1.71 3.17 16 275 2.11 United Kingdom 

Environmental 

Research 16 857 1.36 1.49 13 164 1.64 

United States Environmental Science 

and Technology 16 1821 1.36 3.17 14 86 2.91 

Ecotoxicology and 

Environmental Safety 15 649 1.28 1.13 12 161 1.35 

Environmental Science 

and Pollution Research 15 1006 1.28 1.75 12 154 0.94 Germany 

Water Air & Soil 

Pollution 15 370 1.28 0.64 9 127 0.55 Netherlands 

TA: Total articles; TC: Total citation; h-index: topic index; h-index*:  journal index 

 

With over 7400 citations, the Journal of Hazardous Materials ranks first among the leading journals, 

representing approximately 13% of the total citations in the research area. In addition, this journal has the 

highest number of publications in the Netherlands, as shown in Table 2. This is largely due to its prestige 

and longevity. According to the ScienceDirect (Elsevier) website, this journal, which was founded in 1975, 

has published more than 4170 articles and has an impact factor of 13.6 as of mid-October 2023, which 

confirms its citation frequency. In addition, it has a wide reach and impact on the research of hazardous 

substances and their environmental consequences. Its high value in SJR (Scimago Journal Rank) 

demonstrates the importance and relative quality of the journal. Similarly, the journals Chemosphere and 

Science of the Total Environment, known for their environmental research, are ranked second and third, 

respectively. Although they have slightly lower SJR scores than the Journal of Hazardous Materials, 

together they represent more than 10% of the total citations in the research area. 

On the other hand, one of the factors that enables robust and well-funded research for the advancement of 

high-quality publication production is the country of origin [44]. The United States mentioned as the third 

leading country in terms of publications, ranks first in terms of leading journals. Its solid research 

infrastructure is due to the country's financial investment and frequent international collaborations, which 

enable the production of high-quality research and prestigious journals [22], [46]. In second place is the 

Netherlands, which invests significantly in science and technology, facilitating access to advanced 

equipment, recruiting leading researchers in the field, and funding important research projects, which is 

reflected in the high number of leading journals [47]. 

As for the United Kingdom and Germany, the other two countries with significant participation in leading 

journals, they stand out for their research in nanomaterials for environmental remediation because of their 

focus on innovation and sustainability. Germany's economic strength is based on the high performance of 

its industry and its capacity for innovation, as noted by the well-known German website DW. The United 

Kingdom, on the other hand, is investing into innovative technologies that are transforming the world of 

clean energy. The country is investing in sustainable and circular solutions to reduce emissions from 

buildings and provide reliable renewable energy services, according to the European Commission and the 

global newspaper BBC [48].  
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3.4 Authors 

One of the fundamental factors in the development of research on nanomaterials used in environmental 

remediation processes is the authors, as their publications contribute to the advancement of knowledge in 

the field of study. In addition, findings related to work with nanomaterials confirm, refute, or extend existing 

theories. Figure 3 shows the top 10 most prominent authors in the field. 

Figure 3. Top 10 most cited authors on the development of nanomaterials in environmental remediation 

processes.  

 

 

The Productivity Index (PI) allows us to evaluate not only an author's productivity in terms of the quantity 

of published work but also their impact on the development of research lines. Forty percent of the prominent 

authors in this research area are affiliated with institutions in China, such as Hunan University and North 

China Electric Power University. These institutions have been recognized in the field of nanomaterials 

research for environmental remediation due to their significant contributions and advances in the field. At 

Hunan University, researchers have explored nanoremediation by analyzing the state of the art of various 

nanomaterials, such as metals, carbon, polymers, and silica, used for water, soil, and air remediation [49].  

On the other hand, at North China Electric Power University, Professor Xiangke Wang, one of the most 

prominent authors in China, is leading a research team in the development of nanomaterials and technologies 

that can remove radionuclides from the environment. In addition, they are exploring advanced nanomaterials 

such as porous organic polymers (POPs), metal-organic frameworks (MOFs), covalent organic frameworks 

(COFs), and porous aromatic frameworks (PAFs) for this purpose. These research efforts have resulted in 

several publications, including: “Advanced photocatalysts for uranium extraction: Elaborate design and 

future perspectives”, "Photochemically Triggered Self-Extraction of Uranium from Aqueous Solution 

Under Ambient Conditions", "Methyl Position Affect the Fluorescence Performance of HBT Derivatives for 

the Detection of Hypochlorite Under Alkaline Condition", y "A strategically designed porous magnetic N-

doped Fe/Fe 3 C@C matrix and its highly efficient uranium (vi) remediation"  [50], [51], [52]. Table 3 
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shows the citation indices of prominent authors in the field of nanomaterials for environmental remediation 

processes 

Table 3. h-index citations of authors highlighted for their publications in the area of nanomaterials in 

environmental remediation. 

Authors Affiliation h-index author 

Zeng, G. Hunan University 196 

Bilal, M. King Abdulaziz University 75 

Huang, D. Hunan University 112 

Iqbal, H.M.N. Tecnológico de Monterrey 74 

Kim, K.H. Hanyang University 108 

Naidu, R. The University of Newcastle 107 

Kumar, D. Central University of Gujarat 33 

Vo, D.V.N. Dại học Nguyen Tat Thanh 57 

Wang, X. North China Electric Power University 149 

Wang, X. North China Electric Power University 

(Baoding) 

82 

 

Citation metrics, such as the h-index, allow for the measurement of both the productivity and impact of 

authors' contributions. According to Table 3, the authors with the most influence and relevance in the 

scientific community in this research area are Zeng, G; Wang, X; Huang, D; and Naidu R. 

3.5 Keyword Correlation Analysis 

Figure 4 shows an analysis of the research frontiers using keyword frequency and centrality analysis. The 

resulting keyword co-occurrence map was a merged network with 93859 links across 5 clusters: Cluster 1, 

red color; Cluster 2, green color; Cluster 3, blue color; Cluster 4, yellow color; and Cluster 5, purple color 

(colors indicate groups of keywords that are related to each other). The minimum number of repeated 

keywords is 10, and the total number of keywords is 621. Each node represents one keyword, and the 

proximity of the nodes indicates the co-occurrence of these keywords. 

The most relevant keywords are bioremediation, heavy metals, and metal removal with more than 600 

connections. In addition, adsorption, pH, and nanoparticles, among others, are noteworthy. These keywords 

indicate the main lines of research in the field of nanomaterials for environmental remediation processes. 

The analysis of word co-occurrence and descriptors resulted in different groupings, reflecting different 

approaches, and changing trends in research. Cluster 1 (red) shows relationships in publications related to 

living organisms, animals, algae, and bacteria, and the processes they perform, such as their functions in the 

environment, whether as antioxidants or potential bioremediation systems. Within Cluster 2 (green), 

absorbent, catalytic, and chemical functions in general are found. Cluster 3 (blue) highlights different areas 

of work for environmental remediation, such as biodegradation, biocompatibility, biomaterials, wastewater 

processes, as well as regulation, application, and environmental management. Cluster 4 (yellow) relates to 

research on contaminant entities such as iron, aluminum, chemical compositions, oxide ions, and sediments. 

Finally, Cluster 5 (purple) focuses on isolation and purification. 
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Figure 4. Co-occurrence map of keywords in publications on nanomaterials used for environmental 

remediation processes. 

 

Figure 5 shows the co-occurrence of keywords between 2017 and 2020. Words such as bioremediation and 

heavy metals have been developed since 2018, while the more recent research lines, focus on thermal 

stability, photosynthesis, methanogenesis, nanochains, industrialization, retention times, water filtration, 

antioxidants, sustainability, among others. As shown by some studies carried out in Ecuador, gold mining 

causes harmful environmental effects, such as the release of metallic ions and inorganic compounds, which 

are discharged into aquatic systems or onto land surfaces, interacting negatively with various organisms. 

Faced with this problem, efficient ways to remove mercury, phosphates, sulfates, and nitrates from mining 

effluents have been evaluated through a phytoremediation process using the microalgae Pleurococcus sp., 

Chlorella sp. and Scenedesmus sp., strains isolated from the Andes and the Ecuadorian Amazon. [53]. 

Figure 5. Co-occurrence map of keywords in publications about nanomaterials under environmental 

remediation processes between 2017 and 2020. 
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3.6 Top 10 Articles with the Highest Citation 

Table 4 presents the top 10 most cited articles in the field of nanomaterials for environmental remediation. 

This highlights research trends in the area. 

Table 4. Top 10 most cited articles in the area of nanomaterials under environmental remediation 

processes 

Authors Title Year Source Title Cited by 

Zhao G.; Li J.; Ren X.; 

Chen C.; Wang X. 

Few-layered graphene oxide 

nanosheets as superior 

sorbents for heavy metal ion 

pollution management 

2011 

Environmental 

Science and 

Technology 

1527 

Fu F.; Dionysiou D.D.; 

Liu H. 

The use of zero-valent iron for 

groundwater remediation and 

wastewater treatment: A 

review 

2014 

Journal of 

Hazardous 

Materials 

1236 

Singh J.; Dutta T.; Kim 

K.-H.; Rawat M.; 

Samddar P.; Kumar P. 

'Green' synthesis of metals and 

their oxide nanoparticles: 

Applications for 

environmental remediation 

2018 
Journal of 

Nanobiotechnology 
1122 

Khin M.M.; Nair A.S.; 

Babu V.J.; Murugan R.; 

Ramakrishna S. 

A review on nanomaterials for 

environmental remediation 
2012 

Energy and 

Environmental 

Science 

1077 

Liu J.-F.; Zhao Z.-S.; 

Jiang G.-B. 

Coating Fe3O4 magnetic 

nanoparticles with humic acid 

for high efficient removal of 

heavy metals in water 

2008 

Environmental 

Science and 

Technology 

1004 

Zou Y.; Wang X.; Khan 

A.; Wang P.; Liu Y.; 

Alsaedi A.; Hayat T.; 

Wang X. 

Environmental Remediation 

and Application of Nanoscale 

Zero-Valen 

 

t Iron and Its Composites for 

the Removal of Heavy Metal 

Ions: A Review 

2016 

Environmental 

Science and 

Technology 

992 

Crane R.A.; Scott T.B. 

Nanoscale zero-valent iron: 

Future prospects for an 

emerging water treatment 

technology 

2012 

Journal of 

Hazardous 

Materials 

945 

Mercier L.; Pinnavaia T.J. 

Access in mesoporous 

materials: Advantages of a 

uniform pore structure in the 

design of a heavy metal ion 

adsorbent for environmental 

remediation 

1997 
Advanced 

Materials 
741 

Santos D.K.F.; Rufino 

R.D.; Luna J.M.; Santos 

V.A.; Sarubbo L.A. 

Biosurfactants: 

Multifunctional biomolecules 

of the 21st century 

2016 

International 

Journal of 

Molecular Sciences 

620 



14 
 

Okesola B.O.; Smith D.K. 

Applying low-molecular 

weight supramolecular 

gelators in an environmental 

setting-self-assembled gels as 

smart materials for pollutant 

removal 

2016 
Chemical Society 

Reviews 
592 

 

The analysis of nanomaterials for environmental remediation revealed a total of 1173 documents cited a 

total of 60,960 times, 16.16% of these citations refer to the top 10 most cited articles. Among these articles 

are recent advances in the fabrication of new nanoscale materials and processes for the treatment of drinking 

water and industrial wastewater contaminated with toxic metal ions, radionuclides, organic and inorganic 

solutes, bacteria and viruses, and air treatment [54]. Some of the investigated topics include graphene oxide 

nanosheets, which may be suitable materials for the remediation of heavy metal ion contamination if 

synthesized on a large scale. In addition, recent advances in the use of zero-valent iron (ZVI) for the 

treatment of toxic contaminants in groundwater and wastewater are highlighted; it has been demonstrated 

that widely available ZVI materials exhibit appreciable removal efficiencies for various types of 

contaminants [55], [56], [57].  

Similarly, the excellent capability of green synthesis is demonstrated, which is considered an important tool 

to reduce the destructive effects associated with traditional methods of nanoparticle synthesis commonly 

used in laboratories and industry [58]. Another highly mentioned topic is the production of biosurfactants, 

which is considered one of the key technologies for the development of the 21st century. In addition to 

having a strong positive impact on major global issues, the production of biosurfactants is of great 

importance for the implementation of sustainable industrial processes, such as the use of renewable 

resources and green products [59]. 

3.7 Recent applications of the use of nanomaterials in environmental remediation processes 

As a relatively new field, nanotechnology or nanomaterials have long-term effects that are not fully 

understood. In recent decades, there has been a growing ecological awareness of the effects that different 

materials can have on ecosystems, as evidenced by the regulations that have emerged regarding their use 

[60]. According to the EUON (European Union Observatory for Nanomaterials), different nanoforms of a 

chemical substance can vary their behavior in the environment depending on the nano-specific properties 

of the material. Therefore, it is recommended to consider the physicochemical properties of nanomaterials 

when deciding on additional parameters.  

Currently, nanomaterials are the subject of constant research due to their various applications in different 

sectors, from semiconductors to energy, textiles, and construction [61]. In the construction sector, there are 

technological advances in the application of nanomaterials that improve mechanical properties when used 

in concrete, soils, and pavements, among others [62]. Among the best-known are colloidal silica, bentonite, 

and laponite, which have a satisfactory effect in mitigating liquefaction for sandy foundations, and carbon 

nanotubes, which can increase compressive strength without confinement [63]. The application of these 

nanomaterials reduces the need for long-term maintenance and repair, which in turn reduces the 

consumption of natural resources and the generation of waste. 

On the other hand, the recent developments in nanotechnology have also brought new opportunities to 

agriculture; pesticides and fertilizers are two of the many products that have shown great potential when 

manufactured at the nanometer level, demonstrating high efficiency in the targeted and controlled release 

of agrochemicals, resulting in greater biological efficacy and overall increased crop yield and productivity 

[64]. The controlled release of these fertilizers allows for more efficient nutrient uptake by plants and 

reduces nutrient leaching into groundwater. Therefore, it helps prevent soil and water pollution from excess 

nutrients. 
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Similarly, the food industry has embraced nanotechnology as a new way to improve productivity in terms 

of safety, the use of sustainable packaging materials, and the implementation of flexible and standardized 

technology, among others. Nanomaterials provide opportunities for large companies to restructure their 

processing, packaging, and manufacturing schemes [65]. For example, bio-packaging can decompose faster 

in the environment, reducing the accumulation of plastic waste in oceans and landfills. 

4. CONCLUSIONS 

We can conclude that the effectiveness of nanomaterials in various environmental remediation processes 

has been demonstrated, especially in the removal of metal ions. New areas of research have been identified, 

such as green synthesis and the use of zero-valent iron, to reduce environmental impact. Furthermore, 

current growth trends in nanomaterials and environmental remediation research show that, although 

significant progress has been made, there is still a need to reduce environmental damage and to clean up 

and remediate contaminated sites. 

Similarly, the importance of international collaborations and the global contribution to the research field is 

recognized, as reflected in the growth of publications by country, authors, and journals. However, new 

challenges are emerging, such as regulation and scalability for the implementation of these techniques on 

an industrial scale. 

The growth rate in the production of scientific articles reached 24.75% in the last 10 years, mainly due to 

the need for environmental remediation processes. The three main journals are Environmental Science and 

Technology, Journal of Hazardous Materials and Environmental Pollution. These journals are noted for their 

continued research in the design and analysis of more efficient, sustainable, and safe nanomaterials. In 

addition, featured authors include Wang, X, Zeng, G, and Huang, D, who emphasize the importance of 

assessing long-term environmental impacts. 

The countries with the highest scientific output in the research area were China, India, and the United States, 

accounting for 75% of the total publications. Overall, this study provides a solid foundation and guidance 

for the development of innovative technologies in the field of nanomaterial-based environmental 

remediation. 
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