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Abstract: In this study, a combined technique of bibliometric and social network analysis was applied
on research articles, related to the application of nano-adsorbents for cobalt removal from wastewater,
published in Scopus database up to 2020. The results revealed that the first relative research article
appeared in the Scopus database in the year 2002. The total output of research articles reached 214
in the year 2020. Published research articles of the years 2014–2020, added up to 83.6% of total
articles. King Saud University of Saudi Arabia, Chinese Academy of Science, and LUT University of
Finland were found to serve as the gatekeepers who control information flows in the network of the
most prolific institutions, while cooperation between China, Saudi Arabia, and United States was
also identified. On average, the most prolific authors cooperated with five others, while the top 10
cited publications appeared to represent a sparse and weakly interconnected network of co-authors.
Graphene oxide was the most prominent nano-adsorbent among the top 10 cited publications, and
their respective co-citations network visualization helped in capturing the value of certain citations
to the evolution of the research on the topic, putting thus scientific work impact assessment to a
different perspective.

Keywords: bibliometrics; centrality; social network analysis Gephi; VOSviewer; scopus database;
cobalt adsorption; nano-adsorbents; graphene oxide

1. Introduction

Cobalt (Co) was discovered in 1735 due to the studies of the Swedish chemist Georg
Brandt (1694–1768), who served at that time as the director of the chemistry laboratory at
the Bureau of Mines in Stockholm, Sweden. The blue material called “smalt” had been
used from the Antiquity to add a deep blue color to objects of glass and porcelain. It had
previously been thought to contain bismuth or copper and even iron and arsenic. At the
time of Brand’s discovery the word “cobalt” referred to the ore from which the “smalt” was
prepared, rather than to the metal itself [1]. The word cobalt originated from the German
word “Kobold” which means a “demon”. The German miners used the term in the 16th
century to describe the “unknown”, at that time, substance in copper-arsenic-silver mineral
ores that caused toxic fumes and prevented them from applying the traditional extraction
processes of copper and/or silver. The toxic fumes were later on attributed to arsenic
species evaporated during roasting of the ores [2], and it was from these ores that Brandt
prepared and identified cobalt metal, which he called “cobalt regulus”, classifying it as a
semi-metal, distinguishing it from true metals of that time on the basis of malleability [1].
Cobalt is classified as the first and lightest element among the group 9 of transition metals of
the periodic chart of elements, having unique physical properties, including heat resistance,
strength, and magnetic properties [3].

Due to these physical properties, cobalt applications have evolved ever since its
discovery [4]. Thus, cobalt has been used systematically from the early 1900s in paint,
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pigment, electroplating industries, as catalyst in petrochemical and plastic industries [5],
and in alloys with iron and other metals [6]. This last application dominated in the 1990s,
where cobalt was used in the production of very hard superalloys, predominantly nickel-
based [7], which are highly resistant against temperature, corrosion, and oxidation [8], and
are mainly used in aircraft jet engines [9]. Currently, it is the rechargeable Li-ion battery
industry that dominates the global cobalt market, being responsible for 58% of cobalt
use [10].

According to recent estimations, the global cobalt consumption is expected to reach
220,000 tons in 2025 and 390,000 tons in 2030, due to the rapid growing demand for
batteries required also for electric vehicles. That means that the cobalt demand is expected
to increase by 183% in 2030 [11]. Currently the bulk of global cobalt production emanates
as a by-product of extraction of commodities such as copper (~55%), nickel (~35%), and
arsenic [12]. Almost half of the global cobalt supply is produced annually from a primary
source, a weathered stratiform sediment-hosted Cu-Co ore, located in the Democratic
Republic of Congo (DRC) [13], while the production of refined cobalt metal is currently
dominated by China (~67%), followed by Finland (~11%) and Canada (~5%) [2]. Due to the
cobalt’s economic importance, its major uses in the industry and its concentration in only a
few places worldwide, cobalt has been identified as “critical” raw material by the European
Commission [14] and the U.S.A. Department of Energy [15], motivating the development
of technologies for cobalt recovery and reuse [11,16].

While dissolved cobalt occurs naturally in surface and ground water in concentrations
that do not exceed 0.8 µg/L [17], elevated cobalt concentrations of 0.9 mg/L have been
detected in water resources, affected by run-offs from mines and from industrial efflu-
ents [18]. Average grey and blackwater cobalt concentrations of 1.36 µg/L and 0.86 µg/L,
respectively, have been detected in ordinary Swedish households [19], due to the use of
shampoos, conditioners, and detergents [20]. Cobalt concentrations in the range of 60 to
6000 mg/L can be found in industrial wastewater [21]. Although no permissible limit has
been established for cobalt in drinking water by World Health Organization (WHO) and
cobalt is generally considered as one of the heavy metals that cause no major environmental
concerns, and it is also a bio-essential element, as part of vitamin B12 [22], the increase
of cobalt discharges into water bodies led, in 1986, the New York State Department of
Environmental Conservation to impose a water quality standard for surface and ground
water of 5 µg/L cobalt [17]. In 2019, the Wisconsin Department of Health Services recom-
mended that the ground water limit for cobalt has to be set at 4 µg/L [23]. Meanwhile,
several countries worldwide have set national permissible limit of cobalt in the irrigation
water to 0.05 mg/L [24]. Recent studies have shown that cobalt at high concentrations
(≥5 mg/L) [25] can pose health risk, with symptoms related to asthma, damage of the
liver thyroid, and the heart. Cobalt has been reported to cause also genetic mutations
in living organisms [26–28], while in other studies cobalt has been reported as possible
carcinogen [29].

The need to protect human health and the environment, along with the increasing wa-
ter demand and the urge for both water reuse and cobalt recovery and reuse from aqueous
solutions, shifted research interest to the effective removal of Co from the wastewater [28].
Cobalt occurs in two oxidation states, Co2+ and Co3+, in aquatic environment. However,
with the exception of certain complexes, Co3+ is thermodynamically unstable under the
redox and pH conditions that commonly occur in natural waters [17]. 60Co hazardous
radioactive isotope, found in radioactive wastewater effluents, also always exists in the
ionic form of Co2+ in water environments [21]. Advanced wastewater-treatment methods,
such as ion exchange, precipitation, membrane separation, and electrolysis, have been used
for cobalt removal from wastewater [30,31]. However, most of these methods are costly and
require high levels of expertise. Therefore, interest has shifted to the adsorption technology,
which is simple, economic, and versatile. Co(II) ions (Co2+) have been considered a good
model pollutant for adsorption studies over the last decade [30]. Nanomaterials, substances
with a particle size of 1 nm to 100 nm in at least one dimension [32], for Co(II) adsorption
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from wastewater, have been developed, over the last ten years, aiming to overcome con-
ventional adsorbents limitations [33]. Most of the nano-adsorbents investigated for Co(II)
removal from wastewater fall into the categories of metal [34] and metal oxide nanomate-
rials [32], carbon-based nanomaterials [35,36] and polymer-based nanomaterials [37,38].
Even though these nanomaterials have shown high adsorption capacity values, further
research and development is needed, up to the stage of their commercialization and their
application to full scale wastewater treatment, as they exhibit certain limitations [28].

Apart from the conventional review studies of the progress made by scholars, bib-
liometric studies can also be beneficial for deepening the research and improving the
understanding of research patterns and co-operations on the topic of nano-adsorbents for
Co(II) removal from wastewater. Bibliometric methods, whose origins can be traced back to
the 1920s [39], are now well established [40] and used as a comprehensive technique, related
to mathematical and statistical methods to figure out publication distribution, variation,
and relationships quantitatively based on public databases, such as Scopus [41]. Applying
the tools of bibliometric analysis, an overview of the research landscape can be revealed
and guidance on future research can be offered, in a much different way than research
review articles do. Jieng et al. [42], in their recent bibliometric research published in 2018
on the role of nanomaterials in wastewater treatment over the last decade, observed strong
cooperation on research publications between China and USA and identified graphene,
magnetic nanoparticle, and nanocomposites as research hotspots.

As the bibliometric analysis articles focusing on the role of nanomaterials in wastewa-
ter treatment are limited [41,43,44], and none so far have been published focusing only to
nano-adsorbents for Co(II) removal from wastewater, this study aims to help reveal hidden
research trends, gain novel insights on scientific developments in this research area, and
improve bibliometric reliability. The study is based on research articles indexed in Scopus
database, the largest curated abstract and citation database of research literature in the
world today [45], with combined techniques of bibliometric and social network analysis.

2. Methods
2.1. Data Collection

The publications considered for this study were obtained from the Elsevier’s Scopus
database through the searching process presented in Table 1. Scopus was selected on the
basis that it possesses a larger coverage of peer-reviewed publications in all fields, provides
reliable bibliographic data [46], and offers ~5% more coverage than Web of Science in the
field of Natural Science and Engineering [47], whereas Google Scholar offers results of
inconsistent bibliometric accuracy, as it works as a search engine of the whole internet
which narrows the results to “scholarly” ones, based on machine-automated criteria [48].
Applying the appropriate syntax of Scopus database, the search approach was created on
the basis that the acquired research publications were to be retrieved from a dataset that
would be as broad, complete, and relevant as possible. In that sense, the search included all
years, all subject areas, and used title-abstract and keywords for retrieving the appropriate
literature. Four sets of search terms were identified as the most relevant: adsorption, cobalt,
wastewater, and nanomaterials. The four sets were combined using AND. Within the
sets, related terms were combined using OR, exact phrases were put in double quotations
marks and words with common roots were truncated using an asterisk, e.g., by using
nano* Scopus searched for nanomaterials, nanoadsorbents, nano-adsorbent, nanosorbents,
nanocellulose, and so on. The results were limited to include only publications in English
and journal articles; their titles and abstracts were then thoroughly reviewed to collect
the relevant publications. The search was conducted on 16 April 2021. Note that along
with the applied query string and the exact number of articles retrieved (Supplementary
material, S1), the exact date that the search was conducted on Scopus database needs also
to be stated. The reason is that any application of the exact same query string on Scopus
database at any subsequent time (e.g., later than 16 April 2021) will yield, inevitably, a
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larger number of articles (than the 6417, stated here) as the database does not provide the
option to limit search results by an exact date (e.g., by 16 April 2021).

Table 1. Search approach on Scopus database.

Search Parameter Scopus Search Syntax

Category Title-Abstract-Keywords (TITLE-ABS-KEY)
Subject area ALL
Time period ALL Years

Sets of search terms 4
Combination of Sets Combined using AND

Related terms Related using OR
Exact phrases Double quotations marks “ ”

Words with common roots Truncated using the asterisk * symbol

Filters

Language: English LIMIT-TO
(LANGUAGE,”English”)

Document type: Article LIMIT-TO (DOCTYPE, “ar”)
Source type: Journal LIMIT-TO (SRCTYPE,”j”)

Search Date 16-4-2021

Exact Query String

(TITLE-ABS-KEY (adsorpt * OR adsorbent* OR
sorbent * OR remov * OR eliminate *) AND

TITLE-ABS-KEY (cobalt OR “cobalt(II)” OR “cobalt
2+” OR “heavy metal *”) AND TITLE-ABS-KEY

(wastewater OR “waste water” OR water OR
aqueous OR “industry * wastewater” OR “industry *

effluent *”) AND TITLE-ABS-KEY (“nano *” OR
graphene)) AND (LIMIT-TO (DOCTYPE,”ar”)) AND

(LIMIT-TO (LANGUAGE, “English”)) AND
(LIMIT-TO (SRCTYPE, “j”))

Total documents (initial search) 6417 (Supplementary Material, file S1)

2.2. Data Bibliometric Analysis

The growth of research articles on Scopus database was analyzed using the Annual
Growth Rate (AGR) and two parameters that are related to each other: the Relative Growth
Rate (RGR) and the Doubling time (Dt), estimated on a year-by-year basis [49].

The AGR is estimated, using the formula [50]

AGR =
Certain year No of articles− Previous year No of articles

Previous year No of articles
× 100 (1)

The RGR represents growth in research output and is calculated using the following
formula [50]:

RGR = (ln N2 − ln N1) (2)

where N2 and N1 are, respectively, the cumulative number of publications in the year of
interest and in the previous year. Dt is directly related to RGR and reflects the time required
for publications to become double of the existing amount. If the number of articles doubles
during a given period, then the difference between the natural logarithms must be 0.693,
the natural logarithm of number 2. Thus, Dt is calculated, using the following formula [50]:

Dt = 0.693/RGR (3)

The collaboration index (CI) of an author was calculated as the total number of authors
of co-authored research articles divided by the total number of multi-authored articles [51].

For journals’ impact factor and for their respective quartile ranking, data of the year
2020 were used, as found in the Journals’ Citation Report by Clarivate Analytics [52].
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The Hirsch index (h-ndex) [53], introduced to characterize the scientific output of a
researcher, was applied as a useful index to quantify the impact of the publications of the
most prolific authors as well as the most profic journals and institutions. It was calculated
as the number of papers with citations number ≥h.

2.3. Data Visualization

Two open-source and freely available softwares were used for data visualizations.
VOSviewer version 1.6.16 was downloaded from https://www.vosviewer.com (Ac-

cessed on 16 April 2021). The software that was firstly introduced in 2009 [54], is completely
focused on the visualization of bibliometric networks, it takes Scopus data export files
in csv (comma separated values) text format as input, and demands no preparation of
the data acquired from Scopus. It has an easy-to-follow wizard for authors’ keywords
co-occurrence visualization; thus, in this study, VOSviewer was used exclusively for the
network visualization of the top 10 co-occurring authors’ keywords.

Gephi, version 0.9.2, downloaded from https://gephi.org (Accessed on 16 April 2021),
was applied to display all the other networks of this study. Gephi software was created
in 2009 for social network visualization and common statistics/metrics for social network
analysis [55]. With Gephi the visualizations can be customized according to the user’s
needs. When Gephi was used, Scopus export csv files were edited in excel, according
to the needs of each particular visualization, the edited excel files were then saved in
csv format and the corresponding network was extracted in GEXF file format (Graph
Exchange XML Format), the default Gephi graph file format, before loaded to Gephi
software. This last step was made by using the online Table2net application, available at
https://medialab.github.io/table2net/ (Accessed on 16 April 2021). The Table2net online
tool, developed by one of Gephi’s creators, allows the extraction of a Gephi file format
(GEFX) from a csv file, by adjusting online a simple series of settings.

3. Results and Discussion
3.1. Annual Growth of Research Articles

The bibliometric analysis, regarding the annual production of research articles, con-
cerning the use of nanomaterials as adsorbents for Co(II) removal from wastewater, is
presented in Table 2. The search produced 6417 documents. Their titles and abstracts were
then thoroughly reviewed, manually. This was the most time-consuming part of the pro-
cess, but it had to done carefully so as all the relevant research articles to be retrieved from
the initial broad dataset of the 6147 publications, e.g., the initial dataset contained articles
that referred to heavy metals’ nano-adsorption removal from wastewater and only through
reading of both their title and abstract it was possible to identify if cobalt was included in
the heavy metals. Furthermore, in order to provide another example of the necessity of
the applied screening process, there were articles included in the initial dataset that used
adsorbents to remove cobalt from wastewater and only through reading of both their title
and abstract it was possible to identify if nano-adsorbents were used. The development
of semiautomated or fully automated, hopefully in the future, title-abstract screeners are
supposed to facilitate this process; however, as there are still limitations to the applicability
of such semiautomated title-abstract screening tools [56], the manual screening approach
remains inevitable. The approach resulted in 229 relevant publications. Fifteen research
articles were retrieved for the year 2021, but as the search was conducted in April 2021, the
total number of research articles indexed on Scopus for the year 2021 was not complete,
thus publications indexed later than 2020 were not included in this analysis; however,
the total number of citations that the publications received was assessed up to the date
that the search results were exported from Scopus database. The first relative research
article, appeared on Scopus database, in the year 2002. The total output of research articles
expanded from 1, in the year 2002, to 214 research articles in the year 2020 (Supplementary
material, file S2). Published research articles of the years 2014–2020, added up to 83.6% of
total articles. The highest annual growth rate value of 280% was produced in the year 2014.

https://www.vosviewer.com
https://gephi.org
https://medialab.github.io/table2net/
https://medialab.github.io/table2net/
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Table 2. Annual production and growth of research articles.

Year

No
of

Research
Articles

Percentage
of

Research
Articles

(%)

Cumulative
Sum of

Research
Articles

Annual
Growth

Rate
(AGR)

Relative
Growth

Rate
(RGR)

Doubling
Time
(Dt)

2002 1 0.5 1 - - -
2003 1 0.5 2 0.0 0.7 0.9
2004 1 0.5 3 0.0 0.4 1.6
2005 1 0.5 4 0.0 0.3 2.2
2006 3 1.4 7 200.0 0.6 1.1
2007 1 0.5 8 −66.7 0.1 6.4
2008 2 0.9 10 100.0 0.2 3.2
2009 3 1.4 13 50.0 0.3 2.1
2010 2 0.9 15 −33.3 0.1 6.4
2011 9 4.2 24 350.0 0.5 1.3
2012 6 2.8 30 −33.3 0.2 3.2
2013 5 2.3 35 −16.7 0.2 3.2
2014 19 8.9 54 280.0 0.4 1.6
2015 32 15.0 86 68.4 0.5 1.3
2016 36 16.8 122 12.5 0.3 2.1
2017 27 12.6 149 −25.0 0.2 3.2
2018 21 9.8 170 −22.2 0.1 6.4
2019 26 12.1 196 23.8 0.1 6.4
2020 18 8.4 214 −30.8 0.1 6.4

Total/
Average 214 100.0 1143 45.1 0.3 3.1

As noted in several bibliometric research studies, the production of scientific publica-
tions is, in general, characterized by three successive stages, even though, each scientific
field, undergoes its own growth process [57]. The stages, initially identified by Price [58] in
1956, are the precursors’ stage (initial publications), the exponential growth stage (become
a major focus of research), and the linear growth stage (growth slows down). It is indicated,
by the RGR and the corresponding DT values of Table 2, that the annual growth of the
research articles of this study was neither fully exponential nor linear. The RGR values
showed a decreasing trend with fluctuations. The corresponding DT values denoted an
increasing trend, with several ups and downs, while the value of DT remained constant to
6.4 for the years 2018, 2019, and 2020, meaning that 6.4 years are needed so as each of these
years publications to be doubled.

Figure 1 represents the annual growth of research articles, along with the cumulative
sum of the articles and its exponential trendline fit. Even though the R-squared value of
the exponential function is 0.987, the graphical representation of the model, along with
the calculated value of the square root of the variance of the residuals (RMSE) [57], which
is 20.38, reflects the poor ability of the exponential growth model to accurately predict
the data in recent years and especially as regards the data points of the years 2019 and
2020, where the model overfits the actual data. This drop in the publications’ output
must be considered in respect to the COVID-19 outbreak, as during this period many
fields of science, not directly related to the pandemic, have lagged behind [59]. However,
this assumption remains to be validated in the future, by comparing the publications’
production during the pandemic with the growth of publications in the forthcoming years.
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2. on page 9. Please check if 3.3.1 should be added before title “Countries’ Based Network 
Analysis of the Top 10 Institutions” 

3. Fig. 8. Please enlarge column so as i to be in the same line with vi, vii 

 

Figure 1. Annual production of research articles.

Despite the fact that growth of the research papers related to nano-adsorbents for
Co(II) removal from wastewater is not in its exponential phase, as a fifth-degree polynomial
model better fits the datapoints, as seen in Figure 1, the trend is definitely increasing and
that can lead to greater focus on the subject in the forthcoming years.

3.2. Top 10 Publication Sources

The 214 publications on Scopus database were processed in order to identify the
most prolific journals that scientists have turned to in order to publish work related to the
application of nano-adsorbents for Co(II) removal from wastewater. The top 10 journals
retrieved on Scopus database, as regards the amount of relative publications, are presented
in Table 3. The retrieved journals are presented along with the corresponding number
of total citations, received by the publications, the value of Hirsch index (h-index), the
journals’ 2020 impact factor, and their quintile ranking.

Table 3. Main journals of publications.

Rank Journal Title
No of

Research
Articles

Total
Citations

h-
Index

Start
Year

2020
Journal

Impact Factor
Quartile

1 Chemical Engineering Journal 13 1197 13 2011 10.652 Q1
2 Desalination and Water Treatment 12 46 4 2015 0.854 Q4
3 Journal of Hazardous Materials 11 1382 10 2009 9.038 Q1

4 Journal of Radioanalytical and
Nuclear Chemistry 10 94 6 2006 1.137 Q3

5 RSC Advances 8 193 8 2013 3.119 Q2
6 Microchimica Acta 6 191 6 2016 6.232 Q1

7 Journal of Colloid and Interface
Science 5 288 5 2004 7.489 Q1

8 Journal of Molecular Liquids 5 177 5 2015 5.065 Q1

9 Journal of Industrial and
Engineering Chemistry 4 170 4 2014 5.278 Q1

10 Carbohydrate Polymers 3 208 3 2014 7.182 Q1
Total/

Average 77 3901 6 2012 5.6046 Q2

The top 10 journals received in total 77 research articles and 3901 citations (including
citations made up to 15 April 2021). These values correspond to 36% of total articles and to
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44% of total citations. The corresponding h-index was in the range of 4 to 13. “Chemical
Engineering Journal” tops the list with 13 publications.

As observed from data of Table 3, the quality of the journal strongly affects the total
number of citations received, as there were journals of similar number of published articles
or journals that published earlier and yet depicted a smaller number of citations, compared
to the ones with higher impact factors. The majority of the top 10 journals (seven out of
10) were of high quality, falling to the first quartile (Q1), meaning that they were ranked
among top 25% journals in the same subject area.

Each of the top 10 journals of Table 3 were categorized in Scopus database to either a
single or multiple subject areas. The subject areas can provide a better understanding of
the focus of the research, compared to what is revealed by assessing only each journal’s
title. Figure 2 shows the number of articles published in each journal along with the subject
area/areas that each journal belongs to. Seventy-three percent of the 77 publications fell into
four subject categories: “Environmental Science”, “Chemistry”, “Chemical Engineering”,
and “Engineering”. In that respect, environmental protection can be considered as the
driving force for research related to Co(II) removal from wastewater. Moreover, research on
the removal of Co(II) from radioactive wastewater was limited, as “Energy” and “Medicine”
subject areas accounted each only 5.40% of the publications. Furthermore, “Chemistry”
was a major subject of research, accounting for 24.50% of publications. Furthermore, even
though nano-adsorbents are nanomaterials, and thus “Material Science” subject could
be expected to serve as a major contributing category, it accumulated only 7.10% of the
publications.
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Figure 2. Ranking of top 10 journals: No of articles and relevant subject areas, with percentages of articles within each
subject area.

3.3. Top 10 Institutions

After identifying the top 10 publication sources, the corpus of the 214 publications
was processed so as to identify the major institutions with the higher amount or research
published, related to the application of nano-adsorbents for Co(II) removal from wastewater.
Scopus does not consider different departments of the same institution as separate units in
evaluating institutions’ outputs; this approach was also followed here and Scopus’ data
were processed in Excel to avoid any duplicate entries, e.g., authors with two or more
affiliations that add up the same output to multiple institutions. The most productive
institutions are presented in Table 4, along with their country of origin and the values of
the following scientometric indicators: the total No of research articles, the total No of
citations, h-index, and start year of research publications, for the data corresponding to
each of these institutions.
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Table 4. Top 10 productive Institutions.

Rank Institution Country
No of

Research
Articles

Total
Citations

h-
Index

Start
Year

1 Chinese Academy of Sciences China 17 2123 12 2006

2 Atomic Energy Authority of
Egypt Egypt 11 134 7 2015

3 University of Tehran Iran 9 160 6 2015

4 King Saud University Saudi
Arabia 7 335 6 2014

5 Ministry of Education China China 6 100 5 2014

6 Amirkabir University of
Technology Iran 6 92 4 2015

7 LUT University Finland 5 356 5 2013
8 Tsinghua University China 5 233 5 2016
9 Erciyes Üniversitesi Turkey 4 157 3 2016

10 Al-Imam Muhammad Ibn
Saud Islamic University

Saudi
Arabia 4 17 3 2015

Total/
Average 74 3710 6 2014

Chinese Academy of Sciences tops the list in respect to both the total No of published
research articles, with 17 papers and the total No of citations, with 2123 citations (as
evaluated on the 15 April 2021). The institution also demonstrated the highest value of
h-index (h-index of 12). Note that two more Chinese institutions rank 5 and 8 in the list of
10. China’s increasing control over cobalt resources in the DRC as well as its domination on
the production of refined cobalt metal is clearly reflected in the results of this institutions’
research activity ranking, in terms of the production of publications and citations’ output.
The fact that Finland follows China in the production of refined cobalt metal explains why
LUT University of Finland, ranked 7th place, was the only Western institution that added
up to this top-10 institutions’ ranking.

Countries’ Based Network Analysis of the Top 10 Institutions

In order to identify international cooperation patterns of the most productive in-
stitutions, Table 2′s institutions’ publications were evaluated according to the authors’
country affiliations and the institution network of countries was visualized by Gephi soft-
ware (Figure 3). For visualization, Gephi’s default ForceAtlas layout algorithm was used.
ForceAtlas is a force-directed layout that simulates a physical system in which the indi-
vidual units of analysis (nodes in Gephi’s network terminology) are little balls electrically
charged and the links (edges in Gephi’s network terminology) are springs that connect
them to other type of nodes. The algorithm applies two opposite forces to the nodes,
one attractive (proportional to the weight of the link between two nodes) and the other
repulsive, until the system comes to a state of mechanical equilibrium [55]. The layout
demands no specialized knowledge on graph theory and results in a visually pleasant
configuration, helpful for the interpretation of the data. Thus, by applying the algorithm,
institutions and countries that were related to each other were grouped together, while
those institutions that did not cooperate with the same countries were placed in distance.
By applying Gephi’s modularity metrics to the dataset [60], six clusters were identified
and colored accordingly. The more active the institution or the country was, in terms of
collaboration, the bigger was its circular representation (node size in Gephi’s network
terminology). Furthermore, nodes’ labels were font-sized in respect to the nodes’ size. For
scaling the nodes, Gephi’s Betweeness Centrality (BC) statistics was applied. BC shows
the institution’s capacity to connect with other countries within the network [61]. Thus,
institutions with high betweenness rates can be considered to serve as gatekeepers who
control information flows in the network [62]. Through the network visualization it can be
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identified that King Saud University (BC = 137), Chinese Academy of Science (BC = 113),
and LUT University of Finland (BC = 107) were in good position within the network.
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Figure 3. Countries’ co-authorship network of the top 10 institutions.

In respect to the countries’ visualization and corresponding statistics, the presence
of United States is noteworthy, even though none of the most productive institutions
originated in this county, still United States followed Saudi Arabia in BC (92 and 112,
respectively) and had equal value of closeness centrality with Saudi Arabia (0.4), meaning
that those two countries had the shortest distance to the other institutions of the network.
The high closeness centrality represents the effectiveness and key role of those two countries
in the distribution of information in the network, as closeness centrality was developed
in order to measure the extent of influence of certain nodes over the entire network. It is
calculated as the average of the shortest path length from the node to every other node in
the network [63].

Interestingly, some other countries, such as Germany, Japan, and Pakistan, have
found their way into being affiliated by more than one institution. Iran was followed by
China in BC (47 compared to China’s 51) and clustered together with LUT and Amirkabir
Universities, while China was clustered along with Tsinghua University and the Chinese
Ministry of Education and not with the Chinese Academy of Science, which was identified
as the main contributor of research papers in Table 4’s data. The case of the Chinese
Academy of Science is interesting because the visualization in Figure 4 showed that this
institution (which is a large research organization comprising over 100 institutes [64]) not
only had many domestic authorships, but that its role could be considered as intermediary
between the two other Chinese institutions (with exclusive domestic co-authorship) and
foreign partners.

3.4. Top 10 Authors

Table 5 presents a ranking of the most prolific authors, having the highest amount of
published research, related to the application of nano-adsorbents for Co(II) removal from
wastewater, in the corpus of 214 publications. The ranking was made based on the total
number of research papers appeared on Scopus’ dataset and among authors with the same
amount of publications, the one with the higher number of total citations was placed ahead.
As presented in Table 5, the 10 most prolific authors published in total 42 research articles
(20% of total publications), the publications were made between 2011–2016, the authors
had an h-index in the range of 3 to 7, and a collaboration index (CI) in the range of 3–7.
The 10 most prolific authors presented in Table 5 demonstrated an average CI value of 5,
suggesting that the research publication was, in average, produced by five authors in the
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field. Wang X. from Chinese Academy of Sciences topped the list, with seven publications,
1839 citations, an h-index of 7, and a CI of 6.
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Table 5. Top 10 productive Authors.

Rank Author Institution
No of

Research
Articles

Total
Citations

h-
Index CI Start

Year

1 Wang X. Chinese Academy of Sciences 7 1839 7 6 2011
2 Li J. Chinese Academy of Sciences 6 1439 6 7 2013
3 Sillanpää M. LUT University, Finland 5 359 3 5 2013
4 Soylak M. Erciyes University, Turkey 5 197 5 6 2016

5 Mahmoud M.E. Alexandria University,
Egypt 5 55 5 5 2016

6 Lakouraj M.M. University of Mazandara, Iran 4 210 4 3 2014
7 Jeon B.-H. Hanyang University, South Korea 4 139 4 7 2014

8 Awual M.R. Japan Atomic Energy Agency,
Japan 3 424 3 3 2014

9 Asiri A.M. King Abdulaziz University, Saudi
Arabia 3 30 3 7 2014

10 El Mir L. Gabes University, Tunisia 3 10 2 4 2015
Total/

Average 42 4602 4 5 2014

In order to identify authors’ influence, the collaboration network of the top-10 authors
was visualized using Gephi software. Before being entered in Gephi, the Scopus dataset
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was processed in Excel, so that all co-authors’ names to be coupled with their corresponding
Scopus ID, thus avoiding evaluating co-authors who shared the same name but different
Scopus’ IDs as one. Gephi’s ForceAtlas algorithm was run on the dataset and the resulted
visualization is presented in Figure 4. The authors are represented with green colored nodes
and are connected, through links (edges in Gephi’s terminology), with their respective
co-authors, represented with pink colored nodes. The thicker the edge linking two nodes,
the more intensive was the collaboration between these two nodes. From the visualization
it is easy to understand that typically all authors published papers more frequently with
certain co-authors. The authors ranked in the first two places Wang X. and Li J., both from
the Chinese Academy of Science, had three in common publications and shared seven
co-authors. Wang X. also shared one co-author with Asiri A.M., from King Abdulaziz
University of Saudi Arabia. The rest of the authors did not share any co-authors with
one another. Eigenvector is another micro-level metrics of centrality used to analyze the
co-authorship network and identify the influence of an author within the network. An
author, which is connected to many other co-authors that are themselves well-connected,
has a high eigenvector centrality and an author connected to few co-authors who also have
a few connections has a much lower score [65]. Thus, in the representation in Figure 4
the nodes were sized in respect to the value of the of the eigenvector centrality of each
author and co-author in the network structure. Nodes’ labels font sizes were in accordance
with the nodes’ size. Considering the eigenvector centrality values (given in parentheses),
Wang X. (1) and Li J. (0.47) were ranked first, as those two authors shared many co-authors,
while Soylak M. (0.40) followed, as he exceeded the rest of the authors, demonstrating
high number of both publications and CI, as noted in Table 5’s data. The collaboration
network of the top 10 authors had (i) a graph density [65] of 0.014, meaning that only
1.4% of the possible connections in the network occurred and (ii) an average degree [65]
of 2, meaning that only two, on average, authors were connected in the network As a
result, such analysis can provide the basis for the possibility to optimize collaboration
between main and non-mainstream authors, and to strengthen and tighten the existing
collaborations, so as to build a stronger network in the future [66].

3.5. Top 10 Co-Occurred Authors’ Keywords

To obtain the 10 keywords that were most frequently used within the dataset of the 214
publications, the network based on authors’ keywords was constructed using VOSviewer
software. VOSviewer was selected in this case as it has a ready to use authors’ keywords-
co-occurrence analysis tool for Scopus datasets. Our dataset consisted of 586 keywords.
We set the minimum of two occurrences as the threshold and VOSviewer analysis resulted
to 102 keywords. For each of the 102 keywords, VOSviewer calculated the total strength of
co-occurrence links with other keywords of the dataset, and we selected the 10 keywords
with the greatest total link strength for visualization, so that we can focus on the major
research streams. VOSviewer has the option to handle similar keywords as one, e.g., “heavy
metals” and “heavy metal”, but we chose not to apply this process to the dataset so as to
identify the keywords’ variations that authors had chosen to index their publications with
and visualize the frequency of their appearance, as well as their key role in the calculated
co-occurrence network.

VOSviewer authors’ keywords network is based on a distance-directed visualization.
The size of the nodes and their labels is proportional to the frequency of keywords. The
higher the frequency, the larger is the size. The co-occurrence of the terms determines the
width of the links: the higher the co-occurrence, the thicker the line. The color of a keyword
indicates the cluster it belongs to. The clusters of related keywords appear in the network,
indicating their relatedness in terms of relevant publications. Distances between keywords
indicate relatedness of keywords in terms of co-occurrence links. The closer the relatedness
the smaller is the distance between the keywords, in the map [54].

From the representations in Figure 5, we can understand that the more general terms
were more frequently selected by the authors’ as keywords for their publications. The term



Processes 2021, 9, 1177 13 of 23

“adsorption” dominated the graph, presenting the highest occurrence value (54), followed
by the term “cobalt” (27). However, note that instead of those terms, authors’ indexed
their publications using, respectively, the terms of “sorption” (13) and “Co(II)” (17). The
term “heavy metals” (20) also stood out in the graph and then followed the general terms
referring to kinetics and isotherm studies of adsorption, indexed in descending frequencies
as “kinetics” (12), “isotherm” (10), and “kinetic” (6). The general term “nanoparticle” (7)
was the most frequently used term to index nano-adsorbents’ publications, while, the
term “graphene oxide” (10) was the only specific term, characterizing the type of the nano-
adsorbent, included in the map of the top-10 co-occurred authors’ keywords, co-existing
(in the same cluster) with the major terms “adsorption” and “cobalt”, demonstrating
thus, the importance of this type of carbon-based nano-adsorbent for cobalt removal from
wastewater.
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Authors’ keywords analysis is an under-researched but emerging area of scientific
information [67]. The findings of such authors’ keywords analysis can not only help
identifying major research topics but can also enhance the quality of communication
between the authors and users of the scientific information. Though such analysis, authors
can benefit of a more effective keywords’ selection and retrievers of scientific information
can identify more easily the proper keywords in researching for a particular topic.

3.6. Top 10 Cited Research Articles

The dataset of the 214 publications was further analyzed in respect to the number
of citations the publications have received. The top 10 cited articles were identified and
ranked in descending order in Table 6. The top 10 cited publications were made in scientific
journals with impact factor in the range of 10.652 to 3.333. Nine out of 10 publications
were published in journals ranked in the 1st quartile (Q1) and one in the 2nd (Q2) (journals’
impact factor and its corresponding quartile ranking is given in parenthesis in Table 6, only
for journals not included in Table 4’s data). Three out of the 10 publications, presented in
Table 6, were not identified in the preceded assessments of this study, namely publications
ranked in 5th, 6th, and 7th place, written by authors originated from institutions located in
Romania/France, Taiwan, and Turkey, respectively.
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Table 6. Top 10 cited research articles.

Rank Title Authors Journal Total
Citations

Publication
Year

1

Few-layered graphene oxide
nanosheets as superior sorbents

for heavy metal ion pollution
management

Zhao G., Li J., Ren X.,
Chen C., Wang X.

Environmental
Science and
Technology

1223 2011

2
Adsorption of divalent heavy
metal ions from water using

carbon nanotube sheets

Tofighy M.A.,
Mohammadi T.

Journal of
Hazardous
Materials

485 2011

3

Simultaneous removal of
heavy-metal ions in wastewater

samples using nano-alumina
modified with

2,4-dinitrophenylhydrazine

Afkhami A.,
Saber-Tehrani M.,

Bagheri H.

Journal of
Hazardous
Materials

355 2010

4
Synthesis of magnetite/graphene
oxide composite and application

for cobalt(II) removal

Liu M., Chen C., Hu J.,
Wu X., Wang X.

Journal of Physical
Chemistry C
(4.189/Q2) *

337 2011

5

Synthesis and characterization of
kaolinite-supported zero-valent

iron nanoparticles and their
application for the removal of
aqueous Cu2+ and Co2+ ions

Üzüm Ç., Shahwan T.,
Eroǧlu A.E., Hallam

K.R., Scott T.B.,
Lieberwirth I.

Applied Clay
Science

(4.605/Q1) *
272 2009

6
Modified SBA-15 mesoporous

silica for heavy metal ions
remediation

Mureseanu M., Reiss
A., Stefanescu I.,

David E., Parvulescu
V., Renard G., Hulea V.

Chemosphere
(5.778/Q1) * 230 2008

7
Magnetic chitosan nanoparticles:
Studies on chitosan binding and

adsorption of Co(II) ions

Chang Y.-C., Chang
S.-W., Chen D.-H.

Reactive and
Functional
Polymers

(3.333/Q1) *

205 2006

8

Removal of heavy metals from
aqueous solutions by succinic

anhydride modified mercerized
nanocellulose

Hokkanen S., Repo E.,
Sillanpää M.

Chemical
Engineering

Journal
182 2013

9

Functional ligand anchored
nanomaterial based facial

adsorbent for cobalt(II) detection
and removal from water samples

Shahat A., Awual M.R.,
Naushad M.

Chemical
Engineering

Journal
181 2015

10
Removal of cobalt ions from

aqueous solution by an amination
graphene oxide nanocomposite

Fang F., Kong L.,
Huang J., Wu S.,

Zhang K., Wang XU.,
Sun B., Jin Z., Wang J.,

Huang X.-J., Liu J.

Journal of
Hazardous
Materials

166 2014

* 2020 Journal Impact factor/Quartile.

3.6.1. Distribution of Total Citations over Time Periods for the Top 10 Cited
Research Articles

The list of the 10 most cited articles consisted of articles published between years 2006
and 2015 and had citations in the range of 1225 to 166, up to 16 April 2021. Regardless the
publication year, most of 10 top cited publications (nine out of 10) received the majority of
citations between 2016–2020, as presented in Figure 6, indicating thus the growing interest
towards the topic over the last five years, as was also observed for the same time span in
Figure 1, where the growth of the research papers related to nano-adsorbents for Co(II)
removal from wastewater, was presented.
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3.6.2. Co-Authorship Network of the Top 10 Cited Research Articles

For exploring the co-authorship network of the most cited publications, Gephi’s vi-
sualization was applied. The network was deployed using ForceAtlas layout algorithm.
To make the graph visually readable, publications’ nodes were connected to their respec-
tive authors’ nodes. To facilitate the network’s interpretation, publications’ nodes were
colored in green, sized, and labeled according to each publication’s ranking order, while
authors’ nodes were labeled with each author’s name and colored according to the authors’
affiliation. As it is easily understood from the visualization, presented in Figure 7, six
out of ten publications were made by authors of the same institution, three of the rest
four publications shared co-authorship affiliated from different countries, while only two
publications were identified to have two of their authors in common, namely, publications
ranked in 1st and 4th place, both affiliated by the Chinese Academy of Science.

The diverse focus of these top 10 cited publications, the difference in authors’ affilia-
tions and time span of publications’ year, could be the obvious reasons for why these top
10 cited publications appeared to represent a sparse and weakly interconnected network
of co-authors. Nevertheless, there were two publications, focusing on the same type of
cobalt nano-adsorbents, produced by authors from the same institution, published three
years apart, that were still not connected through their co-authors’ network, namely, the
publications ranked in 1st and 10th place.

3.6.3. Co-Citation Network of the Top 10 Cited Research Articles

Trying to understand beyond the obvious reasons of such realization, the co-citation
network, or in other words, the network of the references used by these 10 toped cited
publications was also investigated, after being visualized, using the same approach as
before. Again, the publications were represented with green colored nodes; and their sizes
were manually enlarged, in respect to their ranking position, to facilitate the representation.
Each publication was linked with arrowed edges, pointing to the corresponding references
(pink colored nodes). To facilitate reading of the graph, the references that were shared
between different publications were colored red. The publications that referenced one
another were also linked through pointed edges. Even though the same layout was used
as in Figure 7 representation, the position of the 10 most cited publications in this network
representation was different, compared to that of Figure 7, as the force-directed layout,
places each node depending on the other nodes of each particular analysis and turns
structural proximities into visual proximities, by pushing, in general, highly connected
nodes at the periphery and putting less connected nodes more central [68]. Furthermore,
as the “attractive and repulsive” mechanism of the algorithm can be manually controlled
by the user, we stopped the layout when a clear visual interpretation of the networks’



Processes 2021, 9, 1177 16 of 23

structure could be accomplished, that was when co-cited nodes where not overlapped and
their links could be easily identified.
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In this context, the visualization in Figure 8 helped us realized that even though
the publications ranked in 1st and 10th place did not share co-authorship, the 10th was
placed in close proximity to the 1st publication, as it referenced the 1st, indicating that
the preceded 1st ranked publication had been taken into consideration by the particular
research group and received the appropriate peer recognition. No other direct reference
was identified between the 10 top cited publications. However, the 10th publication shared
three other references with 1st publication, had one reference in common with 2nd and one
reference in common with 3rd publication, while the 9th publication, which was published
one year later than the 10th, was also identified to have one reference in common with 10th
publication.

Co-occurrence of citations is a tool also used to identify fundamental literature on
a certain topic, as when research groups cite a common set of papers, these co-citations
indicate works that may contain key concept equations, experiments, or results and thus are
usually frequently cited, in terms of bulk citations [46]. That is clearly the case of reference
(i) corresponding to the fundamental work of Langmuir (1918), cited 14,441 times, where
the Langmuir’s adsorption model was presented. In reviewing (ii)–(vii) co-citations, shared
in Figure 8′s network: (ii) Netzer et al. (1984) paper, cited 229 times, was referring to cobalt
removal from wastewater using activated carbon, effective adsorbent for removing metallic
species from wastewater, though not extensively applied due to its high cost [69], (iii)
Yüzer et al. (2008), cited 70 times, was used in reference to the forms of cobalt in various
pH values. (v) Bhatnagar et al. (2010) work on lemon peels bio-sorbent of 25.6 mg/g
adsorption capacity, cited 250 times, was used to compare nano-adsorbents’ capacity for
Co(II) removal to other sorbents. While, the rest of the co-cited publications were used
to cite more general aspects of research, such as the presence of heavy metals in various
industrial influents (Yang et al. 2009, cited 345 times) and the various materials that have
been used as heavy metals’ adsorbents (Tan et al. 2009, cited 320 times and Fonseca et al.
2011, cited 50 times).
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3.6.4. Cobalt Adsorption Insights of the Top 10 Cited Research Articles

Trying to understand even further what made those 10 top cited articles being highly
cited by their peers, a comprehensive comparison of the nano-adsorbents studied in these
10 articles is reported in Table 7.

As understood from the data, presented in Table 7, the list of the top 10 cited articles
contains carbon, alumina, silica, iron, chitosan, and cellulose-based nanomaterials. Most of
the nano-adsorbents have been prepared, through various chemical modification processes,
so as to achieve cobalt adsorption capacities higher than their corresponding bulk materials.
Amongst the different nano-adsorbents, graphene oxide is the most pertinent, as 3 out of
10 publications are focusing on this material. All nano-adsorbents were tested for cobalt
removal in ambient temperature and according to the available results, the experimental
data agreed well with the Langmuir isotherm (correlation coefficient, R2 > 0.95). When
adsorption kinetics was included in the studies, it was observed that the experimental data
agreed with the pseudo-first- or pseudo-second-order kinetic model. The nano-adsorbents
operated within the pH range of 4.8–7 (real wastewater demonstrate pH values close to
6, due to the dissociation of CO2), while two of the nano-adsorbents namely the kaolinite
supported iron nanoparticles and the ligand anchored functional silica nanomaterial,
achieved optimum conditions at pH values of 8 and 8.5, respectively. These observations
can be explained on the basis that in aqueous media up to pH values of 8, the dominant
chemical form of cobalt is Co2+ and above pH values of 8.5, the chemical forms of Co2+

and CoOH+ become prominent and precipitation of Co(OH)2 begins to form at pH > 8.5,
and reaches maximum at pH values of 9.50 [70]. Therefore, the sorption of Co(II) by those
two nano-adsorbents is accomplished by sorption and precipitation.

In terms of the specific surface area, it is interesting to note that among the available
documented values, silica-based nano-adsorbents exhibited higher specific surface areas,
compared to the iron and alumina-based nanoparticles. The high specific surface area
does not always correspond to a higher adsorption capacity [71], as noted in the case of
the functionalized SBA-15 silica nano-absorbent. However, as the adsorption capacity is
to a large extent a function of the nano-adsorbents’ specific surface area [71], the ligand-
anchored functional silica nanomaterial, that exhibited the highest surface area among the
top 10 cited articles, also achieved the highest adsorption capacity among these 10 research
works and one of the highest values reported in the literature for cobalt removal. Note also
the case of aminated graphene oxide nanocomposite, as the adsorbent not only achieved a
similar high adsorption capacity (116.35 mg/g) for cobalt, but also demonstrated a very
quick adsorption property for the removal of Co(II) ions, as more than 90% of Co(II) ions
was observed to have been removed within 5 min [72].

Moreover, note that many of the 10 most cited articles have dealt with issues that still
remain a challenge for the real application of the nano-adsorbents to the Co(II) ions removal
from aqueous solutions in large-scale operations [35]. Thus, in respect to competitive
adsorption, graphene oxide nanosheets were tested in the presence of humic substances,
which are present widely in the environment and results showed that the presence of humic
acid reduces Co(II) sorption at pH < 8, and at pH > 8 no obvious difference was found [73].
The selectivity of Co(II) removal against ions commonly found in real wastewater samples,
was also tested in two of the papers and was found to reduce Co(II) removal by 31.6% in
the case of the functionalized SBA-15 silica [74], while Co(II) removal was not affected in
the case of functional ligand anchored on mesoporous inorganic silica [75].

To make the nano-adsorbent economic affordable for large scale wastewater applica-
tions its regeneration plays key role factor, as regeneration restores the original adsorption
capacity of the adsorbent, and it also enables the recovering of cobalt. According to Table 7
data, in studies where such treatment was applied, acid treatment was found to enable
regeneration of the nano-adsorbents and when regeneration was coupled with reusabil-
ity experiments the regenerated nano-adsorbents worked without significant loss of its
original performances [74–77].
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Table 7. Cobalt adsorption insights of the top 10 cited research articles.

Nano-
Adsorbent Preparation Size (nm)

Surface
Area

(m2/g)

Initial
Co(II)
mg/L

Maximum
Adsorption

Capacity
(mg/g)

Time pH Temperature
(K)

Kinetic
Model Isotherm Competitive

Adsorption Regeneration Reusability
Tested

Rank/
Ref.

Graphene
oxide

nanosheets

Modified
Hammer
method

~0.87 - 30 68.2 24 h 6 303 - Langmuir Humic acid - - 1
[36]

Carbon
nanotubes

sheets
Oxidation 30–40 - 1200 85.74 20 h 7 298.15 pseudo-1st

order Langmuir - - - 2
[78]

Nano-alumina
modified

Chemical
modification 68–85 30.38 150 41.66 90 min 5.5 298.15 - Langmuir - Methanol with

HNO3
Yes 3

[76]

Magnetite/
graphene oxide

Hydrothermal
method 10–15 - 10 12.98 5 h 6.8 303.15

pseudo-
2nd

order
Langmuir - - - 4

[79]

Kaolinite-
supported
zero-valent

iron
nanoparticles

Borohydride
reduction 10–80 24.7 100 25 120

min 8 298.15 - - - - - 5
[70]

Functionalized
SBA-15 silica

Two-step
post-grafting

procedure

7.8
(mean) 368 235.97 19 30 min 4.8 298.15 - - Cu2+, Ni2+,

Zn2+ HCl elution Yes 6
[74]

Magnetic
chitosan

nanoparticles

Coprecipitation
hydrother-

mal
treatment

13.5
(mean) - 1500 27.4 1 h 5.5 298.15 - Langmuir - - - 7

[80]

Succinic
anhydride-
modified

mercerized
nanocellulose

mercerization
treatment

and
modification

10–100 - 590 78 24 h 5 298.15 - Langmuir -
HNO3 and
ultrasonic
treatment

Yes 8
[77]

Functional
ligand

anchored on
mesoporous

inorganic silica

Building-
block

approach
10–50 569 75.10 157.73 30 min 8.5 298.15 - Langmuir

Na+, K+, Li+,
Ca2+, Ba2+,
Mg2+, Pb2+,
Zn2+, Cd2+,
Fe3+, Al3+

HCl elution Yes 9
[75]

Aminated
graphene oxide Oxidation - 320 90 116.35 5 min 6 298 pseudo-1st

order Langmuir - HNO3 elution - 10
[72]
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The insights of these 10 highly cited publications feature not only the trends of research
made on the topic but also how the development of these materials have taken place. The
publication on aminated graphene-oxide for instance, was the only one identified, through
the co-citation analysis and visualization in Figure 8, to direct reference the work on
graphene-oxide nanosheets, ranked in the 1st place of the 10 top cited articles. This finding
leads to the realization that this particular research group published a work on 15 April
2014, based on an earlier, highly cited research article, which had received 146 citations by
15 April 2014, and in this publication, a nano-adsorbent with one of the highest capabilities
for cobalt removal of today’s materials is presented. Thus, what the cobalt adsorption
insights of the top 10 cited publications made clear is that the bibliometric network analysis
and visualization can put articles’ citations to a different perspective, helping in capturing
the value of certain citations to the evolution of the research on the topic.

4. Conclusions

In this study, research articles, indexed in a Scopus database until the end of 2020, on
the topic of nano-adsorbents for Co(II) removal from wastewater were assessed, and the
leading journals, institutions, authors, publications, scientific terms, and cooperation pat-
terns were revealed by coupling conventional bibliometric indicators with social network
analysis tools.

Chemical Engineering Journal was identified as the most prolific journal in the field,
King Saud University of Saudi Arabia, Chinese Academy of Science, and LUT University
of Finland were found to control information flows in the network of the most prolific
institutions, while co-operation between China, Saudi Arabia, and United States was also
identified. Published research articles of the years 2014–2020 added up to 83.6% of the total
of 214 relevant articles, and even though the growth of the relevant research papers is not
in its exponential phase, the trend is definitely increasing and that can lead to greater focus
on the subject in the forthcoming years.

Considering the expansion of science visualization tools and their recent incorporation,
in various forms, into the bibliometric databases (e.g., SciVal tool, not as broadly used
yet as it demands extra institutional subscription, was recently incorporated to Scopus
database, enabling research performance visualization), then the approach applied in this
study and its findings can help in deepening the understanding and interpretation of the
visual analytics, as such tools, besides their ready or easy to use interfaces, still demand
scientists keen to structure, explore and understand what the tools can reveal.

In this study, research articles from the Scopus bibliometric database were used;
however, as the methods applied here were based only on open source softwares, it can
easily be reproduced for other bibliometric databases, broadening the perspective of the
findings in the future.
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