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Abstract
Qualitative and quantitative measuring in water bodies, nuclear medicine, agriculture, and world oil production use
tracers to monitor, evaluate and continuously improve their processes. The bibliometric information about the past
and the future of artificial tracers, to monitor surface and groundwater by using sustainable biodegradable materials it
will be important for future generation. To fulfil this purpose, bibliometric literature analysis has been considered as a
solution to identify research areas that need to be improved. The results of this paper showed that even with the increase
in research in biopolymers, and the use of artificial tracers, academic development is still not significant. The United
States, China, and Germany are the top publishers in this field however, there is no country that constantly develops
research in these areas concomitantly using biodegradable polymers. Because of that, this field could be further explored,
globally using innovative techniques and materials for new tracers.
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1. Introduction
Contamination of surface water and groundwater is an
invisible threat to global development goals[1]. Over time,
drinking water has become an indicator of life quality in
contemporary society and a factor of social and economic
development[2]. Waterborne diseases, lack of water quality
for communities and contamination in watercourses are
challenges that have been addressed by the development
of research regarding new materials and technologies in the
fields of nuclear medicine and pharmacology[3]. It would
be necessary to develop new clinical protocols, new drugs
and environmental evaluation to monitor changes in aquatic
ecosystems[4]. This problem arises because of the need to
monitor possible sources of water pollution[5].
One of the tools used in the hydrogeological environment
for monitoring surface and groundwater are artificial tracers[4,6].
The term ‘tracer’ refers to any product or substance that, when
incorporating the mass of another substance, allows analysis
of its behaviour relating to physical or chemical processes,
in addition to being able to identify the dynamic behaviour
of a flow system[7,8]. The tracers must be conservative and
innocuous and need to have a low impact on the environment,
in addition to having a relevant cost-benefit[9,10].
Meanwhile environmental tracers are defined as ambient,
natural or anthropogenic compounds or materials that are
widely distributed in the environment, the artificial tracer
are defined as a substances injected in the site with the
scale of application limited to the space and time such as
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fluorescence, salt, drifting particles (dye) and radioactive
tracers[4,8].
Because of the various types of artificial and environmental
tracers mentioned, they can provide hydrological, ecological,
and biogeochemical information that allow an understanding
of the interactions of surface water and groundwater[6].
Tracers allow hydrometric observations of the course of
diffuse water contamination, based on the scale of the site
studied and the type of tracer chosen[6,9]. Tracers can be
made by using different materials with different chemical,
optical, colour, fluorescence, gaseous, radioactive, saline,
and biological properties[7].
Currently, tracers are used in several areas of knowledge,
with a wide range of technological and scientific applications.
In nuclear medicine, they are the contrasting products used in
magnetic resonance imaging (MRI) and are used to improve
the image quality for staining and identifying tumours,
etc. The basis of this contrast is a rare earth element called
Gadolinium, chelated with diethylenetriaminepentaacetic
acid (DTPA)[10,11].
In the biological sciences, tracers are used to measure
variations in nutrients received by plant sap and they appear
in agriculture, increasing productivity by determining
the relevant parameters for irrigation and application of
pesticides[12]. In geoscience, geology and hydrology, tracers
are widely used for environmental monitoring, being one of
the most relevant applications for the monitoring of surface
and groundwater[13-16].
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In engineering, tracers are used in hydraulics, to
characterize reservoir recharge and refilling[6,17]. Also they
were used in this field to integrate hydrogeochemical,
hydrogeological data to understand groundwater flow for
a karstified aquifer system[18-21]. In innovative engineering
research areas multiple-tracer data are tools that can bring
information by using parameter models regarding the
dispersion of fractured and carbonated rocks and also they
can show how ages could be used to calibrate groundwater
models[22-25]; Not only, traditional stable isotopic tracers as
H, O, N and C are used but also Li, Zn and Cu in the last
20 years have emerged as a new tracers[26,27].
In civil engineering, tracers are used to assess soil
contamination by diesel, gasoline, and kerosene[28-30]; Besides
that, Hillebrand et al.[31] states that pesticides transportation
in wetland, groundwater ad surface water interfaces could
be investigated by artificial tracers. In electronics and
aeronautics, fluorescent tracers work as sensors or detectors
of emissions[32]. In chemistry, fluorescence detectors are
used in chromatographic systems[33-35].In the field of oil
and gas production, they use tracers in various exploration
processes, throughout the life of a field[36-38]. However, there
is a shortage of economically viable and commercially
accessible tracers for applications where there is biphasic
flow (where water predominates over oil) with large volumes
of injection and production[30,39].
The application of tracers to different areas of knowledge
via numerous ways and forms also raises questions about
the toxicity and impact on the environment[40,41]. Regarding
to the injection of artificial tracers in the environment, many
studies[42,43] shown the harmless of Uranine, Eosine, Pyranine
and Naphthiolate and also the toxicity of Rhodamine group
even though they have been used in grams or kilograms
they still live the residual contamination[44]. Because of that,
firstly some tracers have already been banned due to potential
harm to human health and the environment and secondly the
planning of tracers experiment with tolerable daily intake
(TDI) it must be considering for the future regarding their
possibility of bio-accumulative or carcinogenic to nature[14,45].
Biodegradable tracers could be an alternative for
overcoming such environmental concerns. In order to be
clear about the information regarding BCM in this paper,
some definitions are necessary. The definition of a composite
membrane (CM) is one which consists of at least two structural
elements made from different materials[46]. Usually in a CM,
there is an asymmetric structure with layers that could be
made of porous or non-porous materials[47]. These layers
could have different properties depending on the structural
elements and the functionalized or doped process[48]. Besides
this, CM can be prepared by numerous processes such as
blending[49], coating[50], casting[51], or electrospinning[52,53].
Regardless of the production model of the membranes,
nanocomposite membrane (NCM) is formed with nanostructure
and polymer composite membrane (PCM), that could be
made with different polymers. It is also important for this
discussion because of its functionality as a biodegradable
composite membrane that could be made for the conjunction
of NCM and PCM[17,54].
Biodegradable composite membranes (BCM), especially
those based on natural and biodegradable polymers, are widely
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used in different fields. For a reverse osmosis desalination
product[55], prepared a polymeric matrix composed of a
membrane doped with fumed silica particles. In the same
year[56], developed biodegradable and recyclable cellulose
nanofibre composite membranes for use as ultrafiltration
(UF) membranes. In addition, Lin et al.[57] developed a
biodegradable polyhydroxybutyrate/ poly-e-caprolactone
fibrous membrane, modified with a silica composite and
hydrolysed for superhydrophobic and outstanding antibacterial
applications.
The use of biodegradable polymer from the
polyhydroxyalkanoates (PHA) family has been similarly
mentioned in all of the research previously cited. For this
reason, polyhydroxybutyrate (PHB), which is a natural polymer
synthesised by a variety of microorganisms, is commonly
used. This polymer is biocompatible, biodegradable and
widely studied for medical applications[58,59].
Although PHB shows its hydrophobicity as an advantage,
in some cases, its hydrophilicity and crystallinity, which
promotes interactions of some materials, could be reached
by the functionalisation or addition of other elements (such
as nanocellulose or chitosan)[50,60]. On the other hand, to
improve the PHB performance for bone regeneration in
regeneration medicine (RM) and tissue engineering (TE),
an alkaline NaOH-based treatment was used and the results
showed that rapid, simple, and inexpensive sodium hydroxide
treatment modifies the morphology and chemistry of the
PHB membrane’s nanostructured surface, inducing hydrolysis
of ester bonds and creating carboxylic surface functional
groups, which increases the surface hydrophilicity[61].
In tissue engineering, a promising use has arisen within
regenerative medicine (RM) by considering the context of the
biomaterial scaffold made, mainly, by PHB[62]. The antibacterial
and antifungal properties of the PHB oligomer proved
effective, with some degree of polymerisation. Besides
this, the oligomer is also a great candidate for antimicrobial
modification in biomedical applications because of its low
production cost[63].
The surface modification of PHB, poly (lactic acid) -PLA,
poly (methyl methacrylate) -PMMA and polyurethane
(PU)/ poly (dimethylsiloxane) (PDMS) films can be
accomplished by several techniques and applied to different
areas as biodegradable polymers.
The thermal evaporation method[64] for surface modification
that occurs by automatic structuring of membranes with
fibers, PHB, octadecyl acrylate copolymer and hydrophilic
vinylpyrifine of zwitterionics, zP (4VP-ODA)[60], is a
mechanism that is able to control the interactions between
fibers and bio-encrustation. In this sense, PHB is a material
of interest for bio-scaffolding even though its hydrophobicity
generates unwanted interactions with proteins and bacteria, so
it is necessary to use an electrospun technique for changing
the composite membrane surface with fibers and PHB[65].
In this way, spreading the blend of the membrane surface
improved the PHB and fiber hydrophilicity, being able to
reduce the serum album adsorption to 92%, lysozyme to
73% and fibrinogen to 50%. This new composite material is
promising for tissue engineering (TE) and other applications
in the field, for monitoring environmental sites[66,67].
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As could be verified in the literature cited, PHB has
been used in the preparation of membranes for various
uses, especially in the healthcare industry[58]. One of the
most important examples of these uses is the prefabricated
stainless-steel masks with different mesh sizes, reinforced
with different biodegradable polymers due to surface laser
treatment[68]. Studies indicate that surface modification can
be achieved with a high degree of success and precision[60,69].
The surface topographic features created by laser modification
appear to improve the binding and growth of human
fibroblastic cells in some of the films[68].
Notwithstanding this, regarding the energy and electricity
areas, some conductive polymers and nanocomposites have
been extensively studied and applied in the field of organic
photovoltaic elements and flexible organic electronics. As an
example, flexible conductive biopolymer nanocomposites
(made with silver nanowires and PHB) have also emerged as
a transcutaneous, stimulated sensor[70]. This was developed by
Tematio et al.[70] in the Laboratory of Applied Nano Sciences
at the University of Applied Sciences, Western Switzerland.
Finally, another environmental example was a biopolymer
used to produce a nanofiber composite nanofiltration
membrane (NCNM) to remove dye from contaminated
water. In this research, applied PHB and calcium alginate[71].
The membrane pores were formed as nano tubes by using the
electrospinning technique. The NCNM (CaAlg-c-PHB/ CNT)
was tested to remove dyes with a molecular weight between
400 g/mol and 900 g/mol and it worked better in a system
with high pressure (0.1 to 0.7 MPa)[72,73].
We sought to explore the research from the last 46 years
that dealt with these materials, as well as which countries
have published most papers regarding biodegradable tracers
for hydrological modelling, identifying emerging pollutants
and the ways in which systematic research can inform areas
of study that still need to be developed further, regarding
new materials and new technologies for the production of
biodegradable tracers.
In summary, the main purpose of this section is to explore
how environmental tracers (ETS), biodegradable composite
membranes (BCM), and functionalised biodegradable
polymers (FBP) have been used, especially when applied
to environmental monitoring purposes. Furthermore, an
overview of the data source, using similar visualisations,
will be explained to elucidate how it will be possible to
interconnect the ETS, BCM, and FBP with the keywords
used to find the papers published and indexed on the Scopus
database, relating to the environmental and biodegradable
tracers for monitoring surface water and groundwater.

2. Materials and Methods
The methodology used in this paper was qualitative
and used a bibliographic method for map and cluster
development, based on the Visualisation of Similarities
(VOS). The free software known as VOS viewer uses the
VOS technique. The software is made available by Leiden
University for the creation of bibliographic networks. The text
mining features allow the building and visualisation of the
co-occurrence of networks including the terms extracted
from the search results.
Polímeros, 31(1), e2021012, 2021

This study aims to present a systematic bibliometric
literature review of publications (from 1973 to 2020) that
present the state of the art of environmental and artificial
tracers with low levels of contamination, used for monitoring
surface and groundwater. To find these tracers in the
publications indexed in the Scopus Database, the bibliometric
methodology used was to identify the co-occurrence of nine
keywords that could be linked to the production, use, or
synthesis of the tracers. The keywords used were: composite
membrane, cellulose, silane, microfiltration, nanofiltration,
PHB, environmental tracer, membrane, and functionalization.
However, these keywords could be combined as a way
to better search the database and, because of that, some
groups of keywords will appear to showing agglutinated
words. The motivation for using these words is because they
could reveal the combination of natural and biodegradable
products with low cost benefit and high added value that
could made innovative tracers.

2.1 Data sources and visualisation of similarities using
the VOS viewer program
Functional forms to identify similarities in publications
related to the same issues are important when determining
the status quo of a specific study area. However, when
the number of publications, authors, and study year starts
to become huge, it is difficult to systematise without a
computer tool. Some of these tools were used for a long
time by bibliometric and scientometric areas in the library
and information sciences[74].
Bibliometrics is a method of associating statistical and
econometric laws and principles to map scientific productivity
comprising journals, keywords, and authors[75]. The laws
used are Bradford’s Law (to inventory journal productivity),
Lotka’s Law (to evaluate authors’ productivity in the scientific
sphere) and Zipf’s Law (to locate the frequency of keywords
used by researchers)[76].
The tool used to display bibliometric data in an easy and
organised way is map projections. These projections can be
created by using lines that represent the distances between
the items of interest or they can use graphs referencing the
items. One of the most-used, open-source tools for visualising
bibliometric networks is the VOS viewer software[77,78].
VOS viewer constructs a map based on a co-occurrence
matrix system. To start, the VOS viewer needs a similar
matrix that will work as an input, relating to associations of
linked strength data, as shown in Equation 1[79,80].
sij =

cij

( wi * wj )

(1)

Where sij is the similarity of i and j, from the terms inside
the matrix system, c means the co-occurrence existing in the
same indexes i and j, and the weights wi and wj are related
to the items correlated in the matrix system[81,82]. Then,
the maps are created using the VOS layout and the cluster
technique. The program has three forms of view: network,
overlay, and density. In the network map, the label size and
circle size depend on the weight of the author or keywords.
The overlay map has the same dynamics as the network map
but the items are coloured differently[79,82].
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The main principle of density map identifies items
by a label and each one has a colour, depending on the
number of items in the vicinity and the importance of
neighbouring items[79].VOS viewer also uses the Gaussian
kernel function for the density maps, where k means the
dot that will be the product transformed exponentially in
the infinite dimension space, and t is the entrance vector
data, as shown in Equation 2[79].

( )

k=
( t ) exp −t 2

(2)

The other way to see the information could be by cluster
density. In this view, all points are calculated separately and,
therefore, the density could be calculated using a point x, a
cluster p, and a density D by the Equation 3[79].
n

=
Dp ( x ) ∑ [ I p ( i ) wi ]K ( x − xi / (d h )

(3)

i =1

Ip = a function 1 if the item i belongs to cluster p but 0
otherwise;
K = Gaussian kernel function.
As a result, all clusters calculated will receive a color
that´s depend on the total item density of a point[83].
For the research in this database[84], the strategy of using
the nine keywords cited above could be viewed in Figure 1.
combined in seven groups, always based on the three words
retained out of the nine chosen. In the first six groups, PHB
and membrane were fixed and a word was added. The seventh
group worked with environmental tracer and membrane.
In the research, the “AND” connector was used to bring
results that included all terms according to the constructed
groups. Thus, it was possible to obtain global results, allowing
a comprehensive view of the topic of interest. The search
found 203 publications related to the seven groups. Then,
the results were downloaded in the Research Information
Systems (.ris), which is the file format used to transfer and
store bibliographic citation data.
The file in “.ris” with the final version, was extracted
from Mendeley and uploaded to VOS viewer to create the
bibliometric network that identifies the recurrence of the

most common terms in this research. A network was created,
following the settings within the software: the option to
create a map based on bibliographic data was selected.
The type of analysis was co-occurrence and co-authorship
(the relationship between items is determined by the number
of documents in which they occur together). The units of
analysis were keywords and authors. The counting method
was fractioned, where the weight of each co-authorship
or co-occurrence link is fractioned, and ultimately, the
minimum number of occurrences of keywords chosen for
the search was three.
Windows 10, Excel® and SAS® software were also
used to analyse the data such as years of publication, papers,
publication by country and groupings by keywords.

3. Results and Discussions
3.1 The scenario of artificial and natural tracers’
publications per year
The result of the five decades of publications presented
in this paper picked up the scenario of artificial and natural
tracers for monitoring the aquatic environment. The beginning
of the studies of natural tracers was in 1973, in the medicine
field in Germany. The study was related to phosphate
transfer through natural membranes, as measured by tracer
exchange properties[85].
Firstly, in this research, it was possible to infer that there
was an ascending number of publications related to the nine
keywords used in this research (see Figure 2). Secondly, it
was possible to figure out that in two decades, between the
1990s and 2000s, there was a significant growth rate related
to the sustainable approach all over the world.
In the year 2000 in Mexico, groundwater flow was
monitored downfield from wastewater systems using
artificial tracer techniques on St. George Island, located in
the North-East Gulf of Mexico[86]. In the 1990s, research
about artificial tracer tests contributed to the knowledge
of the transfer time for a pollutant between the inlets and
the outlets[87].
Figure 2 also indicates that there is a crescent tendency
of the number of publications in the years 1997 to 2002 and
2002 to 2008. This was probably related to the concept of

Figure 1. The seven groups encompassing the keywords searched using the Scopus databased.
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sustainable development which was represented by some
important international conferences such as Rio-92 and the
Ministerial Conference of Environmental[88]. In the following
decade, the Agenda 21 and Millennium Development Goals
(MDG) international events constituted an exciting emerging
area regarding responsible consumers and sustainable
development[89].
Even with the annual growth, statistical data analyses
show there is still a lag concerning the subject, with the
number of papers published annually from 1990 to 2000 being
incipient, which totals no more than 3.3 per year in a decade
of global publication. In the following decade, even with
the tripling of the annual average of publications, it was still
not possible to reach 10 publications per year, which shows
relevant but not high enough annual growth. Moreover,
most of the publications do not mention any information
about the approach to decrease environmental risks related
to the permanence of artificial tracers in the environment.

Following the potential and exponential growth of
contaminated aquatic areas, the growth of the research
concerning environmental tracers does not follow the trends.
The papers presented in the indexed journals in Scopus
databases still work with old types of artificial tracers like
radioactive or color tracers, as shown by Hillebrand et al.[90]
and Zhang et al.[91].

3.2 Distribution by journals, publications, and country to
identify the tendencies
The journals database and the number of publications
that used the nine keywords chosen for this paper over the
last 47 years, found 94 journals published in different areas
and subjects of study. For the most part, the average journal
publication was 2, which represented only 8% of the total
annual publication in those journals.
Alternatively, Figure 3 shows the main 12 journals
with more publications. These journals use an impact

Figure 2. Number of publications from 1973 to February 2020, using the keywords: PHB, membrane, cellulose, silane, nanofiltration,
microfiltration, functionalization, membrane composite and environmental tracer, and Mean number of publications for every six year.

Figure 3. Journals with the most papers published (from 1973 to 2020) that used the keywords research.
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factor as an index of quality and they have the 3 highest
impact factors in the environmental field in 2019. i.e. Water
Research Journal (9,130), the Environmental Science and
Technology (7,864) and Science of the Total Environment
(6,551). The other journals also use impact factor and none
of them have impact factors below 1.0[92].
The remaining 82 journals were completely spread
among all over the world in areas such as medicine, biology,
microbiology, chemistry, physics, the environment, water,
veterinary medicine, polymeric materials, oil, and energy.
The Environmental Science and Technology journal
represented most of the publications.
An examination of the findings of the results shown in
Figure 4 provides relevant information about the countries
that lead research outputs, by groups of keywords and by
study area. The first country with the most publications
regarding environmental tracers is the United States of
America (28.12%), the second is Germany (14.06%) and
the third, France (10.16%). However, the country with the
most publications on biodegradable materials, that could be
used for biodegradable tracers, is China (31.95%), followed
by Brazil (14.28%) and Germany (11.90%).
Concerning microfiltration and nanofiltration membranes
using the PHB, the ranking of the countries is led by China
(77.77%) and then France and Malaysia, with the same
proportion (11.11%). Furthermore, the general ranking
concerning publications by country showed that the countries
with the highest research numbers in the summary area

(within all nine keywords used) are the United States, China,
Germany, and France.
It may be inferred that the ranking is linked to investment
in research and development (R&D). Since 2000, the USA,
Germany, the United Kingdom, China, and France have been
among the twenty countries that have invested the most in
R&D, according to OECD data[41].
The USA has been targeting more than 2.6% since
2000 and has remained almost constant over time. In the
same year, Germany invested more than 2.4% and this
percentage went up to 3.1% in 2018. China had an increase
in its investment, going from 0.9% in 2000 to 2.1% in 2018.
France has remained at around 2.1% and the United Kingdom
invested 1.61% in 2000 and had a 9% increase in 2018[93].
These countries concentrated their important research
in Universities and Research Centres, as shown in Table 1.
This presents the distribution of the papers by affiliation
and the countries in which they were published. Most of
the publications were conducted by the two or three main
universities in the country with the referenced research
areas. There are some exceptions, e.g. the University of
Wrocław in Poland and the University of Rouen in France.
To sum up, there are four countries and eleven universities
in three continents putting effort into these areas of study.
They have been responsible for 68.07% of all publications
in the last 47 years, with an average of 2.35 papers published
per year (less than one paper per continent per year). Using
this information, it is possible to infer that there is a gap in
publications in this field.

Figure 4. The world map with the number of publications by country, relating to groups of three keywords (PHB, membrane, cellulose,
silane, nanofiltration, microfiltration, functionalisation, and environmental tracer) using the Scopus Database.
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3.3 Author and co-authorship
The relationship between the authors and co-authorship
was visualized by VOS viewer because of our study, there are
798 authors involved in at least one paper with co-authorship.
This presents 52 clusters in an overlay visualization. In the
next scenario (Figure 5), the arrangement was defined by
two conditions: firstly, that each author must have 3 papers
published and, secondly, there should be a connection
between them.
The way that was chosen to show the clusters was
‘overlay visualization’ and, because of that, Figure 5 shows
all of the clusters, with a stronger linkage among them. This
type of data is important because it shows an overview of
all authors. On the other hand, some of the authors seen in
Figure 5 will disappear if the connection is narrowed, and
sometimes important information is lost.
When the clusters are narrowed or when there are too
many restrictions, this results in Figure 6.

The three researchers with the most publications and
co-authorship appear with the highest circle in the clusters
shown in Figure 6. These researchers are described below.
Zhijian Cai (an associate professor and Ph.D. supervisor at
Tianjin University) works with nanofiltration membranes and
PHB. Fei Liu (a professor in the Key Laboratory of Water
Resources and Environmental Engineering and works with
the groundwater monitoring system); some of his research
has studied artificial tracers for monitoring groundwater and
considered the presence of emerging contaminants, in his
publishing group. Ziheng Zhang (from the Research Centre
for Smart Wearable Technology at the Institute of Textile
and Clothing) who works with PHB and its blends, showing
studies based on the kinetic and mechanical properties of
these blends.
The identification of authors separated by affiliation and
country is shown in Figure 6 and the clusters are separated
by main authors and co-authors. The results indicate the

Table 1. Distribution of the intellectual production by affiliation and country.
Related clusters
5
5
5
3
5
6
2
2
2
2
2
1
3
3
6

Affiliation
State Key Laboratory of Separation Membranes and Membrane Processes, School of Textiles, Tianjin
Polytechnic University,
Key Laboratory of Eco-textiles of Ministry of Education, College of Textiles
Jiangsu Engineering Technology Research Center for Functional Textiles
School of Material Science and Engineering, Tianjin Polytechnic University
School of Textiles, Tianjin Polytechnic University, Tianjin
Department of Biology, University of Rouen
Technical University of Dresden
Ernst Moritz Arndt University of Greifswald
Silesian Piast Medical Academy Wroclaw
University in Wrocław
Academia Médica Estadual de Nizhny Novgorod
University of Moscow
Department of Poultry Science, Auburn
Department of Chemistry, University of Massachusetts, Lowel
Department of Physiology, Michigan State University

Country
China
China
China
China
China
France
Germany
Germany
Poland
Poland
Russia
Russia
USA
USA
USA

Figure 5. Clusters with authors that have 3 papers or more and with a linkage between them.
Polímeros, 31(1), e2021012, 2021
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existence of 6 clusters. Figure 6b identifies how the cluster
appears in the VOS viewer programme and how the author
and authorship could be studied by their linked strength
correlation. Figure 6a shows the groups of authors.
Cluster 1 is from the research group at Moscow University
and its main research concerns poly(3-hydroxybutyrate) and
polymer film production[94]. In cluster 2, the main research
objectives are biocomposites made by flax fibres for testing
the proliferation of bacteria[95]. Cluster 3 shows the authors
and co-authors that research composite hydrogels reinforced
by cellulose[96]. Cluster 4 researches polymers and Cluster
5 shows the authors that research in the field of membrane
and filtration systems[44]. Artificial and natural tracers are
the main field of research for Cluster 6[86].

3.4 Keywords and co-occurrence scenarios
By using keywords as the unit of analysis with the full
counting method, the chosen threshold found 3,148 keywords
with a minimum of 5 occurrences. The network visualisation
per occurrence and co-occurrence indicates that there are
four clusters, as presented in Figure 7 and 8. The first
deals with the use of membranes in sewage treatment plant
bioreactors. The second cluster talks about groundwater and
environmental monitoring, traditionally performed with
conventional tracers.
The third cluster refers to the use of polymers, such as
PHB, composite membranes, and artificial membranes, and
their use in areas such as medicine and biology (in terms

Figure 6. Authors and co-authors linked with the highest total linked strength by publications (a) list of author and co-authorship related
to affiliation on Table 2; (b) network visualisation of clusters by authors and co-authorship.

Figure 7. Overview visualisation on time-based trends in academic studies from 1995 to 2020.
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Figure 8. Occurrence of keywords during the years of investigation, from 1973 to 2020.
Table 2. The relations between keywords and their occurrence; a linked strength of the Top 10.
Keyword
Membrane/artificial membrane/ Composite membranes
Water pollutant/ Wastewater treatment plant (WWTP)/ sewage
Environmental monitoring/ water monitoring
Tracer: radioisotope/ environmental
PHB/ polymer
Unclassified drugs
Bioreactor
Biodegradation
Groundwater
Cellulose/nanocellulose

of biocompatibility). The fourth cluster deals with water
pollution by chemicals, their concentrations, occurrences,
and bioaccumulation problems in humans and the high
loads present in nature.
From 2010, the research continued in the environmental
area, incorporating the medicine area to better develop the
issue of biocompatibility of biopolymers and membranes
with drugs and, therefore, possibilities for improvement
and effectiveness in the quality of human life.
At the same time, the words ‘fibre-reinforced membranes’,
‘adsorption’, ‘hydrophobicity’, ‘biodegradable polymers’,
and ‘tracers’ are present in several papers concerning sewage,
groundwater and surface water treatment. Nonetheless, the
major concern that motivated and directed the research was
the need to improve the quality of environmental monitoring
so that prior knowledge of a possible problem could be
mitigated before more expense was needed to solve it[59,95].
Under different circumstances and by analyzing the
specific keywords directly related to the words that were
researched, but from a temporal point of view, it is possible to
determine that, by 2010, research in the area of biodegradable
polymers using PHB, membranes, tracers, and cellulose
was focused on the analysis of environmental issues using
Polímeros, 31(1), e2021012, 2021

Occurrence
33
29
27
18
11
9
7
6
6
3

Total linked strength
181
290
163
128
30
73
45
104
36
10

tracers as a tool (isotopes) in surface and groundwater, as
shown in Table 2.
Also, regarding the use of membranes, most of the
publications were concerned with the implantation of filters
and reactors in water and wastewater treatment plants.
However, the most important information in Table 2 is the
relationship between linked keywords and their occurrence
in the papers. Correlation between the published articles can
be made by assigning values to the relationship between
the repeated keywords inside them[81].
This correlation is identified and quantified in the
VOSviewer program, according to its manual, using numerical
values referring to the strength of the keywords[97]. This
binding force is linked to the number of occurrences and
the highest value gives the strongest link. Table 2 shows
the top 10 keywords which gave the highest value of linked
strength in the research[82].
Numbered lists can be added a Finally, Table 3 presents
a scatter plot for each group of relevant words by country.
This information gives a quick view about the preferences
of publications by country and shows the tendencies of
academic research works. China is a unique country that
works in all fields mentioned in the Table 3 and also has
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Table 3. Word group by publication and country.
Country

TP

United States of America
China
Germany
France
United Kingdom
Australia
Brazil
Canada
Japan
Poland
Taiwan
Netherlands
Turkey

44
28
25
16
13
10
9
9
6
6
6
5
5

ETS
35
7
18
13
13
9
2
7
5
1
2
4
1

PCM
1
2
2
-

PMS
1
2
-

Word Group (WG)
PMN
PMM
3
4
1
-

PMF
5
1
2
2
1
2
1
2
3
3

PMC
3
10
3
1
4
3
1
1
1

TP: total publication; ETS: environmental tracers – membrane; PCM: Polymer and Composite Membrane; PMS: Polymer, membrane, and Silane;
PMN: Polymer, membrane and nanofiltration; PMM: polymer membrane, and microfiltration; PMF: Polymer, membrane and functionalization;
PMC: Polymer membrane cellulose.

the highest publication in the field of PCM (10) followed
by Brazil (4), Germany, and Poland (3).
The United States of America has most of the publications
on the monitoring of surface water and groundwater using
environmental tracers - ETS (35) followed by Germany
(18), France and the United Kingdom (13). Moreover, none
of the countries used biodegradable tracers. Most of the
tracers used were colored, isotopic or luminescent tracers.
The data also showed that the minority of publications are
in the field of polymeric membranes, functionalized with
silanes and nanofiltration polymeric membranes.
In addition to making large financial investments,
these countries have funding institutions for research and
development: in China, it is the National Foundation for
Natural Sciences; in Europe, it is the European Commission
and, in the United States, it is the National Science Foundation.
All of these investments create returns for the countries
involved, and it is worth noting that these are the countries
with the greatest economic growth in recent years, being
in the G20 group and with the largest investment of GDP
in R&D in the world[98].

4. Conclusions
Undoubtedly, in times of great challenges and
socioeconomic and environmental risks, there is a need for
academic research to be ahead of the times. The need for
quick and direct responses to new threats of contamination
of the water, soil and the global population itself raises
the question of planning and directing academic research.
This paper provides a bibliometric investigation of
research on a biodegradable tracers for monitoring surface
water and groundwater, from 1973 to February. The research
findings gave three important answers. Firstly, in the last
47 years, tracers have been used in different ways and for
different purposes in medicine, agriculture, and hydrological
engineering. Secondly, most of the tracers used worldwide
are either radioisotope, fluorescent, or chemical, and all
of them leave a residue of contaminants in the aquatic
environment after being used.
10/14

Environmental concerns have increased over the past
20 years, notwithstanding the fact that the artificial tracers
that have been developed still carry a large polluting load
and there has been no new research for biodegradable tracers
with low ecotoxicity for environmental sites. According to
the prior study, artificial tracers made with biodegradable
materials with low toxicity should be an important research
area for the future.
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