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Abstract: In the last few years, the presence of geosmin (GEO) in water bodies has
caused serious problems related to water consumption by the population. Many studies
focus on its occurrence and detection, but little is discussed about the technologies
for treatment and removal of this contaminant. In this way, the present work aims to
present a bibliographic search and a bibliometric analysis carried out in the Web of
Science database and in VOSviewer software about geosmin remediation, in the last
10 years. 100 articles were found, of which only one, from 2021, was a review. It was
possible to assess that the subject has gained greater notoriety in the last 7 years,
since the year 2016 marked the increase of publications on the subject, as well as an
increasing number of citations. Among the most published countries is the People’s
Republic of China, with 53% of publications. Bibliometric analysis showed that GEO is
directly related to 2-methylisoborneol (2-MIB), since both occur simultaneously in water
bodies. In addition, it was possible to identify that adsorptive processes are the most
used in the removal of these contaminants, followed by advanced oxidative processes
and biological processes, in that order.

Key words: Taste and Odor compounds, Remediation, Water, Technologies, Bibliometric
Analysis.

INTRODUCTION

One of the challenges that many water supply
companies often face is the problem of taste
and odor in drinking water, mainly associated
with geosmin (GEO) and 2-methylisoborneol (2-
MIB). Both GEO and 2-MIB are saturated cyclic
tertiary alcohols (Trans-1,10-Dimethyl-trans-9-
decalol and 1,2,7,7-tetramethylbicyclo-[2.2.1]
heptan-2-ol, respectively) and, therefore
resistant to oxidation, boiling and degradation
by conventional methods of water treatment
(Izaguirre et al. 1982, Watson et al. 2016b, Silva
et al. 2019). These compounds are mainly
produced by the metabolism of blue-green
algae (cyanobacteria), especially in summer.

They occur naturally, and their concentrations
increase during the cyanobacterial bloom period
(Kim & Park 2021).

According to Paerl & Huisman (2008)
anthropic activities, such as urban, agricultural
and industrial development, are the main
source of nutrient release in water, known as
eutrophication. This is the most well-known
cause of cyanobacterial blooms (Paerl &
Huisman 2008, Liu et al. 2012, Paerl & Otten 2013,
Huisman et al. 2018, Pham et al. 2021). However,
in addition to eutrophication, cyanobacterial
bloom activity is also related to high temperature
environments (Paerl & Huisman 2008, Paerl et
al. 2011, Paerl & Otten 2013, Huisman et al. 2018,
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Rico et al. 2018, Lee et al. 2020, Kim & Park 2021),
in times of high rainfall (Paerl & Otten 2013,
Zhang et al. 2020, Pham et al. 2021) and below
rising levels of carbon dioxide (CO,) (Paerl et al.
2011, Huisman et al. 2018).

Several lakes in the world are constantly
suffering from these cyanobacterial blooms
and odorous compounds release, especially
Lake Taihu in China (Duan et al. 2015, Qin et al.
2019, Xuwei et al. 2019, Zhang et al. 2019, Yao et
al. 2020, Li et al. 2022), Lake Erie in the United
States (Michalak et al. 2013, Smith et al. 2015,
Watson et al. 20164, Tewari et al. 2022) and Lake
Victoria in Africa (Mchau et al. 2019, Olokotum et
al. 2020, Roegner et al. 2020, Githukia et al. 2022).
In 2020 and 2021, the Brazilian population in the
state of Rio de Janeiro also witnessed an earthy
odor and taste in drinking water, due to geosmin
presence in Guandu river.

According to Butakova (2013), there are three
fractions of GEO and 2-MIB in cyanobacteria: (i)
extracellular (compounds secreted by cells in
the medium); (ii) intracellular soluble (cytoplasm
components); and (iii) bound intracellular
(compounds linked to thylakoid membrane
proteins). Alghanmi et al. (2018), when carrying
out a study on the effect of light intensity and
temperature under GEO and 2-MIB production
by two cyanobacterial species (Phormidium
retzii and Microcoleus vaginatus) observed that
the compounds are retained in the intracellular
fraction in the lag phase, partially released to
the medium in the exponential phase and highly
released in the stationary and death phases.
Thus, odoriferous compounds are released
when the destruction or death of cyanobacterial
cells occurs, similar to what happens with
cyanotoxins (Pham et al. 2021).

Despite not toxic to humans, these
compounds significantly affect public confidence
in relation to water consumption, since their
threshold concentration for detection by
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humans is in the range of 4 to 10 ng L, resulting
in substantial treatment costs, affecting sectors
that directly depend on this natural resource
(Watson et al. 2016b). Although it has a high
occurrence and detection rate, little is discussed
about how to remediate these contaminants.

Bibliometric analysis has gained a lot of
attention in recent years because it is a popular
and rigorous method for exploring and analyzing
large volumes of scientific data. In other words,
bibliometric analysis is useful for deciphering
and mappingthe cumulative scientificknowledge
and evolutionary nuances of well-established
fields by means of mathematical and statistical
methods for assessing bibliometric data
(Donthu et al. 2021). In this way, Visualization
of Similarities (VOS) viewer software, created
by van Eck & Waltman (2010) appears as a tool
for creating and viewing bibliometric maps to
graphically present the similarity relationships
between terms raised by the bibliographic data,
facilitating the interpretation and visualization
of the results (Tamala et al. 2022).

Thus, the current study aims to carry out a
bibliographic survey and a bibliometric analysis
regarding geosmin treatment and removal
technologies to promote a discussion about this
subject and propose new forms of remediation.

MATERIALS AND METHODS

Bibliographic data

Our bibliographic data was obtained on Web
of Sciences (WOS) collection. The search was
performed by filtering the presence of keywords
“Geosmin”, “Treatment”, “Technology” and
“Removal” in all collection fields, in the last
ten years of publication, starting on January 1,
2012 and ending on August 31, 2022. The results
were exported in tab-delimited format and the
Full Record and Cited References option was
selected, as directed in the program manual (van
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Eck & Waltman 2022). In addition, the analysis
of results provided by the database itself was
verified and used.

Bibliometric Analysis

In version 1.6.18 of the VOSviewer program,
maps based on WOS data were created with
co-occurrence with all keywords as units of
analysis, in full counting as couting method. The
minimum number stipulated for the occurrence
of keywords was equal to 10 and the network
visualization was selected.

In this type of visualization, items are
represented by their label and by default also
by a circle. The size of the label and the circle of
an item is determined by the weight of the item.
The higher the weight of an item, the larger the
label and the circle of the item. The color of an
item is determined by the cluster to which the
item belongs. Lines between items represent
links. The stronger the link between two items,
the thicker the line that is used to display the
link in the visualization of the currently active
map (van Eck & Waltman 2010, 2022).
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RESULTS AND DISCUSSION

Bibliographic data

For the search in the WOS database with the
terms “Geosmin”, “Treatment”, “Technology” and
“Removal” in the last 10 years, 100 results were
obtained. Of the 100, 99 are original articles and
only 1is a review. In addition, of the 100 articles,
99 are in English and only one in Portuguese
(Brazil). It is observed that despite the long
period of time filtered, the number of articles
focused on this subject is not very expressive.
Figure 1 presents the graph containing the ratio
of the number of publications according to the
years.

According to Figure 1, the year with the
highest number of publications was 2020, with
16 articles published, followed by 2016 (15
articles), 2018 and 2021 (14 articles in both) and
2019 (11 articles). The other years had less than
10 published articles. Therefore, it is evident
that this issue has been more relevant in the
last 7 years. In addition, the only review article is
from 2021, entitled “A critical review on geosmin
and 2-methylisoborneol in water: sources,
effects, detection, and removal techniques” by
Mustapha et al. (2021).

%

2
2
< <

Figure 1. Number of publications over the years provided by Web of Science.
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Figure 2 presents the 10 main countries
responsible for publications. It is observed that
more than half of the articles published (53)
are from People’s Republic of China, followed
by South Korea (14), Japan (12) and USA (10)
with equal or more than 10 publications. Brazil
occupies the sixth position (5 publications),
being the only country in South America to
publish on the subject.

Table | presents the top 10 authors,
publishers and journals. The author with the
most publications is Yu, JW., with 14 published
articles, one in 2014, two in 2016, two in 2019, six
in 2020 and three in 2021. The largest publisher
is Elsevier, with half of the articles published
(50) and among the journals with the highest
number of publications, Water Research stands
out with 19 articles.

Figure 3 presents the Citation Report
provided by Web of Science database. The figure
shows an increase in citations over the years,
reinforcing the idea that this subject has gained
notoriety in the last 7 years. The highest number
of citations is found in 2021 (387 citations),
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followed by 2020 (233 citations), 2019 (203
citations), 2018 (127 citations), 2017 (104 citations)
and 2016 (84 citations). Until the consulted date,
2022 presented 3 publications and 197 citations.

Thus, analyzing the results found in the WOS
database, it is observed that the platform gives
us general information about the researched
subject, but does not promote terms similarity
analysis, notinforming us, for example, about the
co-occurence of terms referring to technologies,
treatment and removal of geosmin. Therefore, a
bibliometric analysis was performed using the
VOSviewer software.

Bibliometric Analysis

The bibliometric analysis map created in the
VOSviewer program using de co-occurrence of
keywords is presented in Figure 4. Thus, out of
598 keywords from 100 articles, 20 keywords
satisfied the threshold. It is possible to observe
the formation of 3 clusters, due to the 3 different
colors (red, blue and green). The list of words of
each cluster is presented in Table II.
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Figure 2. TreeMap graph of the top 10 countries responsible for publications provided by Web of Sciences

database.
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Cluster 1 (red) generically presents the
main technologies found in the literature
regarding the removal of GEO and 2-MIB from
water bodies, with emphasis on adsorption
and advanced oxidative processes. Geosmin,
2-methylisoborneol and drinking-water were
the keywords with the highest co-occurrence
with 67, 43 and 37 scores, respectively. Therefore,
the appearance of these words in the 100
articles consulted corresponds to 67, 43 and
37% of the total publications analyzed. Then,
mib, adsorption, powdered cativated carbon,
natural organic matter and advanced oxidation
processes appear with 27, 24,15, 11 and 10 scores,
respectively.

From Figure 4 it is possible to observe a
strong relationship between the terms geosmin
and 2-methylisoborneol (link strength equal to
40), due to the thickness of the line connecting
the terms, which can be explained by the
recurrent association of these terms in literature
regarding its simultaneous presence in water
(Bong et al. 2021, Kim & Park 2021, Mustapha et
al. 2021).
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The second most intense interaction (linking
strength equal to 36) refers to the connection
between the terms geosmin from cluster 1
with removal from cluster 2, followed by the
association between the terms geosmin and
drinking-water (linking strength equal to 26) and
geosmin and adsorption (linking strength equal
to 22). This is because this odorous compound
is not removed by conventional water treatment
processes, presenting a certain recalcitrance
in water supply. As an alternative method of
removal, adsorptive processes stand out.

Among the most studied adsorbents is
activated carbon (AC), in its powder and superfine
powder (PAC and SPAC, respectively), granular
(GAC) and biological (BAC) forms (Mustapha et
al. 2021). Its use as an adsorbent is due to its
porosity and high surface area, thus enabling
the sorption of different types of species.

Doederer et al. (2017) studied the adsorption
efficiency of a BAC in a batch-scale filtration
containing natural organic matter (NOM) and
GEO and 2-MIB. The results indicated 99% and
97% of Geosmin and 2-MIB removal, respectively.
Ma et al. (2019) obtained 99.2% and 98.0% of

Table I. Top 10 authors, publishers and journals according to Web of Science database results.

Authors
1 Yu, JW. (14)
2 Wang, C.M. (10)
3 Yang, M. (10)
4 Matsui, Y. (8)
5 Matsushita, T. (8)
6 Guo, QY. (6)
7 Newcombe, G. (6)
8 Shirasaki, N. (6)
9 Wang, Q. (6)
10 An, W. (5)

Publishers
Elsevier (50)

IWA Publishing (16)
Desalination Publications (5)
Mdpi (5)

Springer Nature (5)
Royal Society of Chemistry (4)
Taylor & Francis (4)
American Chemical Society (3)
Destech Publications, Inc (2)

Brazilian Chemical Society (1)

* The number in parentheses “( )" indicates the number of articles published.
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Journals
Water Research (19)
Chem. Eng. J. (10)
Chemosphere (7)
Desalin. Water Treat. (6)

J. Water Supply. Res. T. (5)
Environ. Sci.: Water Res. Technol.

(4)
Sep. Purif. Technol. (4)

Water Sci. Technol. (4)
Water Sci. Tech.-W. Sup. (4)

Environmental Technology (3)
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GEO and 2-MIB removal, respectively, after 2
h of contact time with GAC. Bong et al. (2021)
when using a commercial PAC for GEO and 2-MIB
removal, reached an efficiency above 80% for
both compounds in just 20 min of contact time,
the same efficiency obtained by the most recent
study carried out by Chang et al. (2022) with BAC.

Thus, the use of activated carbon for
adsorptive purposes is promising in terms of
odorous compounds removal, even presenting
poor regeneration efficiency (Mustapha et
al. 2021). Alternative materials regarding
the removal of contaminants via adsorptive
processes are clay minerals. In addition to
being economically viable and environmentally
friendly, they have a porous structure, fine
granulometry and high surface area (Simoes et
al. 2017, Novo et al. 2021), promoting the removal
of different types of species, such as potentially
toxic metals (Simdes 2017, Esmaeili et al. 2019,
Mu’azu et al. 2020), herbicides (Marco-Brown et
al. 2019, Souza et al. 2019, Pereira et al. 2020)
dyes (Tangaraj et al. 2017, Omer et al. 2018, Avila
et al. 2021) and pharmaceuticals (Thiebault et al.
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2019, Chauan et al. 2020, Silva et al. 2020, Novo
et al. 2022).

In the bibliographic search carried out in
the Web of Science database, only the work
by Ma et al. (2013) used a clay mineral in the
adsorption of odoriferous compounds. In their
work, the efficiency of the removal of GEO and
2-MIB by a natural and thermally modified
attapulgite was evaluated. The results indicated
that the thermal process promoted significant
gains in the specific surface area (14% increase)
and total pore volume of the clay mineral (65%
increase), improving its adsorptive capacity
compared to the unmodified sample. However,
low adsorption values were found (below 30%
for both compounds), which were attributed by
the authors to an insufficient shaking speed
(160 r.p.m.) of the flasks. Thus, further studies
focused on the use of this type of material in the
remediation of odoriferous compounds should
be carried out.

Cluster 2 (blue) more specifically points to
advanced oxidative processes (AOPs), based on
the removal of odorous compounds by means
of ozonation. Removal was the term with the
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Figure 3. Times cited and publications overtime provided by Web of Science database.
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highest co-occurrence in this cluster, being
present in 53% of the articles. As previously
described, its strongest association is with the
cluster 1 geosmin term (red), followed by its
association with the terms 2-methylisoborneol
(link strength of 25) from cluster 1 (red) and
taste (link strength of 20) from cluster 3 (green).

After removal, the most co-occuring
keywords are ozonation, kinetics, degradation,
disinfection by-products and ozone, with 14, 13,
12,11 and 10 scores, respectively. Compared with
the terms referring to adsorptive processes, it
is observed that the co-occurrence of terms
aimed at advanced oxidative processes is lower.
This is because these processes are potentially
costly and technically demanding (Mustapha
et al. 2021), capable of producing disinfection
by-products more toxic than the original target.
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Despite this, several studies use AOPs aiming
the degradation of these compounds, obtaining
significant results.

Park et al. (2017) evaluated the efficiency
of GEO and 2-MIB oxidation through the photo-
fenton process. For comparative purposes, they
performed oxidative tests with UV-only, UV/
H,0, and Fe(Il)/UV/H,0,. The results indicated
21.9% and 34.08% of GEO and 2-MIB removal,
respectively, by UV-only; 32.28% and 52.10% of
GEO and 2-MIB removal, respectively, by UV/
H,0,and 48.38% and 84.25% of GEO and 2-MIB
removal, respectively, by Fe(ll)/UV/H,0,. Thus,
the authors proved the effectiveness of using
the photo-fenton process, since with only 30
min of reaction, the off-flavor compounds
reached a concentration under South Korea
guideline level (20 ng L"). Furthermore, they

advanced oxidation processes

natural organic-matter

kinetics

powdered addivated carbon drink*;vater

adsagption

water treatment

o
2-meth)“borneol re*a‘_l

mib

disinfection by-products
degradation ik

ozomation

b

ozene

cyanoBacteria

odor compounds

65?5 VOSviewer

biodegradation

z

Figure 4. Keywords co-occurence network visualization map created in VOSviewer software.
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claim that the oxidative process was also able
to effectively degrade trihalomethanes (THMs)
and microcystin-LR (MC-LR), derived from
cyanobacterial blooms.

Visentin et al. (2019) evaluated the
performance of Vacuum UV (VUV) for MC-LR, GEO
and 2-MIB degradation from two canadian lakes
impacted by cyanobacterial blooms. According
to authors, under bloom conditions, removals
of 40-60% for T&0O compounds and MC-LR were
achieved in the flow-through reactor. However,
they observed a 20% increase of disinfection
by-products formation, indicating that the
implementation of this process in the off-
flavors compounds remediation is promising,
but should be further investigated and studied.

Pettersson et al. (2022) evaluated the
removal of GEO and 2-MIB in circulating water
to prevent its accumulation in fish, through
four different types of oxidative treatments:
0, low, O, high, H,0, and O,/H,0,. The results
indicated that all treatments promoted a
decrease in the concentration of odoriferous
compounds. However, they were not effective
enough to prevent their accumulation in fish
flesh. Therefore, the authors state that there is a
need for higher doses of O, and H,0, to prevent
the accumulation of these compounds more
effectively in the circulating water and in fish
flesh.
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Thus, it is understood that, depending on
the need for remediation, as well as the levels
of contamination, the use of advanced oxidative
processes ensures excellent results. However,
there are still obstacles, whether financial,
environmental or technical, that need more
attention before being directly implemented. To
minimize these disadvantages, several studies
focus on the use of integrated remediation
processes, that is, adsorptive coupled with
oxidative processes.

Park et al. (2015) studied the comparison
of the effectiveness of implementing GAC, O, +
GACand O, + H,0, + GAC in NOM, GEO and 2-MIB
removalina pilotscale plant. The results indicate
that O, + H,0, + GAC was the most efficientamong
those studied, since, in relation to the removal of
off-flavors compounds, it was 10 to 30% higher
than the combination O, + GAC. Despite the
excellent removal of the interest compounds by
GAC (above 80% for both), the authors state that
it was not possible to satisfy the objective of
reducing the highest concentrations of GEO and
2-MIB to below 10 ng L.

Xia et al. (2020) also evaluated the ozonation
process coupled with GAC in the removal of
taste and odor compounds from a Chinese river
water. The results indicated that pre-ozonation
alone was not sufficient to remove the two main
responsible for the odor and taste of earth
detected (2-MIB and bis (2-chloroisopropyl)

Table II. Keywords for each cluster of the network visualization map presented in Figure 4.

1(Red)

2-methylisoborneol
Adsorption
Advanced oxidation processes
Drinking-water
Geosmin
Mib
Natural organic-matter
Powdered activated carbon

Keywords

Disinfection by-products

Clusters
2 (Blue) 3 (Green)

Biodegradation
Cyanobacteria

Degradation

Kinetics Odor compounds
Ozonation Oxidation

Ozone Taste
Removal Water treatment
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ether). Best removal percentages (50%) were
obtained when the pre-ozonation process was
combined with coagulation, sedimentation,
and sand filtration. Only after post-ozonation
the desired removal was achieved with all the
odorants decreased below the corresponding
odor threshold concentrations in the effluents.
The odor problem was only solved when GAC
was coupled to the system.

Jiang et al. (2022) studied the organic
and odor substances removal effects and
mechanism of a pilot combined UV/H,0,-BAC
process. The results indicated a removal of
approximately 95% for both contaminants, since
after the combination of the processes, both
were with concentration below 5 ng L. Thus, it
is concluded that the integration of processes
presents gains in the removal of contaminants,
being an interesting option for the treatment of
water bodies.

Cluster 3 (green) introduces biological
processes as a methodology for treating these
contaminants. Taste was the keyword with
the highest co-occurrence from the cluster,
with 36 score, followed by cyanobacteria, odor
compounds, oxidation, biodegradation and
water treatment with 20, 17, 15, 11 and 10 scores,
respectively. In this cluster, the strengths of
connection between the terms were practically
the same, with no highlight. This indicates that
the use of biological degradation processes in
odoriferous compounds treatment is probably
inferior to adsorption and advanced oxidative
treatments. Furthermore, it is not found in the
work of Mustapha et al. (2021), the main review
article on the subject, mention of GEO and 2-MIB
biodegradation processes.

It is believed that the smaller number of
studies found is due to the greater difficulty
in maintaining the analysis, since this process
works with live microorganisms, involving
greater rigor, monitoring and maintenance, in
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addition to the issue of biomass formed in the
process. Although not so usual, possibly for
these reasons, studies in the literature point to
the effectiveness of this type of treatment.

Xueetal.(2012) evaluated the biodegradation
of geosmin by microorganisms in biofilm from
biological treatment unit of a Japan potable
water treatment plant. The results showed
that under the initial geosmin concentration of
around 2,500 ng L, the final geosmin removal
was more than 90% (including loss rate) in most
months of the year.

Ma et al. (2015) evaluated the removal of
GEO and 2-MIB using bioflocs in suspended
growth reactors (SGRs) produced with solid fish
waste substrate from a recirculating aquaculture
system (RAS). The tests occurred under in situ
and in vitro conditions. The results indicated
that for the analyzes performed in vitro, the
highest removals were for nonsterilized bioflocs
with percentages of 92.80% for GEO and 98.08%
for 2-MIB. The results for in situ analyzes showed
different removal percentages depending on
the concentration of contaminants. The highest
removals were obtained after 48 h for the lowest
concentrations of GEO (100 ng L") and 2-MIB (100
and 500 ng L"), being 85.56 + 1012 % and 815 +
18.40 %, respectively.

Thus, it can be concluded that, despite
demanding greater care, biological treatments
present a high efficiency in terms of removing
taste and odor compounds from water bodies.

CONCLUSIONS

From the bibliographic data carried out in
the Web of Sciences database about geosmin
treatment and removal technologies in the
last 10 years, it was possible to assess that the
subject has gained greater notoriety in the last
7 years, since the year 2016 marked the increase
of publications on the subject, as well as an
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increasing number of citations. 100 articles were
found, only one of which was a review, published
in 2021. More than half of the articles come from
the People’s Republic of China, which constantly
suffers from cyanobacterial blooms.

Through bibliometric analysis of keywords
co-occurrence performed in the VOSviewer
software, it was possible to identify the main
geosmin removal processes, being adsorption,
advanced oxidative processes and biological
processes, in that order. The material most used
in adsorptive processes is activated carbon (AC),
in its different forms (PAC, SPAC, GAC or BAC).
Regarding advanced oxidative processes, the
ozonation process deserves to be highlighted,
since among the oxidative forms, it was the one
with the highest frequency. In addition, many
studies focus on the integration of adsorptive
and oxidative processes, in order to improve
the removal of these contaminants. On the
other hand, biological processes, despite being
apparent in the network visualization map, are
still the least used for this purpose, probably
due to greater difficulty in maintenance and
analysis time.

All of them have high efficiency in removing
odorouscompounds,butalsohavedisadvantages
in terms of regeneration, operational cost and
laboratory practicality. Therefore, the study of
alternative materials must be carried out, aiming
at a more economical and environmentally
friendly process. One of the alternatives is the
use of clay minerals as adsorbent materials,
which in terms of odorous compounds removal
needs to be further explored.

In this way, this work allowed a broad
visualization of the processes currently used
in geosmin remediation, as well as defining
the next steps for a cleaner, more efficient and
sustainable remediation.
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