£

and Public Health

International Journal of
Environmental Research

Article

Worldwide Research Trends on Solar-Driven Water Disinfection

Menta Ballesteros 1'*(7, Celeste Brindley 2(”, José Antonio Sanchez-Pérez

check for

updates
Citation: Ballesteros, M.; Brindley,
C.; Sanchez-Pérez, ].A.;
Fernandez-Ibafiez, P. Worldwide
Research Trends on Solar-Driven
Water Disinfection. Int. J. Environ. Res.
Public Health 2021, 18, 9396. https://
doi.org/10.3390/ijerph18179396

Academic Editor: Yu-Pin Lin

Received: 17 August 2021
Accepted: 2 September 2021
Published: 6 September 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

2,3 4,%

and Pilar Fernandez-Ibafiez

Molecular Biology and Biochemical Engineering Department, Experimental Sciences Faculty, Universidad
Pablo de Olavide, Ctra. de Utrera km 1, 41013 Seville, Spain

Department of Chemical Engineering, Universidad de Almeria, 04120 Almeria, Spain; cbrindle@ual.es (C.B.);
jsanchez@ual.es (J.A.S.-P.)

3 CIESOL, Joint Center of the Universidad de Almeria-CIEMAT, 04120 Almeria, Spain

Nanotechnology and Integrated BioEngineering Centre, School of Engineering, Ulster University,
Newtownabbey BT37 0QB, UK

*  Correspondence: mmbalmar@upo.es (M.B.); p.fernandez@ulster.ac.uk (P.E-I.)

Abstract: “Ensure access to water for all”, states Goal 6 of the UN’s Sustainable Development Goals.
This worldwide challenge requires identifying the best water disinfection method for each scenario.
Traditional methods have limitations, which include low effectiveness towards certain pathogens
and the formation of disinfection byproducts. Solar-driven methods, such as solar water disinfection
(SODIS) or solar photocatalysis, are novel, effective, and financially and environmentally sustainable
alternatives. We have conducted a critical study of publications in the field of water disinfection
using solar energy and, hereby, present the first bibliometric analysis of scientific literature from
Elsevier’s Scopus database within the last 20 years. Results show that in this area of growing interest
USA, Spain, and China are the most productive countries in terms of publishing, yet Europe hosts
the most highly recognized research groups, i.e., Spain, Switzerland, Ireland, and UK. We have
also reviewed the journals in which researchers mostly publish and, using a systematic approach to
determine the actual research trends and gaps, we have analyzed the capacity of these publications to
answer key research questions, pinpointing six clusters of keywords in relation to the main research
challenges, open areas, and new applications that lie ahead. Most publications focused on SODIS
and photocatalytic nanomaterials, while a limited number focused on ensuring adequate water
disinfection levels, testing regulated microbial indicators and emerging pathogens, and real-world
applications, which include complex matrices, large scale processes, and exhaustive cost evaluation.

Keywords: disinfection; solar; water recycling; photocatalysis; pathogens; inactivation

1. Introduction

Access to safe drinking water is a global concern with implications to public health
and well-being and to global economic development. Water scarcity affects over 40% of
the global population and is expected to rise over the next years, in which, by 2025, half
of the world’s population will live in areas that suffer from water shortage [1]. According
to the United Nations’ 2030 agenda, the Sustainable Development Goal 6 (SDG6) aims to
achieve universal and equitable access to safe and affordable drinking water for all [2]. This
remains a huge challenge for low-income countries, where 3 out of 10 people lack access
to safely managed drinking-water services. It is estimated that water-related issues cause
485,000 deaths by diarrhea each year [3]. These vulnerabilities become worse in the case of
natural or man-made disasters such as global climate change and the Covid-19 pandemic;
according to the UN, stopping the pandemic requires accessibility to safe water for people
living in these areas [2].

Water pollution—with over 80% of the wastewater (WW) resulting from human
activities being discharged without any treatment—and overexploitation of the freshwater
resources— as approximately 70% of global withdrawals from rivers, lakes and aquifers
are used for irrigation—are the main issues in developing countries. Worldwide, China
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and India are at the top of the list of countries with the highest water footprints, followed
by the USA. The SDG6's aim is “to improve water quality by reducing pollution, halving
the proportion of untreated wastewater, and substantially increasing recycling and safe
reuse globally” [4]. Therefore, the use of non-conventional sources of water, including WW
recovery technologies and rain and storm water treatment, has become an increasingly
important strategy to offset scarcity. In this context, disinfection of WW effluents or any
other non-conventional freshwater sources is key to producing biorisk-free freshwater
resources and avoid undesirable public health and food safety issues.

Disinfection byproducts (DBP)—many of them potentially mutagenic and carcinogenic—are
generated when disinfectants react with naturally occurring organic matter and other com-
pounds in water, and their presence in drinking water is the main drawback of chemical
disinfection [5]. Furthermore, the use of these disinfectants is connected to a high level
of microbial resistance, which can involve re-growth of resistant pathogens after disinfec-
tion [6]. Likewise, the World Health Organization (WHO) has identified the infections by
pathogens that are resistant to antimicrobials, including antibiotic-resistant bacteria (ARB),
as one of the major risks for global health. The problem is aggravated if the pathogenic
bacteria that bear antibiotic-resistant genes (ARG) pass on this resistance trait, through the
ARG, to other bacteria in the water, thus preserving the antimicrobial property even after
disinfection [7]. Therefore, new methods for water disinfection that are effective against
these emerging pathogens as well as being affordable and environmentally sustainable are
very necessary.

This is the case of solar water disinfection (SODIS), which was recognized by the
WHO as a simple, effective methodology for treating water polluted with pathogenic
microorganisms and for reducing the incidence of diarrheic diseases through solar ex-
posure [8,9]. The SODIS technique consists of placing raw water in transparent, plastic
containers (usually 1-to 2-L PET bottles) and exposing them to direct solar light for at least
6 h (on a cloudy day the exposure time should be increased to 48-72 h); afterwards, the
water should be stored in the SODIS bottles and drunk within the next 24 h [10]. The
mechanisms that explain the germicidal effect of SODIS are based on the generation of
reactive oxygen species upon the absorption of UVA and UVB photons by chromophores
in the microorganisms; the efficiency of the process is improved by increased temperatures
due to solar exposure [11].

SODIS is particularly interesting from both economic and environmental viewpoints
for several reasons: it has low operating costs for the user (solely based on the replacement
of the bottles), it is very simple to operate and uses only sunlight, and it has no effect on
the organoleptic properties of the water, nor requires additional chemicals nor generates
any residues. In addition, SODIS has been demonstrated to be effective against several
water pathogens, i.e., Escherichia coli, Salmonella spp., Vibrio cholerae, Enterococcus faecalis,
Bacteriophage MS2, Hepatitis A virus, and Cryptosporidium parvum [12]. However, it has
several drawbacks that have been the subject of recent studies for their mitigation: (i) The
water treated with SODIS, as mentioned, must be drunk within 24 h to avoid the re-
emergence of pathogenic organisms’ activity after solar exposure [13]; (ii) The action of
sunlight on the plastic material may release chemical products into the drinking water.
There are controversial studies about the detection and measurement of photoproducts
from the PET containers: some suggest that these derivates do not exceed the limits
established for the quality of drinking water yet do exceed the limits in bags manufactured
with the same material [14], while others determine that the emitted products are mostly
volatile and do not accumulate in the water at sufficient concentrations to raise health
concerns during the daily use of the technique, and they have been proven to produce
a non-significant increase in the genotoxicity of the treated water [15]; (iii) The volumes
treated were limited (containers were frequently of no more than 2 L, as pointed out
previously), but in recent years some alternative, viable strategies have been demonstrated,
such as the use of solar reactors, bags and bottles of larger capacities, capable of treating
up to 200 L per day [16,17]; (iv) Incoming solar UV-radiation is limited, although it can
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be increased through the use of solar mirrors, including compound parabolic collectors
among others [16,18].

Photocatalysis emerged at the end of the past century as an alternative or comple-
mentary technology to traditional disinfection methods. It is divided into heterogeneous
and homogeneous processes, which are part of the advanced oxidation processes (AOPs),
and in both cases sunlight can be used to promote the formation of hydroxyl radicals (*OH),
which exhibit a strong disinfectant activity [19]. During heterogeneous photocatalysis,
the inactivation of pathogens in water occurs in the presence of a photocatalyst and UV
radiation. Although many catalysts have been tested, in disinfection processes TiO; is the
most studied [20]. However, when sunlight is used as an energy source in heterogeneous
photocatalysis the activity of the process is low because photocatalysts are only excited by
UV radiation and the proportion of this type of radiation in sunlight is low (3-5%). The
process is much more efficient when the catalyst is in the form of suspended micro- or
nanoparticles, which can be immobilized to avoid contamination by nanoparticles [21],
although immobilization limits the large-scale applications compared to homogeneous
processes. In homogeneous solar photocatalysis the most investigated process is solar
photo-Fenton treatment, which consists of a series of reactions involving solute iron acting
as the catalyst, hydrogen peroxide and solar radiation [22]. Pathogens that are highly
resistant to conventional disinfection technologies can be inactivated by solar photo-Fenton
such as Bacilus subtillis, phytopathogenic fungi, antimicrobial resistant bacteria and genes,
as well as viruses from surface water and WW [23-27]. At present, this field research is
focused on limiting the pH of the process in the search for good results at neutral or near-
to-neutral pH, assessing the effect of organic matter or of using iron oxides, iron-chelating
agents, etc., to retain the iron in solution [28]. In addition, in recent years intensive research
has been carried out under continuous mode operation, which shows the possibility of
applying this technology at an industrial scale [29,30].

Table 1 presents a summary of the main events, breakthroughs, and contributors in
relation to SODIS and water disinfection by solar photocatalysis.

Because of the many open paths of research that have been proved effective for
pathogen inactivation in water and use sunlight as the only driving force, the state of
the art in this area must be revised. The aim of this work is to identify the key research
topics, research gaps and main challenges that allow establishing future lines of work in
this area. With this objective in mind, we have conducted an ample, bibliometric study;,
in which we have made a critical and detailed assessment of the scientific production on
water disinfection driven by solar radiation. Finally, based on an in-depth discussion of the
results, we have attempted to answer the following research questions (RQs), which we
believe could be of interest to researchers in this field:

RQ1: What are the global trends of scientific publications on the topic of solar-driven water
disinfection?

RQ2: Which are the institutions and their collaboration networks that work more intensely
on this issue?

RQ3: Which peer-reviewed journals publish the most on this topic?

RQ4: How has the field evolved over time and what are its main, future research directions?
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Table 1. Principal events, breakthroughs, and contributors for solar water disinfection (SODIS)
(above) and water disinfection by solar photocatalysis (below).

SODIS

A. Acra et al., noted that sunlight destroyed bacteria in contaminated water,
including pathogens, and they investigated the applicability of this method to
the disinfection of oral rehydration solutions prepared with the contaminated
water [31].

Several research groups started analyzing SODIS efficiency in batch and
1990s continuous reactors, at different temperatures, radiation intensities, UV-A
doses, etc. [32].

Emergency water treatment following natural disasters and during
humanitarian crises was recognized by the WHO and UNICEF as of 2005 [10].
Larger water containers were successfully tested [10,16,33].

New emerging and resistant pathogens were inactivated showing that SODIS
was effective against almost all waterborne microbial species of pathogenic
interest [10,34].

Water turbidity was overcome [34].

Chemical additives were used as possible enhancers [10].

Models and mechanisms of solar radiation induced cell death in water were
studied [35].

Studies were carried out on possible leach of unsafe chemicals from the plastic
bottles [34].

Enhancement technologies (flow reactors, continuous reactors, solar mirrors,
etc.) [10,34].

1980s

2000-2020

Water disinfection by solar photocatalysis

The work of Matsunaga and coworkers (1985) was the first report of
photocatalytic disinfection (TiO;) [36].

Butterfield and coworkers showed the first study on immobilization of the
catalyst [37].

Different types of structures of TiO, and TiO,-doped nanomaterials for visible
light activity [20].

2000-2020 First trials at circumneutral pH with photo-Fenton [38].

Development of new visible light-active catalysts [8].

New reactor design [39].

1980s

1990s

2. Materials and Methods

The data analyzed in this work have been obtained mainly from the databases Scopus
and, to a lesser extent, the Web of Science (WoS). Both bibliographic databases are the main
sources of information used in bibliometric studies [40,41] because of the large number of
documents they contain. The number of peer-reviewed journals indexed in Scopus (41,462;
SCImago Journal Rank, 2019) is almost double to that of WOS (24,717; Thomson Reuters,
2019). In our case, WOS was used to search for impact indexes, whereas an exhaustive
search was carried out in Scopus using (TITLE-ABS-KEY (Solar and Disinfection)) as the
search field. This search returned 1241 documents between 1977 and 2020. Frequency of co-
occurrences was calculated obtaining 533 keywords repeated more than 10 times. Note that
the occurrences attribute indicates the number of documents in which a keyword occurs.
When analyzing the keywords, those that had no relation with the topic of this study
were manually removed, such as article, paper, review, etc. Quantitative data processing,
positioning and visualization of the corresponding units of analysis in two-dimensional
maps were carried out with VOSviewer software (Centre for Science and Technology
Studies, Leiden University, Leiden, The Netherlands) using the VOS (visualization of
similarities) technique, which builds a similarity matrix from the co-occurrence matrix to
allow the execution of a clustering algorithm for positioning and classifying the keywords
to be mapped. This software, widely used in bibliometric studies, creates graphs for
keywords or institutions, representing them with nodes that can be joined by lines that
signify the collaboration between both terms of the two nodes [42].
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Hereby, a bibliometric map with 6 clusters was obtained. Cluster size is determined by
the number of keywords within the cluster, the frequency of occurrences of the keywords
and their similarity index. In this type of map, keywords from clusters located in the
center of the map are greatly interrelated, unlike those from clusters that are further away.
Finally, a color scale map was obtained considering the frequency of keywords according
to the year of publication within the last decade. In both maps the size of the label is
proportional to the keyword’s frequency of appearance within the documents. It should
be noted that, while all representative terms are in display, many of the 533 keywords,
generally subordinate terms, are not, for the sake of clear visualization.

3. Results
3.1. Evolution of the Scientific Production

The search process returned 1241 documents from first records to 2020, showing a
two-speed evolution (Figure 1). From the first publication in 1977 to 2002, the number
of publications in this field was very scarce, with an average of less than 5 documents
per year. However, from 2002 to 2020 a linear growth is observed, showing the rapidly
growing relevance of this research field, with rising numbers of publications each year
(increasing by over 10-fold the number of publications in this period, going from only
9in 2002 to 131 in 2020). As shown in Figure S1 (Supplementary Material), most of the
publications on solar-driven disinfection are articles (77%) and it should be noted that, of
all those publications, only approximately 20% have been published ‘open access’ in the
last 10 years (Figure S2; Supplementary Material).

140

120

100

80 A

60 -

Documents

40

20

0 T T T T T T T T
1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025

Year
Figure 1. Number of documents in the field of research on solar-driven disinfection from 1977 to 2020.

3.2. Distribution of Publications by Origin

Worldwide, distribution is very diverse in terms of the number of publications that are
spreading over every continent and country (Figure 2), highlighting the close collaboration
between most of them, as can be seen in Figure S3 (Supplementary Material), showing the
relationships between the different countries according to joint publications. Although the
USA stands out for having the largest number of publications, with a total of 228 (Figure 2),
these are widely distributed among various institutions and authors (see Table 2, which
shows the total number of documents per affiliation and per author of the most prolific
centers). A very different scenario is observed in Spain, second in the lead in total number
of publications with 201 documents, where the Center for Energy, Environmental and
Technological Research (CIEMAT)-Plataforma Solar of Almeria concentrates most of the
publications. Next, the Ecole Polytechnique Fédérale de Lausanne (Switzerland) stands out
on a European level. China is also the third potential in the world (along with Switzerland)
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on solar-driven disinfection (Figure 2), with a total of 137 publications, and as with the USA,
its production is spread among many research centers and authors. In terms of the number
of investigations that receive funding, however, this country is highest in the list (Table S1;
Supplementary Material), but if all the research carried out within the European continent
is considered as well as the research funded by the European Union and the research from
Spain and Switzerland, Europe would be world leader with the financing of a total of
128 publications. The USA also ranks highly, with funding for a total of 29 publications.

USA 228

» Spain 201
] China 137
* I £ { Switzerland 137

UK 87

’ India 7L

Ireland 63

228 Australia 418

I Greece 41
ltaly 40

Germany 34

10 Colombia 32
Mexico 32

South Africa 32

Figure 2. Distribution of publications on solar-driven disinfection in countries with more than 10 publications (Powered by
Bing © GeoNames, Microsoft, Navinfo, TomTom, Wikipedia).

Table 2. Affiliation (sorted alphabetically) and authors with publications on solar-driven disinfection. In the case of authors,
only the most prolific and affiliated to centers that have published more than 10 documents are listed. N.: Documents by
institution (not per country), and N,: Documents by author (only one or two of the most prolific authors are listed per
center). H: H-index.

Center/University Country N Author/s N, H

, . Polo-Lépez, M. 1. 42 31

CIEMAT-Plataforma Solar de Almeria Spain 152 Malato, S. 7 81

Eawag - Swllss Federal Institute of Aquatic Switzerland 36 Mosler, H. J. 14 23
Science and Technology

. s . Pulgarin, C. 64 65

Ecole Polytechnique Fédérale de Lausanne Switzerland 79 Giannakis, S. * 35 25

. McGuigan, K. 43 31

Royal College of Surgeons in Ireland RCSI Ireland 45 Conroy, R. M. 1 54

Ministry of Education China China 28 Li Y. 3 24

. . . . Fernandez Ibafiez, P. ** 77 52

Ulster University United Kingdom 31 Byrne, J. P. 13 33

Universidad de Almeria Spain 34 Sénchez Pérez J. A. 11 45

Universidad Rey Juan Carlos Spain 17 Marugan, J. 14 29

University of California, Berkeley United States 18 Nelson, K. L. 7 39

* Currently researching at the Polytechnic University of Madrid. ** Currently at Ulster University, although her previous affiliation
was CIEMAT.

3.3. Journals of Greater Impact

The journals with the highest numbers of publications are Applied Catalysis B: Environ-
mental and Water Research, with 64 and 67 articles, respectively (Figure 3). Both journals
have evolved exhibiting positive growth over the last decade (Figure 3), especially in the
case of Applied Catalysis B: Environmental whose impact factor increased very significantly,
tripling its value from 2011 to 2019 (currently with an IF of 16.686). Chemical Engineering
Journal is in second position according to its IF in 2019 (IF = 10.652), with a very promi-
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nent number of documents (36) on solar-driven disinfection, followed by Water Research
(IF =9.130) and Environmental Science & Technology (IF = 7.864), (Figure 3). All these journals
are in the first quartile of the categories included in Journal Citation Reports and have a
great impact on scientific society. Furthermore, Applied Catalysis B and Chemical Engineering
Journal are in the first decile in Engineering Environmental category (1/53 and 2/53, respec-
tively), and Water Research and Environmental Science & Technology are also positioned in
the first decile in Water Resources (1/94) and Environmental Sciences (15/265) categories,
respectively. The fifth place is for Solar Energy that, although with a lower impact index, has
been able to double its value in the period 2011-2019, highlighting the growing relevance
of solar technologies research.

2021
2020 - ‘ Applied Catalysis B: Environmental
2019 C) ) 8 O Water Research
2018 4 C. o . Environmental Science & Technology
2017 A C® ©
° . Chemical Engineering Journal
25| OO © ©
§ 2015 4 O. Y ° O Chemosphere

20144 OO © O @  solar Energy
2013 4 O. e O . @ Science of the Total Environment
2012 4 ®@ o O .

® . @ Catalysis Today
20114 Q@ e © ’

o Water Science and Technology

2010 ~ Impact factor
2009 L2 . v . . : . e Journal of Water And Health

20 30 40 50 60 70

Documents

Figure 3. Journals with the highest number of articles on solar-driven disinfection and evolution of the impact index over

the last 10 years for the journals with the highest number of documents. The size of the circles represents the impact factor

according to the scale given.

3.4. Analysis of the Keywords

So far, Scopus’s search export has been processed to analyze the number of publica-
tions by year, their distribution by affiliation and country, the most prolific institutions, and
the most relevant journals and authors. Next, the keywords used in the scientific literature
will be analyzed to identify the research trends and gaps in the field.

Figure 4 represents the network formed by the main keywords from publications
on solar-driven disinfection. To discuss these results, only keywords with concurrency
greater than 10 have been considered, but for better understanding only those with greater
repeatability are shown in Figure 4 (complete keywords” matrix available from Supple-
mentary Materials: File S1). Each rectangle-shaped node represents a keyword, and the
larger the rectangle the more frequent the keyword. In Figure 4a, keywords are classified
into six clusters using VOSviewer, and each cluster has a different color attending to the
relations established among keywords (characterized by the frequency of occurrences and
the similarity index). Nodes are connected by lines that join terms that tend to appear
in the same work, broad lines standing for a more frequent coexistence than thin lines.
Regarding the location of the clusters in the network, the closer they are to each other the
stronger their relatedness. The evolution of the relevance of the keywords over the last
decade (2010-2020) is depicted in Figure 4b, in which keywords are mapped using a color
scale that assigns each node with a score (in this case, the scores are years 2010 to 2020).
To interpret this figure, it should be noted that the most frequent terms closer to 2010 are in
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blue (lowest score), intermediate scores are in green, and scores closer to 2020 are mapped
in yellow.

(a)

& VOSviewer

(b)

& VOSviewer

2010 2012 2014 2016 2018 2020

Figure 4. Clusters of keywords that appear in articles about solar-driven disinfection with a frequency greater than 10:
(a) up to the year 2020; (b) in the period 2010-2020, where the color scale indicates the year of publication, with colors ranging
from blue for the lowest score (2010) to green (intermediate years) and to yellow for the highest score (2020). Note that,
while all representative terms are in display, many of the 533 keywords are hidden, for the sake of clear visualization.
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3.4.1. Green Cluster

This is the centermost cluster, the one closest to the rest of the clusters and the second
in size (Figure 4a). It is formed by a total of 137 keywords including disinfection, solar
disinfection, water treatment, WW reclamation, WW recycling, potable water, detoxification and
similar terms focusing on irrigation (agriculture), crop, soil solarization in groundwater and
natural water, organisms such as fungi, specifically, Fusarium solani and Lycopersicon escu-
lentum, Bacillus subtilis, nematodes, and places such as India, Spain or the USA. This set of
keywords is related to one of the areas of greatest interest to the field of disinfection of
water for agricultural uses, which is the largest water-consuming sector (approximately
70% of the total, as previously pointed out). Water for agricultural use very frequently
has phytopathogens and it is common to use fungicides and antagonistic microorganisms
to avoid this problem. Many of the articles that describe the use of solar energy in dis-
infection have shown good results in the inactivation of phytopathogens [23]. Even the
mere sunlight-H,O, combination has recently been considered as a sustainable option,
compared to other solar-powered AOPs in advanced municipal wastewater treatment
plants (WWTPs), for reuse in crop irrigation [43]. Recent articles clearly show the current
research trends in this area, including the investigation of microbial risks associated to
the practice of WW reclaim in agriculture [44], the implementation of large-scale contin-
uous solar treatments [29] and the control of emerging pathogens, such as antimicrobial
resistance for irrigation and food production [45].

One of the limitations of disinfection is the persistence of the treatment once applied,
hence the importance of the keyword regrowth/bacterial regrowth that appears in this cluster.
In fact, it is known that in many cases microorganisms can reactivate or repair themselves
from photo-induced DNA damage and some surviving microorganisms can even repro-
duce [22]. Likewise, according to the review carried out by Wang et al., (2021), regrowth
studies should be carried out simulating actual conditions, considering factors such as
organic and inorganic matter or light/dark conditions, and carrying out multiple suitable
detection methods when performing microbial counts.

3.4.2. Dark Blue Cluster

As can be seen in Figure 4a, this is a transversal cluster and, similarly to the green
cluster, its keywords are distributed at the center of the map and very close to the other
clusters, but especially intermingled with the green and light blue clusters, so it is not
considered a specific area of research. It includes keywords such as solar radiation, photo-
chemistry, chlorination, etc. An outstanding area to consider in disinfection studies is the
presence of disinfection byproducts (DBPs), hence keywords such as chlorination or chlorine.
Solar-driven disinfection processes have become particularly important in this area because,
although the lack of a residual disinfection effect is a disadvantage, these processes do
not generate any harmful byproducts and are environmentally friendly. Moreover, it has
been widely demonstrated that these processes are efficient in eliminating DBPs generated
by other classic water disinfection processes [6]. It is also well known that organic matter
reduces the efficiency of most AOPs, although it can also help maintain the iron catalyst in
solution when pH-neutral reactions are carried out [46,47]. NOM has also been found to
favor SODIS under specific conditions—photosensitization effects—but it also can compete
with microorganisms for the oxidizing radicals generated during photo-assisted processes,
hence decreasing the disinfection efficiency [48].

The reoccurrence of the keywords virus, levivirus, and virology is particularly striking
and focuses attention on these types of special organism since, in comparison with bacterial
pathogens, viruses have a lower infection dose and a higher risk of disease, which means
that they pose a serious health threat. Furthermore, in this area it is advisable to use
surrogates (e.g., bacteriophages) of pathogenic viruses capable of causing human disease to
test out photocatalytic viral inactivation processes and mechanisms [49]. Current research
shows a clear trend towards the control of highly resilient, emerging, waterborne pathogens,
such as new human viruses, and antimicrobial resistance—ARB and ARG- in water.
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The keyword compound parabolic collectors (CPCs) appears in this cluster because these
systems have been intensively investigated as a modular way to scale-up the disinfection
process with high efficiency for the harvest of solar radiation. However, to treat the volumes
required for real applications (a few hundred liters per day per household, for drinking
water, and a few cubic meters per day, for irrigation) new solar raceway pond reactors
operated continuously appear as a good solution [29], despite having lower efficiency
optics compared to CPCs. This is evidenced by the also present keyword pond as, in recent
years, ponds have become a class of successful and practical reactors that clearly allow
increasing the treatment volume of SODIS. Currently, solar photocatalysis, photo-Fenton
and solar disinfection have been taking steps in the right direction to expand promising
results at these large scales [29,50,51]. Additionally, the integration of technologies based
on photocatalytic and photothermal nanomaterials to increase the daily productivity of
SODIS has been proved recently [34]. Other types of reactors have also been used, such
as the photocatalytic membrane reactor, which integrates photocatalysis and membrane
separation, photoelectrocatalytical reactors [49], etc. However, most of this technology is
designed for water decontamination but not specifically focused on disinfection as the main
objective, as explained by Keane and collaborators [39]. These authors recommend that
efforts should focus on specifically designing efficient reactors for disinfection purposes,
taking into account key technological parameters related to design of solar CPC modules
(ratio of illuminated volume to total volume, catalyst load in slurry reactors, immobilized
versus suspended photocatalyst, and flow rate), oxygen transfer kinetics, mass transfer of
bacteria to the catalyst, and the catalyst support configuration.

The keyword cost appears repeatedly in several clusters because many of them refer
to the fact that these are low-cost technologies because they use sunlight and are not
dependent on fossil fuels. Especially cheap is SODIS technology, which is considered the
lowest-price household-based disinfectant system, with an estimated cost of US$0.63 per
person per year [52]. However, there is a great paucity of research regarding the true
cost of photocatalytic disinfection treatments. A recent study (Fe>*-EDDHA /H,0, /solar
treatment) carried out with compound parabolic collector reactors estimated the cost of
the treatment (EUR 1.10 €/m3) as a sum of the investment and operational costs based on
the calculation of their annual cost. The authors concluded that the estimated treatment
cost is too high for industrial-scale applications because some techno-economic aspects are
still unclear [53]. Each investigation must be considered in its own context: the first study
mentioned here—SODIS in PET bottles—presented estimates for household interventions
to provide safe drinking water, while the second—photo-Fenton—referred to large-scale
treatment of wastewater for irrigation reuse; two completely different applications and
end-users. Treatment costs must be kept in mind, especially in countries with populations
that have limited access to potable water and sanitation. For example, in India (the worst
country in the world for the number of people without safe water) the cost of 50 L of water
is 17% of a typical poor person’s salary [54].

3.4.3. Light Blue Cluster

This cluster mainly contains articles on AOP treatments, including the following
keywords: Fenton, photo-Fenton, the implicit use of hydrogen peroxide, UVC radiation, and
processes of oxidation-reduction. 1t also includes E. coli or coliform and Enterococcus faecalis,
which are used as model organisms or indicators of water quality in microbiological terms.
E. coli is a gram-negative coliform bacterium that is responsible for childhood diarrhea and
is used as an indicator of fecal contamination, so it is widespread in disinfection articles.
However, the WHO has recommended monitoring the gram-positive bacterium E. faecalis
as an indicator of fecal contamination in water, and it is usually more resistant than E. coli
to the different disinfection techniques [49]. It is important to note that each country has
different indicators, but there is a consensus between organizations such as WHO, US EPA,
etc., over which species should be studied to ensure water disinfection. Therefore, studies
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that arbitrarily employ other infective agents may even be of little relevance, depending on
which microorganism they use.

3.4.4. Yellow Cluster

This cluster contains 59 keywords, including drinking water and water supply, water
purification, water management, and water microbiology. This cluster focuses on the purification
of water for drinking purposes, including in this category the distinction between fermale
and male, as well as adults, adolescent, infant or child and preschool child. It is known that
gender roles need to be taken into consideration for interventions such as SODIS to be
successful [55], and adverse effects observed from some toxic compounds in water are
highly dependent on gender [56]. However, we have not detected any studies that address
the inclusion of gender perspective into the investigation of water disinfection mediated
by solar radiation.

This cluster also focuses on the purification of rainwater using sunlight as source of
energy in rural areas or developing countries, including studies in Kenya or Bolivia, and is
centered on the issue of public health, including the reduction of diarrhea through the
inactivation of fecal coliform and Vibrio cholerae. All keywords clearly imply an area of
research into SODIS, whose concordance is also evident in the closeness of keywords
such as SODIS, plastic (referring to the PET bottles commonly used to carry out SODIS
disinfection), or disease control.

3.4.5. Purple Cluster

This cluster includes the words nonhuman, sunlight, and controlled study, among others,
within investigations associated to disinfection of the pathogen Cryptosporidium. These
keywords highlight an important area in relation to the inactivation of this enteric pathogen
for vertebrates, recognized as a cause of disease in humans and domestic animals for over
50 years (hence the appearance of the terms oocyst or protozoa) and that can be inactivated
using SODIS and solar photocatalytic disinfection [57] or a combination of TiO, and HyO»,
and recently with photo-Fenton processes [58].

In this cluster, radiation/light exposure or radiation response and time also stand out,
referring to the well-known proportional relationship between the energy supplied and the
degree of disinfection achieved. Treatment duration is mainly dependent on the nature of
the microorganism, although water matrix, temperature, and wavelength play important
roles [22,59]. It is well known that Cryptosoridium is one of the highest solar-resilient water
pathogens and for this reason these keywords appear together.

3.4.6. Red Cluster

This is the largest cluster, which includes 148 items or keywords. Furthermore, it is also
the most recent and the most studied cluster (Figure 4b), which shows that the current trend
is to focus more on solar photocatalysis with TiO,. Typical keywords of this process are
photocatalysis/catalyst/heterogeneous photocatalysis, and titanium/titanium dioxide/TiO;. Much
of the research conducted to date has been applied to the inactivation of E. coli, the most
salient keyword. Furthermore, many words also feature very prominently in relation to
nanoparticles, such as nanocomposite, nanomaterial, metal nanoparticle, silver nanoparticle, etc.
There is a great diversity of TiO,-doped nanomaterials with metals and non-metals, such
as nitrogen, silver, copper, sulfur, carbon, etc., and recently graphene, used to inactivate
various strains of bacteria in different sources of water [20]. These doped materials and
the combination of TiO, with graphene composites have mitigated the main drawbacks
of photocatalytic disinfection, i.e., limited activity, which is conditioned by the lack of
visible light activity and the rapid re-combination of photocatalyst’s charge carriers, but
most of these studies have not been carried out for real applications. Recently, there has
been great interest on visible light-active materials, focusing especially on electric and
photonic properties [8]. This cluster is far away from the rest, and it presents very limited
collaborations with the other topics. This is clearly seen in Figure 4a, where the red and
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yellow/green clusters are far apart, pointing out the need to work together to connect the
world of nanomaterials to the real-world applications. In addition, this area of research has
other potential applications in air purification and the sterilization of surfaces in healthcare
environments.

3.4.7. Keywords’ Trends and Progress

Figure 4b shows that the keywords colored in green to yellow (intermediate to high
scores, which means that those keywords are frequent in recent years) belong mostly to
the red cluster (Figure 4a), which shows that the current trend is to focus more on solar
photocatalysis with TiO; and nanomaterials. Recent progress has been made in catalyst
modification research to boost its light-harvesting capacity towards the visible; new Vis-
light active catalytic materials for disinfection have been tested, including plasmonic [60]
and carbon nitride-based photocatalysts [61]. There have also been advances in disinfec-
tion with TiO,, based on the applications of its different types of structures (nanotubes,
nanoparticles, nanofibers or nanopowder) doped with silver, selenium nanoparticles, ZnO,
copper, zinc or yttrium, and for several waterborne microorganisms such as Escherichia
coli, Staphylococcus aureus, Bacteriophages F2 and MS2, Cryptosporidium spp. and Candida
albicans [62].

One area of growing interest (shown in green in Figure 4b) relates to antimicrobial-
resistant bacteria (ARB). According to the WHO, the mitigation of antimicrobial resistance
will have a major impact on SDG6, estimating that the health costs will be 1.2 billion
dollars by 2050 owing to increased antimicrobial resistance (https://www.who.int/health-
topics/antimicrobial-resistance, accessed on 9 June 2021). This issue becomes particularly
serious when pathogenic bacteria carrying antibiotic-resistant genes (ARG) re-grow after
disinfection treatments are applied to WWTP effluents. In the recent years, due to the high
consumption of antibiotics, ARB and ARG have been increasingly found and monitored
in waters of different origins such as municipal and hospital WW, surface water and
groundwater, sediments, water used in agriculture, drinking water, and even in the air,
crops, and soils [43,63]. Various disinfection methods based on sunlight or artificial sunlight,
such as UV /solar/H;0O,, Fenton and photo-Fenton, and heterogeneous catalysis with TiO,,
have been tested for treating numerous ARG and ARB [27]; however, although the majority
of AOPs have yielded very high levels of inactivation, further investigation is still needed
to find solutions to secondary contamination, for example, the release and transfer of ARG
among microbial cells, photo-reactivation, etc. [63], which imply the use of post-treatments
following AOP [64].

Figure 4a offers a view of the research work that has been carried out in the field,
while Figure 4b gives an idea of the past and present trends over the last decade. The joint
analysis of Figure 4a,b provides the research trends and gaps.

4. Conclusions
4.1. General Remarks

Revising the research questions proposed at the introduction of this bibliometric study,
we have found that disinfection mediated by solar radiation is a research area of growing
interest, the USA being the country with the most publications, although distributed among
many centers, while research in Europe focuses on well-established groups from Spain,
Switzerland, Ireland, and United Kingdom. In addition, high-impact factor journals in the
area of water, and similar, stand out in this field, which gives an idea of the great impact of
this research topic. Finally, from the analysis of the keywords the following conclusions
are made:

e  The studies of disinfection mediated by sunlight focus mainly on water for human
consumption and water for reuse (e.g., in crop irrigation), which may come from
WWTPs.

e  The research done shows that the organic matter present in the water has a great
influence on the level of disinfection achieved.
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e  Recent pilot-scale research has shown the great potential of solar technologies for
commercial scale-up.

e  The evolution of the keywords in the last decade indicates that solar photocatalysis
with new materials that accelerate oxidative reactions is the area most studied in
recent years.

4.2. Prospects and Future Research

Several research gaps that require further investigation have been clearly identified by
the analysis made in this study:

e  Better and deeper assessment of whether the level of disinfection is acceptable for
drinking or for the selected restricted reuse (e.g., irrigation, environmental, aquifers’
recharge, etc.).

e  Further analysis of the impact on public health when a drinking water intervention is
undertaken and demonstrating impact in terms of risk reduction in food production
when treated WW is reused for this purpose. In this sense, it is very advisable to
appropriately assess bacterial /viral regrowth and evaluate microorganisms’ post-
treatment recovery capacity to guarantee the positive impacts in health, food security
and environment of the disinfection treatment in the overall process.

e  More testing of solar treatments for natural waters or with consortia of microorganisms
naturally present in the waters to evaluate the potential of the real-world application
of the technology.

e  Focusing not only on the assessment of regulated microorganisms’ indicators, but also
of new emerging pathogens (e.g., ARB) to corroborate that the technology reaches
the minimum requirements of water quality or, otherwise, which post-treatments are
required to achieve water quality standards.

e  Considering the large-scale application, the investment and maintenance of the solar
hardware, and the life span of the materials to give realistic figures about economic
sustainability of the technology and to identity limitations or new research needs.
Furthermore, field trials are needed to identify local limitations and to optimize the
technology for the different areas.

e Solving the great limitation of solar photocatalysis with new materials for realistic
drinking water or WW disinfection applications.

Considering that access to water is a human right, it might be strongly necessary to
take into account the human right-based approach of this area. Therefore, the key criteria
to select water technologies that accommodate and assist our needs from a global point of
view might guarantee the availability, quality, acceptability, accessibility, and affordability
of water for all, including gender balance, in line with the Goal 6 of the UN-2030 agenda.
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