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A B S T R A C T   

Long is the way and hard, that out of COVID-19 leads up to light. The virus is highly contagious and spread 
rapidly and the number of infections increases exponentially. The colossal number of infections and presence of 
the novel coronavirus RNA in human wastes (e.g. Excreta/urine) even after the patients recovered and the RT- 
PCR tests were negative, results in massive load of the viral in water environments. Numerous studies reported 
the presence of SARS-CoV-2 in wastewater samples. The risk of contaminating water bodies in the regions which 
suffer from the lack of proper sanitation system and wastewater treatment plants (mostly in developing coun-
tries) is higher. Since solar water disinfection (SODIS) is usually used by people in developing countries, there is a 
concern about using this method during the pandemic. Because the SARS-CoV-2 can be eliminated by high 
temperature (>56 ◦C) and UVC wavelength (100–280 nm) while SODIS systems mainly work at lower tem-
perature (<45 ◦C) and use the available UVA (315–400 nm). Thus, during a situation like the ongoing pandemic 
using SODIS method for wastewater treatment (or providing drinking water) is not a reliable method. It should 
be reminded that the main aim of the present study is not just to give insights about the possibilities and risks of 
using SODIS during the ongoing pandemic but it has broader prospect for any future outbreak/pandemic that 
results in biological contamination of water bodies. Nevertheless, some experimental studies seem to be 
necessary by all researchers under conditions similar to developing countries.   

1. Introduction 

“COVID-19 is more than a health crisis. Millions have lost their jobs. The 
global economy is headed for the sharpest contraction since the Great 
Depression. The political, economic and social effect of the pandemic will 
be felt for years to come. We should be all in this together” 

Dr. Tedros Adhanom (Director-General of the World Health 
Organization) 

The world was surprised at the end of 2019 with shocking news 
about the advent of a new virus from the family of Coronaviridae [1]. 
Although the beginning of severe acute respiratory syndrome 2 (SARS- 
CoV-2) firstly was reported by Chinese officials at the end days of 2019 
and in more than 2000 papers, researchers mentioned the city of Wuhan, 

in their abstract as the starting point of the pandemic [2], but there are 
some pieces of concrete evidence about the presence of the SARS-CoV-2 
in different locations long time before the Chinese announcement. Such 
striking instances has created many doubts about the main origination of 
the virus since the viral RNA was detected in wastewater samples of 
Spain [3] and Brazil [4], eleven and four months before the first case was 
confirmed by the officials of those countries respectively. This means 
that the exact origination of the pandemic is quite vague. The contra-
diction of these reports steps the crucial importance of water and 
wastewater bodies in detecting some kind of epidemic into the spotlight 
before it becomes to a catastrophic pandemic like the COVID-19. Since 
the beginning of the pandemic, the experts of wastewater-based epide-
miology (WBE) have conducted numerous researches throughout the 
world to examine the presence of the SARS-CoV-2 in various wastewater 
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samples [5]. The presence of the SARS-CoV-2 in various water bodies 
increases because of human excreta and urine that release into the 
aquatic environment through wastewater (mostly in developing coun-
tries) and wastewater treatment plants (WWTPs). However, there are 
various routes for transmitting the virus into the aquatic environment. 
While the dominant transmission route of the SARS-CoV-2 is mainly 
established via the respiratory system, but there are anxieties over the 
effects opening new windows for transmitting the virus when the 
infected gastrointestinal glandular implied the potential transmission 
via fecal-oral [6]. Newly, probability transmission of the SARS-CoV-2 
through water media has raised many questions [7]. Furthermore, it 
was stated due to the heavy load of the viral concentration in water 
bodies during the ongoing pandemic, using solar water desalination 
system to provide drinking water by desalinating impure water has too 
many risks [8]. Therefore, any water-related system and facility can be 
encounter with contamination of the virus and it can become a possible 
route to spread the SARS-CoV-2. 

1.1. The objective of the present study 

The main objective of the present study is to examine the effective-
ness of SODIS method during the ongoing pandemic by focusing on the 
two important parameters that the novel coronavirus and the SODIS 
system have in common. The review organized in several steps and it is 
recommended to be meticulously followed by readers to realize the main 
concept. In the first step, the general concept of the SODIS systems is 
briefly introduced. In the second step, some parameters that have an 
effect on the performance of SODIS such as the type of UV content, free 
radicals, etc. are presented. In the third step, the photo-reactivation 
process is discussed to show the UV damage on the pathogen's genome 
and the repair mechanism while application of SODIS for virus elimi-
nating, virus structure, and mechanism and resistance of viral inacti-
vation through UV and temperature in the fourth section is discussed. 
The paper is followed in the fifth section by focusing on the contami-
nation of water bodies to justify the fact that the feed water for SODIS 
systems can be heavily polluted by human waste through wastewater 
and wastewater treatment plants which result in biological contamina-
tion. The sixth section brought the importance of the fifth section into 
the spotlight by validating the presence of SARS-CoV-2 RNA in waste-
water, groundwater, surface water, and rivers that discussed in 
numerous studies. The seventh section is the most important part of this 
study because it discusses two important factors that the SARS-CoV-2 
and SODIS systems are severely affected by, which are UV and tem-
perature. In the first section (i.e. 7.1) vulnerability of the virus to tem-
perature is presented while the second sub-section (i.e. 7.2) discusses on 
the effect of various types of UV on the viability of the virus. In the 
eighth section, the risks of using SODIS systems during the ongoing 
pandemic by considering the earlier discussions in the seventh section 
and focusing on the effect of UV and temperature are presented. Even-
tually, in the ninth section summaries, concluding remarks, and future 
studies are recommended. It should be noted that the reason for brought 
a comprehensive content about the effective parameters on the SODIS 
performance, damage and repair mechanism of pathogen's structure, 
discussing the pollution of water environments by pathogens, etc. is to 
show that the present study is not limited to the ongoing pandemic but it 
has broader prospect about any possibility for the future outbreak/ 
pandemic that results to contaminate aquatic environment throughout 
the world. 

2. Solar water disinfection 

More than half of the world population (4 billion) is living in con-
ditions that face with severe water scarcity at least one month of each 
year [9] while consuming contaminated water from available water 
resources by people lead to a high risk of waterborne diseases, especially 
in poor and rural communities. The importance of the providing safe 

drinking water can be elucidated when we consider that the UN in two of 
the most important action plans called MDGs and SDGs between 2000 
and 2030 assigned a specific goal to water [10]. The importance of 
providing safe drinking water is more critical in low-income and 
developing countries because of poor sanitation networks and insuffi-
cient/improper/lack of wastewater treatment plants (WWTP). A well- 
known instance is Brazil which has one of the largest water resources 
in the world but due to the poor sanitation system and lack of proper 
WWTPs, many areas of the country have limited access to adequate 
drinkable water resources [11] and people confronted many problems 
through contaminated water. Solar-based systems such as solar stills and 
solar water disinfection (SODIS) are proper options for extremely 
remote regions as well as low-income and poor communities [12–15]. 
The SODIS is a point-of-use water treatment method that has been used 
all over the world, especially in Asia, Latin America, and Africa [16]. 
Nearly 5,000,000 people in almost 50 countries through the world are 
using this method for their daily consumption, most of them are located 
in developing countries with limited access to a source of a safe drinking 
water [16]. In these countries, waterborne pathogens such as Escherichia 
coli, Salmonella, Vibrio cholera, Giardia, Cryptosporidium [17], etc. 
cause serious and even life-threatening diseases. The SODIS is known as 
a low-cost household water treatment and storage (HWTS) method by 
which pathogenic microorganisms are eliminated through solar radia-
tion and mild temperature. It is drastically cheaper than filtration, 
chlorination, even than solar stills [12,17]. 

In this method, a transparent container is filled with contaminated 
water and exposed to direct sunlight for at least 6–8 h [17]. Usually, 
containers are chose from domestic plastic or glass bottles. Plastic bot-
tles are used more frequently because they are cheaper and more 
resistant but they should be replaced every six months, because pro-
longed exposure to direct sunlight can cause to the leaching of plastic 
materials into water [17]. It is recommended to consume solar dis-
infected water within 24 h because of the possibility of post-exposure 
regrowth of pathogenic microorganisms [17]. The exact mechanism of 
the SODIS is still unclear, but it is obvious that damage to the DNA/ 
protein increasing cell wall permeability have significant roles in the 
process. The sensitivity of pathogen, available UV content, reactive 
oxygen species (ROSs), water/ambient temperatures, and exposure time 
are the main factors in the germicidal effect of the SODIS method that 
some of them are discussed in the following. 

2.1. Hydroxyl and dioxygen radicals generated by photons 

Photosensitizers are endogenous or exogenous molecules that can 
produce ROSs by reducing oxygen when they are excited by light. ROSs 
have a role in physiological reactions as secondary messengers [18]. 
Under normal conditions, the balance between production and elimi-
nation of ROS is controlled by a scavenging system to maintain cellular 
homeostasis [19], but under oxidative stress conditions, excessive pro-
duction of ROS can cause many problems for the cell. Enzymes such as 
Catalase (CAT) and Superoxide dismutase (SOD) provide cellular de-
fense against ROS and protect cells from radical attacks [18]. These 
enzymes can be inactivated by photons [18], which has an important 
role in solar disinfection. ROSs can cause oxidative damage to DNA and 
other cell components [16,18,19]. It produces pyrimidine dimers and 
single-strand breaks (SSBs) which are lethal to the cell [18,20]. It can 
also affect cell membrane penetration by inducing oxidation reactions to 
hydroxyl groups of cell wall and cell membrane [21,22]. Typically, 
during the SOIDS process, two kinds of radicals are generated: hydroxyl 
radicals (•OH) and dioxygen radicals (1O2). The first one usually con-
siders a powerful oxidant while the second one is a moderate oxidant. 
Generally, the predominant cause of pathogen annihilation (in the case 
of protozoa and bacteria) by hydroxyl radicals is damaging cell mem-
brane through oxidizing lipid [23,24]. Since hydroxyl radicals are 
exceedingly reactive, they have a short lifetime and they are generated 
on-site by regular advanced oxidation process (AOP) by ultraviolet 
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activation of hydrogen peroxide or ozone [25]. However, generating this 
kind of hydroxyl for small and poor communities has difficulties because 
of excessive demand for electrical energy and chemicals while other 
methods such as TiO2-based photocatalysis given the same results in the 
absence of aforementioned challenges [25]. Nevertheless, one of the 
well-known obstacles for hydroxyl radicals in water treatment is 
removing the generated •OH by natural organic matters (which is not an 
implausible phenomenon in wastewater), especially in complex water 
matrices which results in to drastically decline the effectiveness of the 
disinfection process [26]. Although, by combining stored hydrogen 
peroxide with harvested solar energy for photocatalytic synthesize to 
produce •OH; one of the obstacles (that is the constant presence of solar 
radiation to produce •OH) in solar-based water treatment systems is 
addressed, but this method also has the disadvantage of reducing singlet 
oxygen to hydrogen peroxide instead of H2O (or simply: catalytic 
selectivity). Furthermore, another method to produce •OH such as uti-
lizing Fenton catalyst is still on laboratory scale and it applications 
under real conditions is not realized yet. Conversely, moderate oxidants 
such as singlet oxygen (1O2) is stable higher which means that they have 
less reactivity compared to powerful oxidants (•OH). In comparison to 
•OH radicals, they have a longer lifetime which means this kind of 
radicals can go farther distant from the site of origination. This is a huge 
advantage for the 1O2 radicals to remain effective in complex water 
matrices with a high natural organic matter, in contrast to •OH radicals 
that loss their effectiveness in complex water matrices due to a higher 
rate of reactivity [26–28]. While our focus in the present study is viruses, 
specifically, the SARS-CoV-2; we have not discussed the inactivation 
mechanism of bacteria via singlet oxygen. However, the inactivation 
mechanism of bacteria by 1O2 is extensively discussed before [29]. 
Singlet oxygen considers as a powerful disinfectant against enveloped 
viruses. When 1O2 is reacting with lipid, the fluidity of the membrane is 
decreases which results in an increase in the energy requisite for host 
binding, subsequently, impede the membrane bind to the host cell [30]. 
Conversely, the Non-enveloped virus inactivation mechanism is leaned 
by damaging the genomic and capsid which is not our concern in the 
present study. To reinforce the effectiveness of this method of disin-
fection (i.e. producing 1O2) using fullerene that leads to a high yield of 
1O2 is also considered but such photosensitizers should be separated 
before the water is consumed by individuals. It should be noted that by 
separating photosensitizers, performance of the system is severely 
affected and diminished [31–33]. 

2.2. Effect of UV on the performance of SODIS 

The UV considered as one of the powerful tools for inactivating 
biologically-contaminated water due to some advantages such as the 
absence of generating by-products during the disinfection process in 
contrast with other methods like chlorination. Briefly, UV types were 
categorized based on their wavelength as the A type (315–400 nm), the 
B type (280–315 nm), and the C type (100–280 nm) which abbreviated 
as the UVA, UVB, and UVC wavelengths respectively [16]. Optical 
inactivation of pathogens is practical when the solar intensity and 
available UV is strong enough to damage to the pathogen's structure. 
However, in the case of SODIS, we should not count only on the most 
available UV on the earth (which is UVA, 315–400 nm). There is a huge 
difference between UV germicide/microbicide irradiance and the UVA 
wavelength. The effective UV irradiance is directly damaged to the 
genome of pathogens while the effectual wavelength for this phenom-
enon is below 280 nm (somewhere in 260–265 nm which is the highest 
UV absorption of nucleic acid [34]), because photons of the UVA 
wavelength are considered as low-energy photon while high energy 
photons in UVC wavelength are strong enough to damage the genome of 
pathogens. In this regard, we cannot rely on the effectiveness of the 
UVA. Even by using solar reflectors to increase the UV irradiance (by 
collecting not only the direct UV but also the diffuse) on cloudy days the 
energy of photons would not change and the only difference is 

increasing the available UVA [35]. However, in recent years using 
lanthanide elements [36] to convert photons of visible light with lower 
energy into photons with higher energy in the UVC region is proposed as 
a solution, but application of these materials due to the high rate of 
reactivity and low quantum yield is remained on the laboratory scale. 

2.3. Temperature contribution to effectiveness of the SODIS 

Thermal contribution to the solar disinfection process is considerable 
but its importance varies in different seasons. The effect of thermal stress 
is significant above the optimum temperature for the growth of micro-
organisms, as the structure and activity of enzymes will be affected [22]. 
For instance, most of the fecal bacteria are mesophilic (withstanding 
between the temperature of 20–45 ◦C) [17]. This means that inactiva-
tion through the effect of temperature is more possible above this point 
(i.e. 45 ◦C) which means that below 45 ◦C, the effect of temperature on 
bacterial inactivation is negligible [37,38]. Thus, the removal of mi-
croorganisms through solar disinfection is severely limited in winter. 
The thermal effect depends on the volume and turbidity of water and 
also environmental conditions. Thermal stress facilitates the process of 
DNA damage and inhibits DNA repair mechanisms [16,39]. It increases 
the cell wall permeability [39], limits the enzymatic activities [17,22], 
and also leads to protein denaturation which all of them are lethal to 
cells. In temperatures beyond 45 ◦C, a synergy between thermal and 
optical inactivation is reported by many researchers [16,18,37,39] 
which improves the solar disinfection performance, but it is effective in 
specific cases under specific conditions. 

Sichel et al. [40] examined the effect of environmental conditions for 
removing E. coli by the SODIS method. Their results showed that the 
temperature of water in the warmest months of the year (July) did not 
exceed 40 ◦C. McGuigan et al. [38] simulated the process of SODIS by 
considering the effect of temperature, turbidity, and optical irradiation. 
Findings revealed that for complete inactivation of pathogens, the water 
temperature should reach 55 ◦C, while it was reported that in field in-
vestigations under real conditions for several experiments, the temper-
ature of water did not even reach 45 ◦C [41]. Rincon et al. showed that 
the temperature of water in SODIS with and without TiO2 photocatalyst 
from 32.6 ◦C and 36.6 ◦C reaches 39 ◦C and 38.6 ◦C respectively [35]. 
Moreover, under real conditions in winter and summer, the water 
temperature cannot further than 30 ◦C and it is in the range of 15–21 ◦C 
and 25–30 ◦C respectively [42]. It can be concluded that the tempera-
ture of water regarding the results of numerous experiments in cold 
seasons is always quite low whereas in warm seasons just in rare cases 
the temperature is higher than 45 ◦C. 

2.4. Time of exposure 

Time of exposure is another important factor in solar disinfection 
which is affected by environmental conditions such as wind speed, solar 
intensity, and ambient temperature [43] and it depends on the type of 
pathogen and its features. For instance, full sunshine can eliminate the 
Somatic Phage [44] and bovine rotaviruses in less than 3 h [45], but on 
the contrary the T2 Phage is not inactivated even after 8 h [16]. In 
another study, Enterococcus faecalis, Salmonella spp. and Staphylococcus 
aureus exposed to sunlight, and 4 log10 CFU/100 mL in 6 h were ob-
tained, but as the exposure time increased to 8 h, the concentration 
reduced to below the detectable level [22]. In suitable conditions, most 
waterborne pathogenic bacteria such as E. coli are removable within 6 h, 
which makes many diseases preventable [16]. Table 1 gives the SODIS 
application for various types of pathogens considering the rate of 
reduction, time of exposure, and solar intensity. 

3. Damage and repair mechanism in pathogens 

Numerous parameters can be contributed to the inactivation of 
pathogens. 
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However, the most important parameters that can be affected the 
performance of the SODIS system and damaging DNA/RNA structure 
which is mentioned before as the ultraviolet irradiance, the temperature 

of water (thermal inactivation), various ROSs (i.e., hydroxyl and 
dioxygen radicals), and time of exposure. Ultraviolet radiation, ROSs, 
and thermal inactivation can, directly and indirectly, threaten cells by 

Table 1 
SODIS application for various types of pathogens with respect to reduction, time of exposure, and solar intensity.  

Reduction Time of expose Radiation/wavelength Type of pathogen Name of pathogen Reference 

4 log 20 min 1050+_10 W/m2 Bacteria Campylobacter jejuni [46] 
4 log 90 min 1050+_10 W/m2 Bacteria Enteropathogenic Escherichia coli (EPEC) [46] 
4 log 45 min 1050+_10 W/m2 Bacteria Staphylococcus epidermidis [46] 
4 log 150 min 1050+_10 W/m2 Bacteria Yersinia enterocolitica [46] 
3 log 5 h 2000 kJ/m2 Bacteria Escherichia coli [45] 
4 log 6 h – Bacteria Salmonella spp. [22] 
4 log 6 h – Bacteria Staphylococcus aureus [22] 
6 log 1.5 h 42 mW/m2 Bacteria Shigella dysenteriae type 1 [47] 
6 log 6 h – Bacteria Shigella flexneri [47] 
1.7+_0.4 log 8 h 870 W/m2 Bacteria Bacillus subtilis [48] 
99.9% 1.8 h 5000 kJ/m2 Virus Bovine Rotavirus [45] 
3 log Less than 3 h 2000 kJ/m2 Virus Bacteriophage f2 [45] 
99.9% 1.8 h 5000 kJ/m2 Virus Encephalomyocarditis virus (EMCV) [45] 
4.4 log 6 h 850 W/m2 Virus Poliovirus [49] 
0.25 log 

0.17 log 
0.41 log 
2.16 log 

1 h 
2 h 
4 h 
6 h 

550 W/m2 Protozoa Acanthamoeba castellanii [50] 

3 log 
3.59 log 
3.59 log 
3.59 log 

1 h 
2 h 
4 h 
6 h 

550 W/m2 Protozoa Naegleria gruberi [50] 

0.62 log 
1.92 log 
1.92 log 
1.92 log 

1 h 
2 h 
4 h 
6 h 

550 W/m2 Protozoa Entamoeba invadens [50] 

0.94 log 
1.96 log 
1.96 log 
1.96 log 

1 h 
2 h 
4 h 
6 h 

550 W/m2 Protozoa Giardia lamblia [50] 

0.02 log 
0.07 log 
0.15 log 
0.32 log 

1 h 
2 h 
4 h 
6 h 

550 W/m2 Protozoa Cryptosporidium parvum [50] 

4.2+_0.2 log 6 h 870 W/m2 Protozoa Acanthamoeba polyphaga [48] 
0.01 log 

0.08 log 
0.24 log 
1.42 log 

1 h 
2 h 
4 h 
6 h 

550 W/m2 Helminth Ascaris suum [50] 

5.4+_0.2 log 6 h 870 W/m2 Fungus Candida albicans [48] 
5.5+_0.2 log 8 h 870 W/m2 Fungus Fusarium solani [48] 
5+_0.2 log 28 h 870 W/m2 Bacteria Pseudomonas aeruginosa [48] 
1.1 log 8 h 20 kJ/m2 Virus Hepatitis A virus [51] 
0.8 log 8 h 20 kJ/m2 Virus Murine norovirus (MNV-1) [51] 
2.9 × 10− 3 – 280 nm Virus MS2 [52] 
1.4 × 10− 2 – 280 nm Virus PhiX174 [52] 
2.5 × 10− 4 – 280 nm Virus Adenovirus [52]  

Fig. 1. Photo-reactivation repair mechanism of DNA. a) In normal condition, adjacent nucleotides within a single strand of DNA (ssDNA) are linked by a type of 
covalent bond, named phosphodiester bond, which is formed between the 5′ phosphate group of one nucleotide and the 3′-OH group of another. b) UV radiation leads 
two adjacent pyrimidine bases on one strand, become covalently fused, so cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts are formed which can 
inhibit normal cellular function. (CPDs are composed when two vicinal pyrimidines joint through sharing two double bonded carbons. A covalent joint between a 
carbon at the 6 position of one pyrimidine ring and a carbon at the 4 position of the other one forms 6–4 photoproducts). c) In order to restore the integrity of DNA, 
Photolyase enzyme uses near-UV light to initiate electron transfer to break covalent bonds so that UV photoproducts become repaired. 

S.M. Parsa et al.                                                                                                                                                                                                                                



Journal of Water Process Engineering 43 (2021) 102224

5

inducing DNA and protein damage. For instance, the irritation of DNA 
caused by direct UV, can cause a connection between two adjacent py-
rimidine bases by covalent bonds and make pyrimidine dimers [16]. 
These dimers include Cyclobutane pyrimidine dimers (CPD) and 6-4 
photoproducts, which are two of the most mutagenic DNA lesions 
[21,53]. CPDs are the most cytotoxic lesions which make up around 75% 
of UV-induced DNA damage products while 4-6 photoproducts are less 
abundant but they are more lethal [21]. Since it inhibited the progress of 
DNA polymerase [21], it can cause problems in DNA multiplication. 
Also, the RNA polymerases are stalling at these regions [21], thus 
transcription and translation may be eliminated. Hence, unrepaired 
DNA lesions can lead to mutation and inactivation of microorganisms 
[21]. Organisms have DNA repair mechanisms to remove DNA lesions 
and prevent their lethal effects. The photo-reactivation process (Fig. 1) is 
a common and simple mechanism for removing UV-induced DNA le-
sions, which is done by photolyase enzyme [21,54]. In the photo- 
reactivation process, pyrimidine dimers in DNA are recognized by 
photolyase under near-UV light (310–480 nm) [53]. Flavin adenine 
dinucleotide (FAD) and methyltetrahydrofolate (MTHF) are the two co- 
factors that are significant for this enzymatic function [54]. The MTHF 
absorbs energy and gets excited, then transduces an electron to FAD, 
subsequently, it reduces to FADH2. The FADH2 transfers the high- 
energy electron to the dimer and makes radicals. These pyrimidine di-
mers become highly unstable, so they separate into two pyrimidines and 
the DNA becomes fixed [55], so these repairs reduce the efficacy of UV 
disinfection [53]. 

4. Effectiveness of SODIS for virus removal 

Among waterborne pathogens, viruses are usually more resistant to 
environmental inactivation [56] while their low infectious dose makes 
them more dangerous to the public health [57]. In the Section 2, we 
discussed about the important parameters on the SODIS performance. 
However, in the present study UV effect and thermal heating are the 
main factors in the SODIS process since these parameters are critical in 
inactivation the novel coronavirus. Among three types of UV, just the 
UVA wavelength and a small part of UVB reach on the surface of earth 
[21,58], and the UVC wavelength is completely absorbed by the Ozone 
layer. However, it should be reminded that the effective germicidal type 
of UV is the UVC wavelength and the UVA wavelength (which is the 
most abundant type of UV on the earth) has not a direct effect on ge-
nome's structure and its impact generally defined through the formation 
of ROSs [16,21]. As it discussed before, viruses like other pathogens can 
be damaged by the direct effect of UV on the genome and indirect 
endogenous or exogenous effect [59], (endogenous when the sensitizer 
molecules are a part of the virus itself, and exogenous when they are in 
water [51]) generally caused by ROSs [60,61]. By considering the 
simple structure of viruses, we can overlook the endogenous damage 
[59,62]. It was reported that F+ DNA coliphages were only sensitive to 
direct inactivation, while F+ RNA coliphages were also susceptible to 
indirect exogenous inactivation [52]. Human adenovirus (HAdV), 
human rotavirus (HRoV), PRD1, and MS2 are more susceptible to 
exogenous indirect inactivation; unlike poliovirus, porcine rotavirus, F+
DNA coliphages which are not much sensitive to exogenous sensitizers 
[52]. It should be mentioned that the most resistant viruses in the light- 
mediated inactivation are double-stranded DNA (dsDNA), double- 
stranded RNA (dsRNA), and single-stranded RNA (ssRNA) genome 
[63]. The reason for considering dsDNA viruses as the most resistant 
against radiation [52] is that they have more redundant genetic infor-
mation as well as, ability to be repaired in the host cell [64] while in the 
case of RNA viruses, the resistance is because of the fact that they have 
uracil instead of thymine, and uracil dimer reactions have less quantum 
function than the corresponding thymine dimer reactions in DNA 
[65–67]. MS2 and adenovirus indicated similar inactivation rate, 
although adenovirus has a longer genome and absorbs more light. The 
reason is that adenovirus is a dsDNA virus, which can repair UV-induced 

damage on DNA [62]. Direct and indirect viral inactivation against MS2, 
phiX174, and adenovirus has been studied by Mattle et al. [62]. Findings 
revealed that phiX174 is the most susceptible one in direct inactivation, 
but the most resistant one in indirect inactivation through reactive 
species. It states that inactivation is mostly through direct process but O2 
was also able to disinfect MS2 and adenovirus. The main photo- 
inactivation of viruses on the surface of earth, is in the range of UVB 
(280–320 nm) [59]. As we mentioned, most of the UVB wavelength 
cannot reach on the surface of earth which may be the reason of inef-
fectiveness of solar disinfection on viruses and it can even become worse 
when UV intensity decreases. For instance, coxsackievirus could be 
completely inactivated under simulated SODIS condition at optical 
irradiance 550 W/m2 within 2 h at 45 ◦C [50], while it was just partially 
inactivated by exposing it to the irradiance of 75 W/m2 for 6 h at 
maximum temperature of 34 ◦C [68]. Polo et al. experimentally exam-
ined the effectiveness of SODIS for eliminating the hepatitis A virus 
(HAV) and murine norovirus (MNV). Experiments conducted between 2 
and 8 h exposure. Findings showed that around 0.81log10 and 1.1log10 
reduction for hepatitis A virus (HAV) and murine norovirus (MNV) 
achieved respectively if time of exposure is 8 h [51]. Among studied 
viruses, HAdV and MS2 seem to be the most resistant viruses against 
environmental inactivation [52]. These results suggested that the UV 
content, temperature, and time are important parameters for an effec-
tive SODIS process. However, sunlight intensity (i.e., available UV 
content) is the most important factor in viral disinfection in comparison 
with temperature or time of exposure [51] because high temperature 
just can effectively harm capsid proteins but it's not much operative on 
the genome's structure [69–71]. In viruses, at temperatures above 40 ◦C, 
there is a thermal-optic synergy which means that as temperature in-
creases, more viruses can be inactivated in exchange for each photon 
[59]. 

However, researchers concluded that complete viral disinfection 
through the SODIS process is not possible under natural conditions [57], 
therefore it needs more treatment time and even some interventions for 
total inactivation. Fig. 2 shows some of the most important parameters 
that have effect on viral inactivation. 

5. Contamination of rivers, lakes, surface water, and 
groundwater 

Nearly one-third of the world civilization is living next to the big 
rivers and their floodplains but in recent years anthropogenic barriers 
are a force to transboundary rivers and these regions results in many 
problems for occupants [72]. There are two important sources for 
pollution of water bodies in the globe which one of them is the human 
wastes [72]. Thus, contamination of water bodies via open drainage and 
wastewater is a common phenomenon throughout the world, especially 
in low-income and developing countries. For example, in Vietnam [73] 
the lack of WWTP leads to contamination of Sai Dong Nai rivers and 
groundwater which provide 1.2 million m3/day water of Ho Chi Minh 
City. In Kenya [74], open dumping of wastes in the absence of tight 
regulations results in heavy contamination of surface/groundwater 
while it was reported that in Nigeria, around 90% of hospital wastes 
without any treatment discharge into the surrounding environment 
[75]. In some of the African low-income countries such as Benin, Ghana, 
and Mali farmers utilized sludge and wastes as fertilizer by bribing to 
drivers of septic tanks [76,77] which is highly dangerous because some 
epidemic in the past returned to communities because of direct use of 
sludge [78,79]. In some of countries in South America between 60 to 
70% wastewater left out to the water environments without treatment 
while almost forty percent of people in these regions are not linked to 
sewage systems [80]. For example, a big city like Quito with 3 million 
occupants in Ecuador treated only 3% of its wastewater [81]. Moreover, 
it was reported that around 75% of wastewater (45,000 L/s) in Mexico 
City drained to the environment without any formal treatment [82]. 
Some of the famous rivers in India such as the Ganges, the Gomti, and 
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the Varanasi which are heavily polluted by direct discharge of human 
wastes and untreated wastewater, lead to many waterborne diseases 
[83,84]. Although WWTPs in industrialized and high-income countries 
are effective to prevent the contamination of water bodies by waste-
water, but contamination by combined sewer flows (CSOs) is still 
inevitable in these countries [85]. It should be pointed out that, com-
plete elimination of pathogens in WWTPs is not plausible because of 
inefficient WWTPs, high resistance of some pathogens, and high con-
centration of biological contamination in wastewater. While presence of 
pathogens in treated wastewater in high-income countries that have 
high standards for WWTP facilities is proved, the situation in low- 
income and developing countries most of which have not WWTP or 
effective water treatment facilities; is certainly worse than it can be 
imagined. It is worthy to be mentioned that, some well-known trans-
boundary rivers and basins polluted by pathogens of wastewaters such 
as Amazon, Congo, Parana, Nile, Yenisey, Lena, Zambezi, Niger, Amur, 
Indus, Mekong, and Salween, to name a few [86]. In this regard, 
contamination of natural water bodies [87,88], rivers [89], ground-
water [90], and freshwater environment [91] via the SARS-CoV-2 
become to the one of main concerns of all researchers. 

6. Presence of the SARS-CoV-2 in wastewater 

Presence of the SARS-CoV-2 in water bodies may occur via different 

routes. Some of these routes can be the main source of contamination 
such as wastewater drainage and direct discharging without treatment 
while some other routes like disposing personal protection equipment 
(PPE), in the environment (aquatic environment), open defecation, etc. 
are not consider as a major source of contamination (Fig. 3). 

Wastewater sewer network and open discharging are the main rea-
sons that lead to entering pathogens (bacteria, virus, and protozoan) 
into the water bodies. In huge cities, a large amount of wastewater re-
sults in a high load of coronaviruses because of the population [92]. An 
efficient sewer system can dilute viral load, subsequently decreases the 
presence of the SARS-CoV-2 in an aquatic environment, but the large 
number of infected inhabitants by the virus in mega-cities increases the 
rate of viral load enters to the water bodies [92]. Presence of the SARS- 
CoV-2 in wastewater at the beginning of the pandemic was reported in 
different regions of the world [93]. Human urine and excreta consider as 
one of the main reasons which enter the SARS-CoV-2 in water bodies via 
sewer network. Researchers in numerous studies were detected presence 
of the SARS-CoV-2 in the stool of patients even though their respiratory 
tests are negative [6]. Further, it was reported that the virus in human 
feces based on the environmental conditions can be prolonged between 
11 and 35 days [94]. This is highlighted the fact that if a patient is healed 
and recovered after infection by the virus, the feces that contain the viral 
RNA still can increase the load of the virus into the sewer network and 
subsequently increase the concentration of virion in wastewaters. 

Fig. 2. Important parameters that can be affected the inactivation of viral. Crucial parameters that in most of SODIS researches were examined and discussed are 
solar intensity, temperature of water, fixation, and ROS. 

Fig. 3. Possible routes of contamination of water 
bodies. Some routes such as wastewater discharge (a) 
and WWTPs have significant contribution on the 
contamination of water bodies while some routes 
such as secondary host (animals). Some routes such 
as open defecation and pit toilet mainly happened in 
developing countries and poor communities. The 
possible routes can be mentioned as: a) discharging 
cities wastewater, b) contaminated wastes, c) 
improper disposing personal protective equipment 
(PPE), d) wastewater treatment plants (WWTPs), e) 
sewer leakage, f) secondary hosts (animals), g) hos-
pital sewage, h) combined sewer overflows (CSOs), i) 
open defecation and pit toilets.   
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However, it should be reminded that the exact infectivity of the SARS- 
CoV-2 in wastewater is not scrutinized yet [7]. Besides the lack of 
WWTPs and direct discharging of wastewater (like the city of Quito), the 
fast rate of infectious that results in a higher rate of infected persons 
waste entrance to the sewer network increases the risk of a heavy con-
centration of the virus in water bodies. 

Among ten samples of secondary treated wastewater, the SARS-CoV- 
2 RNA is detected in 20% of the samples in Japan while the existence of 
the virus in 3 rivers is not confirmed which indicated that the low 
prevalence of the COVID-19 in the region results in the absence of virus 
RNA at those water bodies [95]. Also, it was disclosed, about 83% and 
11% of untreated and secondary treated wastewater are contaminated 
by the COVID-19 virus. It was declared that around 65% of collected 
sewage samples during October 2019 to February 2020 are polluted by 
the SARS-CoV-2, suggesting the circulation of the virus in Italy months 
before starting the ongoing pandemic [96]. Experiments on 8 and 23 
samples of treated and untreated wastewater from different sources in 
Paris confirmed the existence of the SARS-CoV-2 respectively [97]. 
Furthermore, presence of the novel coronavirus in treated wastewater of 
nine WWTPs stepped into the spotlight the fact that conventional 
WWTPs (such as active sludge) are ineffective for removing the virus in 
polluted water, suggesting advanced methods such as ozonation and 
membrane treatment [98]. It is important to notice that the SARS-CoV-2 
is still detected in secondary treated wastewater of WWTPs which is 
commonly utilized by industrialized and high-income countries. Even 
though a high load of the SARS-CoV-2 in untreated wastewater (107 GC/ 
L) and treated wastewater (removing 1–2 log10) is confirmed before, but 
significance or insignificance risks of the virus concentration on water 
bodies as well as transmission to the human is unclear yet. Presently, the 
minimum infectious dose (MID) of the SARS-CoV-2 (Which is the 
number of virion particles that result in infection) for humans is un-
known [5]. Nevertheless, the expeditious dissemination of the disease 
suggests that the MID of the novel coronavirus is low, similar to other 
enveloped viruses [99]. In this regard, whether the concentration of the 
SARS-CoV-2 in water bodies is high risk or not, any possibility about 
transmission of the virus via water bodies should be considered to 
impede unexpected consequences [100]. 

7. Parameters influencing for inactivation of the SARS-CoV-2 

During the COVID-19 pandemic numerous studies with different 
approaches and conditions for inactivating the novel coronavirus are 
performed. Castano et al. in a preprint categorized the inactivation 
methods of the SARS-CoV-2 to utilizing plasma, ozone, coating surfaces 
with prominent antimicrobial materials such as copper (Cu) and silver 
(Ag), heat treatment, UV irradiance, utilizing different chemical com-
pounds [101]. Furthermore, other unconventional methods such as 
using Gamma ray [102], bio-based inactivation methods like bio-active 
lipid [103], and nanomaterial [104] are examined and proposed by 
many scientists. However, several studies focused on the environmental 
parameters that have impacted on viability of the SRAS-CoV-2 such as 
the fixation (retention), pH, temperature, and solar radiation. For 
example, it was reported that pH in a wide range (pH = 3–10) has an 
insignificant effect on the SRAS-CoV-2 [105] while at extreme pH range 
(2–3 & 11–12) the virus lost its infectious just in one day [106]. Among 
all of the aforementioned parameters, we stepped the effect of temper-
ature (thermal inactivation/heating) and UV into the spotlight because 
these two parameters. 

7.1. Susceptibility of CoVs to temperature 

As discussed before, in the SODIS process the two parameters of 
temperature and UV are crucial for an effective performance. Since the 
family of the coronavirus is vulnerable to temperature, it was reported 
that various types of coronavirus (such as HCoV-229E, SARS-CoV-1, 
MERS-CoV, HCoV-OC43, TGEV, MCoV, and SARS-CoV-2) on different 

surfaces (steel, glass, paper, cloth, latex, ceramic, wood, and cardboard) 
in the temperature range of 4–25 ◦C can survive between several hours 
to 28 days [107]. Furthermore, the impact of temperature on the sur-
vival of the coronavirus family in different liquids (such as Dulbecco's 
Modified Eagle's medium “DMEM”, Minimum Essential Medium 
“MEM”, hydroxyethyl piperazineethanesulfonic acid “HEPES”, 
phosphate-buffered saline “PBS”) including water is realized. It was 
reported that for the aforementioned families of the coronavirus in a 
temperature between 4 and 80 ◦C the virus can remain viable around 1 
min up to 49 days respectively. The lowest temperature leads to higher 
survival time and vice versa [107]. These results elucidate the important 
fact that the family of the coronavirus is tremendously susceptible to 
temperature. In this regard, some researchers focused on the effect of 
temperature on the viability of the SARS-CoV-2. For instance, it was 
proved that by immersing face masks in the water at 56 ◦C for half an 
hour, the virus is eliminated and the masks can be reused [108]. Chin 
et al. reported that the variation of temperature highly affected viability 
of the SARS-CoV-2 where at 4 ◦C just 0.7log10 reduction was observed 
and the virus remained active for 14 days but at 70 ◦C the virus is 
inactivated in 5 min [105]. Another study declared that the SARS-CoV-2 
virus suspended in solution in temperatures 4, 20–25, and 33–37 ◦C 
remains viable up to 14, 7, and 1–2 days respectively [106]. Recently, 
survival of the novel coronavirus in different solutions such as tap water, 
autoclave wastewater, and untreated wastewater for a varied range of 
temperature is realized. The results revealed that the T90 of the SARS- 
CoV-2 for the temperatures of 4 ◦C, 15 ◦C, 25 ◦C, and 37 ◦C for un-
treated wastewater, autoclaved wastewater, and tap water are varied 
between 8–27, 5–43, and 9–58 days respectively [109]. 

7.2. Effect of UV on the SARS-CoVs 

Various types of UV and their wavelengths are presented in the 
previous sections. Effect of various types of UV on the family of coro-
navirus is also examined. After the SARS-CoV-1 outbreak, several studies 
were conducted on the effect of various types of UV on viability of the 
SARS-CoV-1. It was examined that UVA cannot be effective enough to 
eliminate the SARS-CoV-1 [110] while removing the virus by UVC was 
completely achieved [110]. However, in another study complete inac-
tivation of the SARS-CoV-1by utilizing UVC was not achieved [111] 
which means that the results of different studies are not conclusive. 
Currently, numerous studies on the effect of the UV irradiance on 
elimination of the SARS-CoV-2 were conducted which most of them are 
focused on utilizing UVC. It was declared that the UVC wavelength is 
strong enough for eliminating the SARS-CoV-2 in different surfaces 
[112–114]. Kitagawa et al. [115] reported 88.5–99.7% diminishment in 
the SARS-CoV-2 concentration on different surfaces using UVC (222 nm) 
while Heilingloh et al. [116] reported the minimum dose of UVC for 
complete inactivating of the SARS-CoV-2 is 1048 mJ/cm2. Moreover, 
rapid inactivation of the dried SAR-CoV-2 on steel in 6–8 min can be 
attained by UVB irradiance with simulated natural light in the indoor 
experiment [117]. Still, the effect of various types of UV on contami-
nated solutions by SARS-CoV-2 remains unknown. Since the UVC is 
completely absorbed in the atmosphere and just 5% of UVB is reaching 
on the earth, the most abundant type of UV is UVA, but based on ex-
periments, the UVA has an insignificant effect for deactivating the SARS- 
CoV-2 virus [116]. However, based on a model, the UVA may have a 
contribution to inactivate the virus [118]. But it should reminded that 
during a devastating incident such as the COVID-19, scientists and 
governments should avoid any announcement, speculation, and 
assumption in the absence of concrete scientific evidence [119]. In fact, 
the peak of absorbing the ultraviolet radiation in the nucleic acid of the 
viral is between 260 and 265 nm (the UVC range) which is placed in the 
optimum and effective range of germicidal wavelength [34]. Since the 
UV wavelength below 320 nm consider as actinic, and absorption of the 
UVA by the viral nucleic acid is inadequate at wavelength > 320 nm, the 
UVA generally has not germicidal effect [34]. The wavelength has a 
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reverse relationship with its germicidal characteristics which means by 
decreasing the wavelength germicidal effect is increases and vice versa 
[120]. While the main effect of the UV irradiance in SODIS translates by 
the formation of ROSs rather than the direct effect; yet, there is no 
research on the effect of excessive ROSs on the SARS-CoV-2 RNA. 
However, we should emphasize that viruses are always introduced as 
one of the most resistant pathogens in the SODIS. 

8. What is the risk of using SODIS during the pandemic? 

As mentioned above, the ongoing pandemic contaminated water 
bodies in different regions of the world whether in industrialized and 
high-income countries or in the developing world. While presence of the 
SARS-CoV-2 in a high-income country like Japan [95] with high- 
standard of WWTPs in secondary treated wastewater is detected, the 
situation in the developing countries which most of them have no access 
to WWTPs and proper sanitation system is certainly worse. Solar disin-
fection is a technology that is used in developing countries rather than 
high-income countries and the number of people that used this method 
to consume drinkable water is significant. The effectiveness of the SODIS 
system is depended on various parameters which the most important of 
them are: UV, water temperature, ROSs, and type of pathogens. 
Generally, the SODIS method is more preferable and practical for 
contaminated water with bacteria rather than viruses, because among 
the waterborne diseases, viruses are the most resistant type compare to 
the others [56]. Two important parameters that are directly related to 
effectiveness of the SODIS performance, as well as resistance and sur-
vivability of the SARS-CoV-2, are temperature and UV. In the literature, 
we discuss the effect of each of these parameters on both of them. In 
numerous studies, researchers declared that the UVC wavelength is 
strong enough to eliminate the virus on different surfaces [112–114]. 
However, effect of the UVC on the SARS-CoV-2 virus in solutions 
(various water matrices such as contaminated water) is not realized yet 
and it is not clear that how the UVC wavelength is effective for inacti-
vating the virus in different solutions. 

On the other hand, the SODIS method mainly relies on the direct and 
indirect effect of UV irradiance while the most abundant available UV 
(UVA) is not adequately powerful to affect the genome directly and its 
effect is generally through the formation of ROS [16,21]. As we 
mentioned before, viruses like other pathogens can be damaged by a 
direct effect on the genome and indirect endogenous or exogenous effect 
while due to simple structure of viruses, the endogenous damage can be 
overlooked [59]. The main photo-inactivation of viruses on the surface 
of the earth is in the range of 280–315 nm of wavelengths (UVB) [59] 
while only 5% of the UVB is available on the earth and just a small 
amount of available UVB can be absorbed by genome [21]. Although the 
direct effect of UVA on the SARS-CoV-2 is not realized yet, but regarding 
numerous studies for inactivation of the novel coronavirus by UV, it can 
be concluded that the available UV on earth (i.e. type A: 315–400 nm) is 
not strong enough to damage the viral RNA. It should be mentioned that 
the effective wavelength for direct damage of the genome of pathogens 
(and highest absorption of the UV by nucleic acid) is between 250 and 
270 nm which is the UVC wavelength regions [33,34,119]. Further-
more, using up-conversion materials (lanthanide elements) to turn the 
UVA into UVC wavelength is still stuck in laboratory stages and has 
many obstacles such as low quantum yield and high reactivity. In this 
regard, it is worthy to be mentioned that materials with high efficiency 
should be utilized to reach a significant level of inactivating pathogens 
in water to avoid the mechanism of repair. The indirect effect of UV by 
producing free radicals is also questionable. Powerful oxidants such as 
hydroxyl radicals are short-lived and tremendously reactive and subse-
quently, it is not effective in complex water matrices which contains 
natural organic matters (such as wastewaters) [25,26]. Furthermore, 
effect of the singlet oxygen radicals which is more effective in complex 
water matrices as well as on enveloped viruses remains in question 
because the photosensitizers should separate from the water before it 

consumes by individuals which leads to decrease the effectiveness of 
SODIS system [33]. As mentioned before, the SARS-CoV-2 virus is highly 
vulnerable to an increase in temperature and it can be eliminated 
because of the destruction of its lipid and protein. Thus, thermal inac-
tivation is proposed as a powerful method to eliminate the virus. It 
should be mentioned that viability of the virus has an inverse relation 
with temperature. As it discussed before the T90 of the SARS-CoV-2 for 
various temperatures 4 ◦C, 15 ◦C, 25 ◦C, and 37 ◦C in different waste-
water samples is varied between 5 and 58 days [109] (Fig. 4) whereas in 
the SODIS method; under real conditions based on experiments, tem-
perature of water is below 40 ◦C and even in ideal conditions (i.e., 
summer conditions when solar intensity and ambient temperature 
stands at the highest point) the water temperature may not reach 40 ◦C 
[35,40,42]. The low temperature of water in the SODIS has two issues. 
First, the synergistic effect of temperature with UV can be obtained only 
and if only the water temperature is higher than 45 ◦C [38] while for 
temperature >45 ◦C ideal conditions are required (i.e., hot summers). 
Secondly, at lower temperatures, the SARS-CoV-2 virus is more resistant 
and it can remain viable where at 37 ◦C the T90 for different types of 
wastewater samples and tap water contaminated by the novel corona-
virus is around 5–8 days [109]. Moreover, in other seasons (except 
summer) the environmental condition is not suitable for the SODIS due 
to the lower solar intensity and ambient temperature of water is low. 
Subsequently, the viral would be remaining longer days viable in water 
(up to 58 days). To overcome the problem of UV and low temperature in 
SODIS, up-conversion materials and nanoparticles for turning the UVA 
to UVC and increasing the water temperature by trapping light and 
taking the advantage of heat localization [36,121] are proposed. But 
neither of these solutions approaches to practical application that can be 
widely used by poor communities because of obstacles (specific char-
acteristics of materials, cost of materials, advanced methods for pre-
paring the apparatus) in mass production, thus these methods remain in 
laboratory scales. 

9. Summaries, concluding remarks, and knowledge gaps 

In the present study, reliability of solar water disinfection during the 
COVID-19 pandemic is discussed. The following summaries and remarks 
can be concluded.  

• A huge amount of water bodies via different routes are contaminated 
due to the ongoing pandemic.  

• Presence of the SARS-CoV-2 in different water matrices including 
untreated wastewater, treated wastewater, rivers, freshwater envi-
ronment, and groundwater is detected all around the globe.  

• Presence of the virus (at higher concentration) at water bodies in 
developing countries due to absence or ineffective sanitation system 
and WWTPs is higher than industrialized and high-income countries  

• The novel coronavirus can be viable within several days (5–58 days) 
in different temperatures and different solutions.  

• Solar radiation, temperature, physicochemical characteristics of 
water, features of virus, type and length of the genome, composition 
of adjacent pyrimidine dimers or guanine content are the factors that 
affect sunlight-mediated disinfection of viruses. 

• UV irradiance and temperature are the two important effective pa-
rameters that SODIS and novel coronavirus have in common.  

• Typically, the SODIS method is more practical for contaminated 
water by bacteria than viruses  

• Most of studies in SODIS system focused on eliminating various type 
of the bacteria rather than other pathogens  

• The most abundant available type of UV on the surface of earth 
(UVA) is not strong enough to eliminate viruses.  

• The effectiveness of UVA in the SODIS system is through formation of 
ROSs  

• The effective UV wavelength for viral eliminating is in the range of 
100–280 nm which consider as the UVC 
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• To achieve the synergistic effect of thermal-optic in viral deactiva-
tion the temperature of water should be higher than 40 ◦C.  

• Performance of SODIS in cold seasons is tremendously decreases 
because of the lower ambient temperature and solar (i.e. available 
UV) intensity  

• The SARS-CoV-2 virus in temperature of 37 ◦C remains viable in 
autoclave wastewater, untreated wastewater, and tap water around 
5, 8, and 9 days respectively.  

• In SODIS system reaching to higher temperature (>40 ◦C) of water 
can be realize only in summer and hot climate conditions.  

• Rate of reduction for the novel coronavirus in different medium 
(surfaces, solutions, etc.) has an inverse relation with temperature.  

• The critical temperature for killing the SARS-Cov-2 is >56 ◦C (its 
eliminated in less than 30 min) while most of SODIS systems worked 
at temperature lower than 45 ◦C. 

Furthermore, the following are recommended as the post-pandemic 
studies  

• Realizing the effectiveness of SODIS system with contaminated water 
by the novel coronavirus in different seasons, especially, cold 
seasons.  

• Determining the important parameters on the performance of SODIS 
system (fed by SARS-CoV-2 contaminated water) such as variable UV 
intensity, water temperature, turbidity, time of exposure.  

• How the available UVA can affected the SRAS-CoV-2 viability in 
contaminated water.  

• How concentration of the virus during the SODIS process is changed 
when one parameter is variable and the other parameters are 
constant.  

• Determining the effect of originated free radicals during the SODIS 
process (i.e., hydroxyl and dioxygen) on viability of the SARS-CoV-2 
in water.  

• How different physical modifications for SODIS containers such as 
increasing the rate of absorption in containers can affected viability 
of the virus.  

• How utilizing advance materials such as lanthanide elements during 
the SODIS process would be practical in eliminating the SARS-CoV-2 
in contaminated water.  

• Determining the proper dosage of UVB for deactivation of the SARS- 
CoV-2 under laboratory and natural environmental conditions. 

10. Conclusion 

The ongoing pandemic forced too many stresses on all communities 
from different aspects. These pressures on people in developing 

countries and poor communities are more than in high-income countries 
because of the lower standard of living. Also, increasing the number of 
infections imposes many environmental barriers to water bodies and 
aquatic environments by contaminating them with the virus. Using 
SODIS system regarding the potential ineffectiveness for eliminating 
pathogens (in this case the SARS-CoV-2) during a situation like the 
COVID-19 pandemic (or any similar situation) that water bodies are 
contaminated could have many risks to open a new route for infection 
and transmission. However, the infectious by water matrices remains in 
question due to lack of valid data and many uncertainties that involve, 
but researchers have speculations about the infection of individuals due 
to contaminated water [7,92]. Once again, it should be reminded that 
when the rate of fatalities are more than it was anticipated before [122], 
any possibility about the SARS-CoV-2 transmission must be consider by 
experts in related fields, that means new ideas and theories which are 
based on concrete pieces of evidences should be embraced by scientific 
community [119]. 
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presence of SARS-CoV-2 RNA in different freshwater environments in urban 
settings determined by RT-qPCR: implications for water safety, Sci. Total Environ. 
784 (2021), 147183, https://doi.org/10.1016/j.scitotenv.2021.147183. 

[92] A. Bogler, A. Packman, A. Furman, A. Gross, A. Kushmaro, A. Ronen, C. Dagot, 
C. Hill, D. Vaizel-Ohayon, E. Morgenroth, E. Bertuzzo, G. Wells, H.R. Kiperwas, 
H. Horn, I. Negev, I. Zucker, I. Bar-Or, J. Moran-Gilad, J.L. Balcazar, K. Bibby, 
M. Elimelech, N. Weisbrod, O. Nir, O. Sued, O. Gillor, P.J. Alvarez, S. Crameri, 
S. Arnon, S. Walker, S. Yaron, T.H. Nguyen, Y. Berchenko, Y. Hu, Z. Ronen, E. Bar- 
Zeev, Rethinking wastewater risks and monitoring in light of the COVID-19 
pandemic, Nat. Sustain. (2020), https://doi.org/10.1038/s41893-020-00605-2. 

[93] S. Mohapatra, N.G. Menon, G. Mohapatra, L. Pisharody, A. Pattnaik, N.G. Menon, 
P.L. Bhukya, M. Srivastava, M. Singh, M.K. Barman, K.Y.H. Gin, S. Mukherji, The 
novel SARS-CoV-2 pandemic: possible environmental transmission, detection, 
persistence and fate during wastewater and water treatment, Sci. Total Environ. 
(2020), 142746, https://doi.org/10.1016/j.scitotenv.2020.142746. 

[94] W. Guan, Z. Ni, Y. Hu, W. Liang, C. Ou, J. He, L. Liu, H. Shan, C. Lei, D.S.C. Hui, 
B. Du, L. Li, G. Zeng, K.Y. Yuen, R. Chen, C. Tang, T. Wang, P. Chen, J. Xiang, 
S. Li, J.L. Wang, Z. Liang, Y. Peng, L. Wei, Y. Liu, Y.H. Hu, P. Peng, J.M. Wang, 
J. Liu, Z. Chen, G. Li, Z. Zheng, S. Qiu, J. Luo, C. Ye, S. Zhu, N. Zhong, Clinical 
characteristics of coronavirus disease 2019 in China, N. Engl. J. Med. 382 (2020) 
1708–1720, https://doi.org/10.1056/NEJMoa2002032. 

[95] E. Haramoto, B. Malla, O. Thakali, M. Kitajima, First environmental surveillance 
for the presence of SARS-CoV-2 RNA in wastewater and river water in Japan, Sci. 
Total Environ. 737 (2020), 140405, https://doi.org/10.1016/j. 
scitotenv.2020.140405. 

[96] G. La Rosa, P. Mancini, G. Bonanno Ferraro, C. Veneri, M. Iaconelli, 
L. Bonadonna, L. Lucentini, E. Suffredini, SARS-CoV-2 has been circulating in 
northern Italy since December 2019: evidence from environmental monitoring, 
Sci. Total Environ. 750 (2021), 141711, https://doi.org/10.1016/j. 
scitotenv.2020.141711. 

[97] S. Westhaus, F.A. Weber, S. Schiwy, V. Linnemann, M. Brinkmann, M. Widera, 
C. Greve, A. Janke, H. Hollert, T. Wintgens, S. Ciesek, Detection of SARS-CoV-2 in 
raw and treated wastewater in Germany – suitability for COVID-19 surveillance 
and potential transmission risks, Sci. Total Environ. 751 (2021), 141750, https:// 
doi.org/10.1016/j.scitotenv.2020.141750. 

[98] S. Wurtzer, V. Marechal, M. Jm, L. Moulin, S. Université, U.M.R. Metis, Z. Atelier, 
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