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With 2 billion people lacking access to safe drinking water,1 there is no question that, for many 

communities across the globe, water treatment processes are often insufficient or inaccessible. In 
many urban areas, centralised municipal water treatment facilities supply households with clean 
water, typically treated by a combination of conventional methods2 such as chlorination, UV 
irradiation, filtration, ozonation, Fenton and photo-Fenton processes, flocculation or membrane-
based processes such as microfiltration and reverse osmosis. For industrial processes that are well 
equipped and funded, a combination of complementary techniques can be used to maximise the 
extent of treatment and ensure the treated water meets the appropriate health criteria. However, 
this does not sufficiently address the needs of everyone, as many cities are too densely populated for 
water treatment plants to supply enough clean water to all inhabitants.3 As a result, 785 million people 
lack a basic drinking-water service and 144 million rely on surface water.1 Additionally, there are 
approximately 500,000 annual diarrheal deaths, most of which are caused by waterborne bacteria and 
enteric viruses.2  

Further, many individuals live in rural areas without access to industrially treated water and 
must rely on smaller community-scale, and sometimes even household-scale, treatments. This 
introduces many practical issues and limitations. For example, UV treatment requires electricity and 
high energy lamps, which not all rural communities have access to. Other methods, such as 
chlorination, can be simple to use by adding treatment tablets to water, but this can be ineffective 
against many robust pathogens and can also lead to the formation of by-products which can have 
negative health effects. In addition, chlorination may leave a noticeable taste that many people find 
undesirable.2 Filtration can be straightforward to employ without extensive training required, but 
filters have a limited lifetime and can become expensive if replacement is required. Furthermore, 
filters are unable to remove all chemical and pathogenic contaminants. Boiling is another simple 
technique that can be used to remove pathogens, but it is not effective against chemical 
contaminants, has high costs associated with fuel collection, and safety concerns over burns are 
associated with it. These factors highlight the urgency for improved water treatment processes that 
are cost-effective, efficient, simple to use, and safe to complement existing approaches (Figure 1).  

 



 
Figure 1: An overview of common water treatment techniques, indicating the role played by 
photocatalysis within sustainable light-based methods. 

 
One possible solution is photocatalysis. Photocatalytic water treatment (PWT) is a highly-

active area of scientific research that inspires ever more development of new catalysts, along with 
extensive laboratory-based testing. This is illustrated by a Web of Science search for “photocatalytic 
water treatment” that reveals over 5900 hits for the last five years alone. It has been well documented, 
however, that many practical application barriers remain for its implementation in water-treatment 
facilities, including fragile or expensive catalysts, high energy input required from UV lamps or an 
impractically-large area required for solar-driven PWT.4 In this context, there is a clear need to better 
bridge the gap between fundamental research and practical application, which has been 
acknowledged and is the subject of ongoing research,5 with commercial methods beginning to 
emerge.6  

Another possible context for PWT is Solar Disinfection (SODIS), which is typically carried out 
in rural communities of developing countries where no centralised water treatment facilities are 
available.7 SODIS involves placing untreated (or in some cases, partially treated) water into a 
transparent container and exposing it to sunlight for several hours before drinking.7 It is the combined 
effect of UV irradiation and high temperature that leads to antimicrobial action.8 Glass containers can 
be used, but due to the higher expense, weight and fragility, it is more common for users to repurpose 
plastic drinking bottles, which are typically made of polyethylene (PE) or polyethylene terephthalate 
(PET), or even plastic bags.7, 9, 10 Due to its ease of implementation and minimal associated costs, SODIS 
is commonly employed as a water treatment method in communities without access to sufficiently 
disinfected water by the aforementioned conventionally utilised methods (Figure 1). Additionally, 
SODIS is recommended by the WHO as an appropriate method for drinking water purification in such 
a context.11  

Despite the many advantages of SODIS, the major set-backs are the prolonged periods of 
sunlight exposure required for satisfactory water disinfection (i.e. 6 hours on a clear sunny day versus 
48 hours under cloudy conditions)12 and its effectiveness primarily in locations with significant 
amounts of strong sunlight (i.e. locations near the equator between latitudes of 35 °N and 35 °S).13 A 
significant amount of research has been directed towards discovering new ways to enhance SODIS, 
thereby increasing the efficacy of this low-cost and simple water treatment technique. Such examples 
include the use of solar concentrators/reflectors to enhance radiation exposure,14, 15 painting the 
underside of plastic bottles black to enhance thermal disinfection,16 and using chemical additives such 



as citric acid or riboflavin, which may be photochemically activated.17, 18 We highlight, however, that 
the addition of a high functioning photocatalyst has the potential to enhance SODIS to a far greater 
degree than the aforementioned methods, rendering this a perfect context in which to optimise PWT 
materials and systems (Figure 2). 

 

 
Figure 2: Advantages and disadvantages of SODIS and photocatalytically-enhanced SODIS. 

 
TiO2 is the most widely studied photocatalyst due to its cost effectiveness, relative non-

toxicity, high stability and photochemical properties that are conducive to drinking-water purification. 
The basic mechanism for the photocatalytic degradation of water borne contaminants (i.e. bacteria, 
viruses, protozoa and organic/inorganic pollutants) using a semiconductor photocatalyst such as TiO2, 
involves the absorption of UV-A radiation (TiO2 possesses a bandgap of ~3.2 eV) and generation of 
charge separation by forming electropositive holes (hVB

+) in the valence band via excitation of 
electrons to the conduction band (eCB

–). The generated eCB
– and hVB

+ then participate in redox reactions 
and enable the formation of Reactive Oxygen Species (ROS) such as H2O2, ·OH and ·O2

– for the 
destruction of water borne contaminants.19, 20  

While TiO2 is effective in yielding enhanced rates of disinfection in SODIS, a massive 
motivation for continued exploration with respect to implementing PWT in SODIS is to develop visible 
light/natural sunlight-responsive photocatalysts, due to the significantly greater abundance of visible 
relative to UV radiation (i.e. visible light makes up 44% of the entire solar spectrum whereas UV 
constitutes only 4-5%).21 This increase in salvageable energy is expected to lead to significantly 
reduced reaction times necessary to achieve water of a quality safe for human consumption. A host 
of extremely promising materials has been developed recently with this purpose in mind, such as TiO2-
, MoS2-, ZnO-, Bi- and graphene-based materials, and magnetic iron oxides.21, 22 Additionally, the visible 
light activity can be enhanced through the synergistic combination of semiconductor materials with 
plasmonic materials, such as metal nanoparticles.23 These challenges in visible light harvesting, 
together with a clear need for stable, low-cost catalysts based on earth-abundant, non-toxic materials, 
presents an important and stimulating challenge for researchers in photocatalyst development.21, 22, 

24, 25  
However, a Web of Science search combining “photocatalytic water treatment” and “solar 

disinfection” reveals only 140 hits in the last five years, and adding in the term “field” or “field study” 
reduces this further to approximately 10 hits. This highlights a substantial disconnection between the 
PWT research community and the contextual opportunity that SODIS provides for their skills. While 
one may hypothesise that the jump from laboratory-based studies to field studies in regions that 
require this technology may be relatively facile, there are many aspects of laboratory studies that, in 



isolation, give an incomplete understanding of the practical potential of the materials developed. Such 
lab-based materials development and testing needs to be complemented by real-world studies on 
selected promising photocatalysts to answer additional key questions, outlined as follows.  

Firstly, the majority of laboratory-based studies utilise distilled and deionised water and a 
selected pollutant (typically only one), but it has been documented that a mixture of pollutants and 
other components can greatly affect the catalytic activity and lifetime.26-28 Therefore, a critical aspect 
of field testing with genuine water samples is to gain a clear picture of how the catalyst behaves in the 
target area, given the natural water composition (i.e. identity and quantity of pollutants, dissolved 
electrolytes and organic matter, turbidity and pH).17, 29-32 Consequently, significantly more effort must 
be devoted towards studying the efficacy of visible-light active photocatalysts in authentic water 
samples.33  

Secondly, laboratory light sources (typically xenon lamps) provide constant irradiation at a 
desired filtered wavelength and energy output. However, under natural sunlight conditions in which 
the sun rises and sets along a horizon and may be interrupted by clouds, the intensity of radiation 
varies significantly throughout the day and therefore a constant exposure intensity is not achieved 
during real world situations. As a result, the reported effectiveness of photocatalysts used in 
laboratory-based PWT experiments is likely much greater than in actuality if applied in the field. Such 
discrepancies need to be accounted for, and the only practical way to achieve this is to deploy 
photocatalytic materials used in PWT experiments out in the field.  

Thirdly, some studies reported in the literature make use of bubbling air or oxygen through 
water samples during irradiation to maximise the concentration of dissolved oxygen, thereby 
increasing the resulting concentration of ROS.34 However, if such photocatalytic systems are to be 
used in SODIS, which from a practicality standpoint requires sealed bottles in order to minimise 
spillage, then these laboratory conditions are not fully representative of the challenges faced in the 
field since they are not easily replicated where cost and ease-of-use are paramount. Therefore, this 
aspect of practicality should be considered for future studies.  

Finally, a continuous obstacle is the engineering aspect relevant to implementing PWT in 
SODIS. More specifically, maximising the photocatalytic effect of enhanced SODIS on drinking water 
purification while enabling facile removal of the photocatalyst from the sample, therefore ensuring 
minimal leaching into the water supply. Due to this requirement, slurry reactors are not viable for this 
application due to the difficulty in extracting the nanoparticulate catalyst prior to consumption of the 
treated water, rendering immobilised photocatalysts as the most practical solution. Many different 
design criteria have been developed for these purposes, such as affixing the photocatalyst onto a solid-
substrate material such as glass beads, the inner surface of bottles used for SODIS and the inner 
surface of tubes made of, for example, fluoropolymers35 to be utilised as flow reactors with the 
photocatalytic material. However, many materials may not be compatible with this technique and the 
design of new technologies will be required.36 The use of glass beads in 500 mL water bottles has 
previously been demonstrated to show promise in a practically simple way,33 though it is likely that 
larger volumes of water would be required to be treated in order for this to be viable. Though some 
larger scale studies have been conducted on the use of SODIS and its combination with photocatalysis, 
these typically adopt flow reactors with mechanical pumps,37 or batch reactors with parabolic collector 
mirrors,29 which may limit use to particular, more-centralised, contexts. Furthermore, it is important 
to bear in mind that the efficiency of SODIS becomes limited when volumes of water of 2 L or more 
and a penetration depth of 10 cm are encountered.12   In order to shine light on such hurdles, one 
must attempt to apply PWT strategies to SODIS for field-tested samples.  

A particularly important motivation is to evaluate the performance of new photocatalytic 
materials for water treatment with respect to the inactivation of a variety of water borne 
contaminants in realistic drinking water supplies (vide supra). While E. coli has been the most 
dominantly utilised model for bacterial contaminants, a wide variety of bacterial and other 
contaminants exist, such as viruses, protozoa, fungi, dissolved organic matter and other inorganic 
pollutants.7  



Further, it is important for researchers to appreciate the various contexts where 
photocatalysis can be applicable and useful in water treatment, such as rain water harvesting, the 
collection and treatment of surface and ground water, or as a final treatment step to maintain water 
quality during storage, all of which can be performed on personal, household or community/village 
scales. The exact system by which PWT-enhanced SODIS is employed needs to be tailored to meet the 
health and social needs of the community. Additionally, due to the ease of tailoring PWT to bespoke 
needs and contexts, there is potential for it to be used as the final (SODIS) disinfection step after 
combination with other water treatment methods, such as filtration.  

Overall, while many of the newly developed materials for photocatalytic inactivation of water-
borne contaminants using visible light show great promise for potential real-world applications, such 
as enhanced solar disinfection of drinking water, significantly more effort needs to be devoted 
towards taking the next step. That is, for researchers to combine PWT with SODIS and incorporate 
photocatalytic materials/systems into field studies in order to obtain an accurate illustration of their 
efficacy and viability for implementation.   
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